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ABSTRACT	
 

Haemorrhage within the germinal matrix with extension into the ventricle is 

commonly seen in very low birth weight babies. Outcome following severe 

haemorrhage, in particular when associated with post haemorrhagic hydrocephalus 

and congestive venous infarction is poor, whilst outcome following moderate degrees 

of haemorrhage remains variable.  

 

The Neural Stem Progenitor Cells (NSPC) within the GM have been shown to be 

exquisitely sensitive to micro-environmental cues, as such, haemorrhage within the 

GM is postulated to impact on neurological outcome through aberration of normal 

NSPC behaviour. 

 

Here we have developed a stereotactic model of autologous blood injection which 

recapitulates key features of Papile grade II/III Germinal Matrix Haemorrhage / 

Intraventricular Haemorrhage (GMH/IVH).  This model demonstrates that GMH/IVH 

causes an activation of the NSPC within the wall of the lateral ventricle and increases 

the number of transient amplifying cells within the transcallosal pathway. Further to 

this RNA extraction from the NSPC (selected using a CD133 MACS protocol) 

revealed that GMH/IVH causes a significant down regulation of the transmembrane 

receptor Notch, a finding that was validated using Hes5 in situ hybridisation (ISH). 

 

Using a battery of behavioural tests including assessment of developmental 

landmarks, neuromotor and reflex development we found that GMH/IVH causes 

subtle but significant impacts on early neonatal development.  

 

GMH/IVH in transgenic mice overexpressing the polycomb group gene Bmi1 in NSC 

(Nestin+ve) revealed increased self-renewal and resistance to oxidative stress 

(properties of Bmi1 overexpression) reduced the impact of GMH on the 

oligodendrocyte population, it also revealed a unique behavioural phenotype. 
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We propose that GMH/IVH down regulates Notch in the NSPC causing a burst of 

precocious proliferation and depleting the NSPC pool, which impacts on neurological 

outcome due to altered cortical architecture. Further we suggest that modulation of 

NSPC properties may play role in determining outcome and should be further 

explored for its therapeutic potential. 
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1 CHAPTER 1: Neural Stem Cells as therapeutic 

targets in Germinal Matrix Haemorrhage 

1.1 Incidence of premature birth 

Despite advances in medical care and the concerted efforts of the research 

community, premature birth remains common with up to 15 million babies born 

preterm (<37 weeks gestation) every year Worldwide, and studies indicate that rather 

than decreasing in incidence the rates of premature birth have actually increased in 

almost all countries with reliable data over the last two decades(1 2). The combination 

of the increased number of babies being born prematurely with increased rates of 

survival has led to a significant increase in the absolute number of impaired infants(3 

4). 

 

Two factors have been proposed to explain the increasing incidence of premature 

birth: 

 

(1) The advent and increasing use of in-vitro fertilization – babies born using IVF are 

more often preterm(5) also, due to multiple implantation strategies to maximize the 

chance of success, conception through IVF treatment is more likely to result in 

multiple pregnancies (6) which in itself carries a risk for preterm birth. 

 

(2) The increasing age of primigravida – changes in society within the developed 

world have led to women having children later in life. This carries an inherent risk of 

preterm birth and also increases the likelihood that IVF treatment may be used. 

 

Medical research aimed at preventing the deleterious consequences of preterm birth 

can be broadly defined into two categories: interventions intended to prevent or delay 

preterm birth facilitating longer intrauterine development, and strategies aimed at 

reducing or preventing prematurity-associated morbidity and mortality(2) i.e. in the 

cases where birth cannot be prevented how can outcome be best optimized. 
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1.2 Strategies aimed at reducing the incidence of preterm 

birth 

Given that multiple implantation strategies during IVF treatment are known to 

increase the risk of multiple births, one approach would be to limit or curtail this 

practice(1). Clearly this has to be balanced against the parental desire for successful 

treatment and also to some extent the financial implications associated with recurrent 

rounds of IVF treatment(5). 

 

The increasing regionalization of perinatal care into specialist units associated with 

improved education and awareness for expectant mothers (especially if at high risk) 

with or without the use of contraction monitors is likely to improve recognition of 

preterm birth instigating more expedient delivery of specialist treatment, which 

ultimately is likely to improve outcome, however none show clear benefit in reducing 

the incidence of preterm birth(1). 

 

The role of bed rest in preventing preterm birth is unproven and has to be balanced 

against the risks associated with inactivity not least the risk of venous thrombosis. 

 

The use of cervical cerclage (essentially stitching up the cervical os) has been 

practiced since the 1960’s for the management of women considered to be at high risk 

for preterm birth by virtue of factors such as multiple pregnancy, uterine anomalies, a 

history of cervical trauma (e.g. conisation or operations requiring forced dilatation of 

the cervical canal), and cervical shortening seen on sonographic examination. 

However its efficacy and use in these patient groups is highly contentious with 

contradictory reports in the medical literature (www.rcog.co.uk). 

 

The use of tocolytic drugs is associated with a delay in the onset of labour for up to 7 

days, however there is no clear evidence that this approach improves neonatal 

outcome. Clearly in some women tocolysis may not be appropriate for example if 

labour was too advanced or prolonging pregnancy increased the risk of harm due to 

intrauterine infection or placental abruption. A wide variety of agents have been 

advocated for suppressing uterine contractions. Those in current use include beta-
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agonists, calcium channel blockers, prostaglandin synthetase inhibitors, nitric oxide 

donors and oxytocin receptor antagonists. There is little reliable information about 

current clinical practice but it is likely that ritodrine hydrochloride, a beta-agonist, 

remains the most widely used. Magnesium sulphate is popular for tocolysis in the 

USA and some other parts of the world, but is rarely used for this indication in the 

UK (www.rcog.co.uk). 

1.3 Perinatal management strategies to reduce neonatal 

morbidity associated with preterm birth  

Key perinatal interventions proven to positively influence outcome include: the use of 

prenatal corticosteroids >24 hours prior to birth (see next section), exogenous 

surfactant therapy, and intrapartum antibiotics to reduce neonatal sepsis are advocated 

(given that up to 80 percent of early preterm births are associated with an intrauterine 

infection that precedes the rupture of membranes(2)).  

 

A key finding in the management of premature neonates was the recognition that 

resuscitation at birth and management in the perinatal period played a significant role, 

with appropriate fluid and electrolyte management and prevention and prompt 

treatment of fetal hypoxia(2) key to optimizing outcome. 

 

A similar advance in perinatal care was the recognition in the 1980’s that 

asynchronous breathing i.e. ‘breathing against the ventilator’ led to raised 

intrathoracic pressure and consequently increased the risk of intraventricular 

haemorrhage(7). Originally this was treated / prevented using paralysis however this is 

now recognized to carry its own intrinsic risk of complications(4). The advent of more 

sophisticated pressure assisted ventilation which is responsive to the breathing pattern 

of the neonate rather than overriding it have gone some way to negate this risk. 

 

Premature neonates are thought to exhibit pressure passive cerebral autoregulation. 

This is a pervasive theory throughout the literature and an association between the 

number of episodes of pressure passivity and the risk of intraventicular haemorrhage 
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has been postulated(8), however the link between pressure passivity and perinatal brain 

injury remains unclear.  

1.4 Management strategies to reduce the risk of preterm 

brain injury 

Neurodevelopmental consequences of prematurity include cerebral palsy, severe 

intellectual disability, sensorineural hearing loss or blindness, epilepsy, and more 

subtle behavioral and cognitive deficits.(9 10) Cerebral palsy can be defined as a group 

of disorders of the development of movement and posture, causing activity limitation 

that are attributed to non-progressive disturbances that occurred in the developing 

fetal or infant brain. The institute of Medicine in the US estimated that 42-47% of 

cases of cerebral palsy could be attributed to preterm birth(11). Similarly, preterm birth 

was an important factor in children with hearing (23% of cases), visual (37%), and 

cognitive (27%) impairments.(9) 

 

Currently, the only clinically available agents for prenatal neuroprotection are 

corticosteroids and magnesium sulphate (9), progesterone supplementation in addition 

to its tocolytic effects may also have an independent neuroprotective role. 

1.4.1 Corticosteroids reduce bronchopulmonary dysplasia and 

reduce the incidence of IVH. 

In 1995, the National Institutes of Health (NIH) and the American College of 

Obstetricians and Gynecology (ACOG) convened and released a consensus statement 

recommending corticosteroids for the prevention of respiratory distress syndrome, 

intraventricular hemorrhage, and neonatal deaths(12). This was further reiterated in a 

study of 4446 infants born at 20 to 25 weeks by the National Institute of Child Health 

and Human Development Neonatal Research Network, which reported that exposure 

to antenatal corticosteroids was a key determinant in neurological outcome(13) 

1.4.2 Neuroprotective role of Magnesium Suplhate 

A study published in 1995 suggested that magnesium sulphate might reduce the 

incidence of cerebral palsy in preterm babies(14). This finding led to three large 

placebo controlled clinical trials (15-17). Despite this, opinion remains divided over the 
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use of magnesium sulphate with the potential for reduction in the incidence of severe 

cerebral palsy balanced against the possible risk of increased mortality(18) Magnesium 

sulphate is thought to act by antagonizing NMDA receptors reducing the 

susceptibility of the oligodendrocyte precursor cells(9). 

1.4.3 Neuroprotective role of Progesterone 

Progesterone supplementation originally given as a tocolytic agent to prevent 

premature birth (it was recognized that progreserone levels dropped prior to labour) is 

also thought to have an independent neuroprotective role(19). 

1.4.4 Experimental agents to facilitate neuroprotection 

N-acetyl cysteine –shown in a mouse model to reduce maternal immune activation (20 

21) which reduced the rate of preterm birth, thought to be due to an attenuation in the 

upregulation of contractile related proteins (22). A clinical trail conducted in Egypt 

demonstrated that NAC significantly reduced the incidence of preterm birth in 

mothers with bacterial vaginosis(23). Similarly a clinical trial at Yale University 

investigating the role of n-acetyl cysteine in intra-amniotic infection is due to report 

imminently (https://clinicaltrials.gov/ct2/show?term=n+acetyl+cysteine+preterm+birth&rank=3) 

Erythropoetin – recombinant human erythropoietin (rEpo) is thought to be one of the 

most promising agents under investigation for the prevention of the brain injury 

associated with preterm birth(24 25). Its efficacy has been widely demonstrated in 

animal models of ischaemic birth(25) with numerous neuroprotective mechanisms 

shown (24) and a specific role in protecting dopaminergic neurons within the 

developing brain postlated. One specific concern of the use of rEpo in preterm birth is 

that the angiogenic effects may exacerabate neovascularization of the retina, 

increasing the risk of retinopathy of prematurity, two Cochrane reviews demonstrated 

that early Epo (within the first week) increased the risk of ROP where as late 

administration of Epo was not associated with this risk(26 27). 

Melatonin - based on the theory that premature birth causes an extended period of 

reduced melatonin exposure(28), augmentation of melatonin is postulated to reduce the 

inflammatory response of the brain following injury through free radical scavenging 

and antioxicant activity. A clinical trial undertaken at Imperial College London led by 

Prof David Edwards (https://clinicaltrials.gov/ct2/show/results/NCT00649961) looked at the 
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optimal dosing regime for melatonin, further to this, a study currently recruiting at St 

Louis Hospital is looking at how melatonin impacts on outcome 

(https://clinicaltrials.gov/ct2/show/NCT01904786?term=melatonin+premature&rank) and is due to 

report in November 2018. Similarly a trial recruiting in Paris is aiming to determine 

the impact of maternal administration of melatonin on outcome. 
(https://clinicaltrials.gov/ct2/show/NCT02395783?term=melatonin+premature&rank=2). 
 

Hypothermia  - Preliminary results of two randomized clinical trials of either 

systemic cooling or selective head cooling in encephalopathic neonates (29 30) suggest 

that moderate hypothermia is safe in the high-risk newborn(4) and it is thought to 

reduce the inflammatory impact of the encephalopathy of prematurity(31). Whilst 

whole body cooling to 33 degrees is now accepted practice for neonates who require 

mechanical ventilation at 10 minutes with poor cord gas pH at birth, it is only thought 

to facilitate neuroprotection in moderately affected neonates with no impact on 

severely affected individuals(32).  

 

Other agents under investigation for their potential to prevent brain injury following 

premature birth include drugs such as allopurinol, deferoxamine, and 3-iminobiotin, 

which, when given soon after the insult, interrupt injuries caused by free radicals and 

have shown benefit in large-animal models(4). Similarly the role of brain derived 

neurotrophic factor and the anticonvulsant topiramate(33) are also under investigation. 

1.4.5 Stem cell therapies aimed at improving prognosis following 

premature birth 

The role of stem cell therapies in the treatment of neonatal brain injury has been 

explored by a number of groups(34). Stem cell therapies can be broadly defined into 

three groups: 

(1) Transplantation of exogenous stem cells – derived from a range of potential 

sources, for example: umbilical cord stem cells derived from umbilical cord blood 

using expression of the antigen CD34 to extract and purify cells (35) and mesenchymal 

stem cells(36) intranasal infusion of MSC in a rat model of ischaemic brain injury has 

been shown to result in functional integration into damaged circuits. This approach 

remains the ‘holy grail’ of stem cell research and whilst survival and integration into 
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existing circuits has been demonstrated, the vast majority of cells transplanted are 

found to be short-lived and whether the few cells that do survive genuinely impact on 

outcome remains contentious. To date this approach whilst highly vaunted has 

essentially been invalidated in most experimental paradigms(34). 

(2) Transplantation of exogenous stem cells with the aim of modulating endogenous 

NSC ie the bystander effect. Whilst the ambition of functional integration and circuit 

renewal, using currently available techniques, may not have been fully realized, it is 

recognised that stem cell transplantation does exert a positive / beneficial effect on the 

endogenous NSPC. This is postulated to be due to the transplanted cells impact on the 

microenvironment, also known as the bystander effect.  Anti-inflammatory effects, 

production of trophic factors, stimulation of proliferation, survival and differentiation 

of endogenous stem cells, facilitation of endogenous postlesion plasticity, and transfer 

of healthy mitochondria to endogenous neural cells(34) have all been described in the 

literature. 

(3) Exploitation of endogenous stem cell properties to improve outcome. NSPC 

within the developing brain are exquisitely sensitive to micro-environmental cues 

especially during the final trimester when the SVZ is most active(37 38). In essence this 

microenvironmental susceptibility is the basis for the bystander effect (as described 

above). By understanding more about the molecular biology and the behavior of the 

NSPC we can begin to develop therapies aimed at minimizing damage and optimizing 

brain development, possibly through manipulation of NSPC properties. 

1.5 Pathophysiology of the brain injury associated with 

premature birth 

In the 1990’s Volpe coined the phrase the encephalopathy of prematurity (EP). This 

inclusive terminology reflects the complexity surrounding how premature birth 

impacts on normal brain development. Not only does the injury affect the current / 

static condition of the brain but it also impacts on the potential for normal 

development i.e. there is both a destructive and developmental impact of EP(39). The 

developing brain is uniquely susceptible to the consequences of secondary injury due 

to the temporally and spatially critical nature of brain development during this time.  
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Multiple deleterious factors are thought to combine contributing to the brain injury 

seen following premature birth including: ischaemia, inflammation, infection and 

haemorrhage.  

 

Ischaemia – premature birth is commonly associated with poor cardiorespiratory 

function such that in spite of prompt and effective neonatal resuscitation, perinatal 

ischaemic events remain common. Studies also indicate that due in part to the high 

metabolic turnover within the GM, it is comparatively hypoxic in comparison with 

other regions of the developing brain(8). 

Inflammation - Injured neural tissue produces damage associated molecular patterns 

(DAMPs or alarmins), which activate toll-like-receptors, activate microglia, and 

increase production of pro-inflammatory cytokines and chemokines(34). 

Infection – maternal sepsis remains a common cause of premature birth, subsequent 

neonatal sepsis as a result has the potential to impact directly on the brain parenchyma 

but also indirectly due to its impact cardiac output and the potential for ischaemia. 

Haemorrhage – the high metabolic demand of the developing brain necessitates a 

rich vascular supply, however the presence of thin and friable vessels within the brain 

of the premature neonate make them prone to haemorrhage (discussed in more detail 

below). 

 

Similarly the deleterious impact of the encephalopathy of prematurity is thought to 

manifest in various different pathological consequences including: the loss of 

functioning oligodendrocyte precursors, damage to subplate neurons, damage to 

neural stem progenitors within the SVZ and reduced dendritic arborisation, resulting 

in periventricular leukomalacia (cystic and diffuse) and subependymal astrogliosis(39). 

 

The loss of functioning oligodendrocytes – oligodendrocyte precursor cells are 

thought to be acutely sensitive to hypoxia/ischaemia, this is postulated to be due to the 

presence of various neurotransmitter receptors on their surface, which make them 

susceptible to free radical and cytokine damage(40). 

 

Oligodendrocytes are known go through a well orchestrated progression of 

differentiation:  
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• Oligodendrocyte precursor  

• Pre oligodendrocyte 

• Immature oligodendrocyte 

• Mature oligodendrocyte capable of myelination.  

 

Throughout this development, oligodendrocytes display successively more complex 

morphology(40) and the well-established lineage, is defined by stage specific 

antibodies for sequentially expressed OL cell-surface and myelin-specific epitopes(41) 

(see Figure 1-1, page 33). 

 

The period of highest risk for the development of periventricular white matter injury 

(around 28 weeks) corresponds to the presence of a high concentration of the preOL 

cell type(41) and animal models of ischaemic brain injury have highlighted that the 

preOL cells are more susceptible to free radical and cytokine injury than mature 

oligodendrocytes. 

 

Indeed, the predilection for PWMI following premature birth appears to be in part due 

to the regional distribution and timing of appearance of susceptible precursors within 

the oligodendrocyte lineage(40) with cellular maturational factors related to 

oligodendrocyte progenitors playing a greater role than vascular factors in defining 

the topography of injury(42)  

 

Volpe first proposed that the myelination disturbances of PWMI might arise from 

targeted death of OL progenitors that are the source of mature OLs(43). This concept 

evolved from work comparing the white matter injury sustained by ischaemic insult at 

2 days versus 7 days gestation, Volpe found that injury at 2 days caused a more 

significant white matter injury and surmised that the 7 day old rat pup was more 

resistant to hypoxic ischaemic damage(42). Further to this, several studies have 

identified maturation-dependent mechanisms of free radical–mediated injury to the 

OL lineage both in vitro and in vivo(44) reinforcing the concept that preOLs are 

selectively targeted by oxidative stress. 
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Interestingly whilst injury selectively damages the preOL population it also initiates 

increased production of oligo precursors from the SVZ, unfortunately it has been 

shown that these precursors are not capable of fully differentiating and behaving as a 

normal precursor, the reason for this is unclear (45 46) but understanding the barriers to 

functional integration may be key in improving outcome. 

 

 

 
Figure	1-1	Maturation	of	the	oligodendrocyte	lineage	(adapted	from	Back	et	al	2007(40))	

Four principal stages of OL lineage progression are depicted together with their 
corresponding morphological features and capacity for myelination, migration and 
proliferation. Each stage is uniquely defined by a combination of marker genes or 
antibodies as shown. 

 

Damage to the subplate neurons - The subplate neurons are a transient group of 

cells which are formed early in brain development before the appearance of the 

cortical plate(39 47). These neurons are thought to act as a temporary relay station, 

playing a ‘holding role’ that facilitates both the afferent fibres from the thalamus 

(thalamocortical) to access the cortical plate and the efferent fibres from the cortex to 

form temporary ‘connections’ with the subplate on route to the distal targets.  Their 

role is thought to be to provide a scaffold for the migratory neurons to attach onto, on 
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route to their final destination. The extracellular matrix around the subplate neurons is 

very loose further facilitating the passage of the growing nerve cells(47).  

 

In addition to its ‘holding role’ the subplate neurons may also be integral to the 

reinforcement of activity dependent function i.e. without the subplate neurons, the 

function of critical white matter tracts are not reinforced thus leading to subsequent 

atrophy in distal relay stations. Increased expression of the apoptotic marker fractin 

has been shown within the subplate following the encephalopathy of prematurity 

suggesting that this region may be susceptible to damage(44). 

 

Damage to the neural stem progenitors within the SVZ – during the final 

trimester, the germinal matrix contains neural stem progenitor cells that are 

responsible for the neurogenesis and gliagenesis in the developing brain. Damage to 

the NSPC within the GM may impact on cortical development (discussed in detail 

below). 

 

Reduced dendritic arborisation – premature birth is associated with reduced 

dendritic arborisation within the thalamocortical, commissural (corpus callosum) and 

association (intrinsic) fibres (48).  The underlying mechanism through which this 

occurs remains incompletely understood. 

1.6 Germinal Matrix Haemorrhage  

1.6.1 Introduction  

Premature birth is associated with a high risk of spontaneous intracranial 

haemorrhage. The classical sites of haemorrhage are within the germinal matrix and 

the cerebellum. The majority of haemorrhages are thought to occur within the first 

few days of life with haemorrhage rarely seen in-utero, similarly brain haemorrhage at 

term is well recognized but this is thought to have a different aetiology to the 

haemorrhage associated with premature birth with a higher incidence of clotting and 

structural disorders described(8). 
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1.6.2 Anatomy of the Germinal Matrix 

The germinal matrix is the main neurogenic niche of the developing brain and is 

located in the subventricular / periventricular / subependymal region. Its potential role 

in brain development was first described by His who commented on the presence of 

multiple mitotic cells in the periventricular region of the developing brain (49). The 

GM is now recognized as the primary source of neurogenesis and gliagenesis during 

the final trimester. 

 

The GM is formed from around the 7th week of gestation through asymmetrical cell 

division within the ventricular zone(50 51). This process populates the SVZ with neural 

stem progenitor cells, which undertake further rounds of cell division and are 

responsible for the majority of gliagenesis and a significant proportion of 

neurogenesis in the developing brain. 

 

The GM changes in configuration throughout development in keeping with the degree 

of cell division and activity within it. Is it most prominent around 20-26 weeks of 

gestation and gradually involutes up to term around 34-36 weeks(50). Further to this 

the internal properties of the GM also change through gestation for example Del-

Bigio has shown that the GM exhibits different regions of proliferation dividing it into 

a ventral and dorsal region(50) (see Figure 1-2 page 39). 

 

The classic site for haemorrhage is usually unilateral within the caudothalamic groove 

but it can also be seen around the temporal horns, (Mary Rutherford personal 

communication) which can be difficult to appreciate on transfontanelle USS but can 

be seen with MRI. 

1.6.3 GMH classification 

The term germinal matrix haemorrhage was first used to describe a pathological 

finding at autopsy(52) and was initially considered to be a terminal event. The adoption 

of transfontanelle ultrasound and later CT into clinical practice led to realization that 

IVH was commonly seen following premature birth. 
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Ultrasound was first used for clinical purposes in 1956 in Glasgow. Obstetrician Ian 

Donald and engineer Tom Brown developed the first prototype systems based on an 

instrument used to detect industrial flaws in ships, but its widespread inception into 

medical practice began in earnest in the 1970s(53).  
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Classically GMH is classified using the Papile grading system(54), which was 

originally based on CT scan data but is now more commonly used for transfontanelle 

ultrasound scan monitoring (see Figure 1-2 page 39): 

 

Grade 1: Haemorrhage confined to the GM 

Grade 2: Haemorrhage extends into the ventricle but does not cause 

ventriculomegaly 

Grade 3: Haemorrhage extends into the ventricle causing ventriculomegaly 

Grade 4:  Ventriculomegaly in association with parenchymal lesion (secondary 

to venous congestion) 

 

Given the high incidence of GMH following premature birth, transfontanelle 

ultrasound is now performed as a basic standard of care in this patient group. Twice 

weekly ultrasound scans are recommended (Great Ormond Street Hospital Protocol) 

to determine if there is any progression of the clinical grade i.e. any development of 

hydrocephalus or parenchymal venous infarction. To assess ventricular caliber 

standard and replicable measurements are made, up to 40 weeks of gestational age the 

Levene-index is used in preference whilst after 40 weeks the ventricular index tends 

to be preferred (see Figure 1-2 page 39): 

 

The Levene index(55) can be defined as the absolute distance between the falx and the 

lateral wall of the anterior horn in the coronal plane at the level of the third ventricle. 

This is performed for the left and right side with the absolute measurement compared 

to the reference curve.  

 

The Ventricular index used after 40 weeks can be defined as the ratio of the distance 

between the lateral sides of the ventricles and the biparietal diameter. The ventricular 

index is used to guide the need for Neurosurgical intervention for hydrocephalus, with 

the 97th centile used as an early marker (ELVIS trial) whilst the 97th centile +4mm 

would be deemed a standard criteria for intervention(56) (Kristian Aquilina personal 

communication). 
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The Levene and Ventricular index are undoubtedly important and useful tools to 

monitor progress following GMH however it is important to consider that when the 

ventricular system widens, the frontal horns tend to enlarge in the craniocaudal 

direction more than in the left to right dimension, as such measurement in the coronal 

plane may be a late indicator of raised intraventricular volume (Mary Rutherford 

personal communication). 

 

It is plausible that part of the difficulty underlying the variability seen in outcome 

following GMH may in part be due to the insensitivity of the grading system used. 

With the increasing use of MRI it is possible that a more precise grading system based 

on MRI findings may be beneficial, however this approach has obvious cost 

implications, and the safety of transferring a neonate for MRI should always be 

considered. 
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Figure	1-2	Anatomy	of	the	Germinal	Matrix	and	Grading	
A Picture taken from DelBigio 2011 showing the anatomy of the germinal matrix and the dynamic 
changes that occur in its anatomy through intrauterine development B Schematic showing the Papille 
grading system used to classify GMH.  Grade Grade I shows haemorrhage confined within the 
substance of the germinal matrix, Grade II shows extension of haemorrhage into the ventricle but with 
no evidence of ventriculomegaly, Grade III Extension of haemorrhage into the ventricle associated 
with the development of ventriculomegaly, Grade IV Evidence of parenchymal extension of bleed 
usually associated with hydrocephalus although this is not prerequisite C&D Transfontanelle 
ultrasound scans taken around the foramen of Monro to monitor the progress of ventricular 
enlargement (adapted from http://www.radiologyassistant.nl/en/p440c93be7456f/neonatal-brain-
us.html) C Example of the Levine index used up to 40 weeks of gestation: measurement is taken from 
falx to edge of ventricle D Example showing how to calculate the ventricular index – defined as the 
ratio of the distance between the lateral edges of the ventricle and biparietal diameter, both the Levene 
and Ventricular index can then be plotted on a percentile curve which is used to guide the need for 
intervention (see text). 
  

GRADE I GRADE II

GRADE IVGRADE III

A

B C

D
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1.6.4 GMH incidence and prevalence 

Retrospective reviews indicate that the overall incidence of GMH has decreased since 

the 1990s but has plateaued since the 2000’s, and further that the relative proportion 

of severe grade IV haemorrhage has also decreased (8 57).  

 

However despite progresses in perinatal care which have systematically reduced the 

incidence of GMH from around 50% in the 1960’s to around 25% in 2000, the 

incidence of severe GMH remains at around 6-7% and this has not changed in over 20 

years(58). 

1.7 GMH aetiology 

When considering the aetiology of germinal matrix haemorrhage two pertinent 

questions need to be addressed: 

 

(1) What is unique about the brain of the premature neonate that makes it prone to 

haemorrhage? 

(2) Why is the germinal matrix affected in preference to other regions of the 

developing brain such as the neocortex or white matter tracts?  

 

The incidence of haemorrhage is known to increase in proportion to the degree of 

prematurity(59), whilst haemorrhage within the GM is commonly seen in babies born 

prematurely it is rarely seen in neonates born at term (in these rare cases of GMH at 

term the underlying pathophysiology is thought to be different with, for example, 

clotting abnormalities commonly seen).  

 

Similarly whilst haemorrhage is also seen within the cerebellum, the commonest site 

for haemorrhage is within the germinal matrix suggesting that the GM has specific 

characteristics that make it prone to haemorrhage. Understanding what makes the 

germinal matrix of the premature neonate prone to haemorrhage is a key goal in 

developing therapeutic strategies aimed at prevention. 
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1.7.1 Factors that make the premature neonate prone to 

haemorrhage 

A key factor predisposing the premature neonate to haemorrhage is thought to be the 

underdeveloped nature of the cerebral vasculature with a number of elements that 

contribute to vascular stability implicated.  

 

For example endothelial cells in the premature brain have been found to lack fully 

functional tight junctions. The tight junction is composed of three integral membrane 

proteins, namely claudin, occludin, and junction adhesion molecules as well as a 

number of cytoplasmic accessory proteins— ZO1, ZO2, ZO3, cingulin, and others(8 

60), which together are thought to contribute to the structural integrity of the blood 

vessel. Immunohistochemistry and Western blot analysis have shown that the 

expression of these molecules is similar in the germinal matrix, cerebral cortex, and 

white matter(61). Thus, whilst undeveloped endothelial tight junctions may increase 

the risk of haemorrhage in babies born prematurely they are unlikely to be responsible 

for the specific propensity of the germinal matrix vasculature to hemorrhage. 

Similarly a sparcity of pericytes, which are supporting cells within the vasculature, 

has been shown in association with an underdeveloped basement membrane and 

reduced astrocyte / glial end feet have all been described in the literature (discussed in 

more detail below). 

 

As discussed above, neonates born prematurely are known to exhibit episodes of 

pressure passive cerebral autoregulation, such that their cerebral blood flow is 

beholden to their systemic blood pressure, this is postulated to be due to an 

underdeveloped muscularis layer within the developing vasculature(62). Continuous 

monitoring of cerebral blood flow using near infrared spectroscopy has shown that the 

duration and number of pressure passive episodes directly correlates with lower 

gestational age and birth weight and is more frequently seen in sick, ventilated, and 

clinically unstable premature infants compared with clinically stable infants(8) (20% 

versus 50% of recording time(63)) however the significance of pressure passive 

cerebral autoregulation in the development of IVH remains unclear. Whilst studies 

have shown that infants with impaired cerebral autoregulation suffered a higher 
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occurrence rate of IVH compared with neonates with effective autoregulation(64), 

further larger studies have cast doubt on this finding with no relationship between the 

occurrence of IVH and pressure passivity of cerebral circulation or systemic 

hypotension observed(63).  

 

Babies born prematurely also have a higher incidence of comorbid conditions, which 

predispose to poor cerebral oxygenation, increase the risk of lability in arterial and 

central venous pressure and potentiate the need for endotracheal intubation. A seminal 

study which used doppler imaging to monitor cerebral blood flow in infants 

undergoing mechanical ventilation for respiratory distress syndrome, uncovered 

different patterns of blood pressure control described as stable or fluctuating: the 

stable pattern describes equal peaks and troughs of systolic and diastolic BP, whilst 

the fluctuating pattern describes continuous alteration of CBF. Neonates with 

fluctuating blood pressure were significantly more likely to suffer GMH(7). This 

finding led to the widespread use of paralytics which whilst undoubtedly important 

have their own risks associated with prolonged exposure. 

1.7.2 Factors specific to the germinal matrix  

In their 1976 paper, Hambleton et al used gelatin injections to define the cerebral 

vasculature of infants who had succumbed to GMH. Within the germinal matrix they 

described an ill-defined vascular rete that lacked the normal arterial and venous 

architecture(65). This finding has been reinforced by studies that have shown both an 

increased density and cross sectional area of blood vessels within the GM and an 

increased prevalence of immature blood vessels identified by their morphology(66), in 

comparison to other regions of the brain. 

 

Immunolabeling and analyses of high-resolution images have revealed that 

perivascular coverage by glial fibrillary acidic protein (GFAP)-positive astrocyte 

endfeet is reduced in the germinal matrix compared with the cerebral cortex or white 

matter(67). This paucity of astroglial end feet specifically within the GM is postulated 

to increase the fragility of the GM vasculature. Given that steroids have been shown 

to increase the expression of GFAP in vitro (68) it is tempting to speculate that the role 
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of GFAP positive end feet in stabilizing the vasculature may in some way explain the 

mechanism through which steroids reduce the incidence of GMH(8). 

 

Other factors thought to contribute to vessel fragility in the GM include the basal 

lamina protein fibronectin, which has been shown in autopsy materials from human 

fetuses and premature infants to exhibit significantly lower expression levels in the 

germinal matrix relative to the cortical mantle or white matter(69). The other 

constituents of the basal lamina (i.e. laminin, collagen, heparan sulfate proteoglycan 

and perlecan) in contrast do not exhibit regional variation. Similarly, in comparsion to 

other brain regions the GM has a reduced coverage and density of pericytes(70). 

 

Further to the microanatomical considerations discussed above, the germinal matrix is 

recognized to have a rich vascular supply; this is postulated to be due to the high 

metabolic demand within the GM secondary to the activity of the progenitor cells. In 

itself this rich vascular supply may explain the predisposition to haemorrhage within 

the GM, however in addition to this the increased activity of the neural stem 

progenitor cells is thought to cause a relative hypoxia within the GM(8); this is 

associated with a consequent increase in levels of vascular growth factors such as 

VEGF and angiopoietin-2 (71) (higher in the germinal matrix than in the cerebral 

cortex or white mater in both humans and rabbits). This increase in vascular 

proliferative factors within the GM causes an increase in endothelial cell turnover 

thus increasing the fragility of the vasculature. This finding has led some groups to 

explore the potential role of antiangiogenic factors in preventing GMH which have 

been shown to both reduce endothelial cell turnover(71) and also to increase perictye 

coverage(70). 

1.7.3 How GMH / IVH correlates with outcome 

In her seminal paper Papille reported that the outcome for infants with grade 1 and 2 

germinal matrix / intraventricular haemorrhage was identical to that of infants with no 

IVH with the percentage of infants with major handicaps similar in the three groups 

(11% no GMH, 9% Grade 1 & 11% Grade II). In comparison, infants with grade 3 

and 4 IVH were found to have a have a much poorer outcome with 55% of infants 

with grades 3 & 4 exhibiting a major handicap(54 72).  
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Due the antecedent risk of post-haemorrhagic hydrocephalus and periventricular 

venous infarction, the higher mortality rate(73) and poor neurological outcome 

following severe IVH (Grade III-IV) is clear(74). In contrast the impact that grade I & 

II haemorrhage have on outcome remains more contentious with conflicting reports in 

the literature, for example Patra et al(75) showed that infants with grades I-II IVH had 

a significantly lower mean mental developmental index score than infants with 

normal cranial ultrasound, whilst O’Shea et al(76)  found just a modest increase in risk 

associated with isolated IVH and recently Wy et al(77) have shown no increase in risk 

associated with isolated IVH. The reason for this disparity is unclear but given the 

high prevalence and clinical significance of periventricular leukomalacia (PVL), it is 

likely that ultrasound diagnosis in isolation (which has a poor diagnostic yield for 

PVL) is insufficient to accurately classify outcome following premature birth and 

further insight into the impact of isolated grade I & II IVH will only be possible with 

the widespread adoption of classification based on MRI findings(74).  

 

It is also important to consider the timing and sensitivity of the behavioural tests 

being undertaken, whilst no differences may be detected at two years of age following 

isolated IVH, it is postulated that developmental disabilities may present at school 

age(8). 

 

Whilst debate surrounding the clinical outcome studies discussed above remains 

contentious, evidence from studies utilizing functional MRI imaging, are 

demonstrating that even when development can appear ostensibly normal processing 

is often highly disordered with abnormal / altered cortical connectivity and 

synchronization(48 78 79). Further to this volumetric analysis has shown that even low-

grade haemorrhage is associated with reduced cortical volume and gyral sulcal 

development(79). 

1.7.4 The destructive and developmental impact of GMH/IVH 

Haemorrhage in the premature neonatal brain is believed to have both destructive and 

developmental consequences on the developing brain (39). The destructive impact of 

germinal matrix haemorrhage include, the shearing of white matter tracts and damage 
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to the parenchyma caused by the kinetic force of the haemorrhage within the head of 

the caudate, this physical damage to the cortical architecture can be identified using 

radiological techniques, for example USS and MRI, and is also clearly evident 

histologically at autopsy (see Figure 1-3 page 46)  

 

Imaging studies in perinatal brain injury have shown that the nature of the brain injury 

sustained secondary to premature birth is changing with a reduced incidence of 

periventricular cystic damage seen whilst the most predominantly encountered 

pathology is non-cystic or diffuse periventricular leukomalacia.  This change in 

pathology is thought to reflect the improvements made in perinatal care (9). 

 

Whilst cystic PVL is known to be associated with poor outcome, the clinical 

significance of non-cystic PVL and its correlation with outcome remains to be 

definitively elucidated (Divyen Shah personal communication). The finding that 

diffuse PVL is now the predominant pathology seen following premature birth 

reinforces the need for MRI imaging (as a minimum at term equivalent), with 

prognostication based on USS findings now relatively out-dated (Mary Rutherford 

personal communication) 

  

In contrast to the destructive impact that haemorrhage has on the developing brain, 

the hypothetical mechanism through which germinal matrix haemorrhage may cause 

developmental disturbance and in particular the role that GMH plays in influencing 

the neural stem progenitor cells (NSPC) within germinal matrix remains to be 

definitively substantiated (39).  
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Figure	1-3	Destructive	impact	of	germinal	matrix	haemorrhage	
GMH / IVH is thought to have both destructive and developmental impacts on the neonatal brain; this 
panel highlights the destructive impact of GMH A&B T1 weighted MRI showing the appearances of 
Papille Grade IV GMH - Intraventrciular extension of a germinal matrix haemorrhage in association 
with a porencephalic cyst A Axial B Sagittal – high signal intensity is seen within the head of the 
caudate consistent with haemorrhage (white arrow) and is seen to extend into the posterior horns (red 
arrows) bilaterally with evidence of hydrocephalus and porencephalic cyst (blue arrow) Adapted from: 
http://posterng.netkey.at/esr/viewing C&D Transfontanelle USS images of Papille Grade III GMH C 
Coronal image demonstrating haemorrhage within the head of the caudate (white arrow) in association 
with dilatation of the ventricular system D Sagittal image – blood can be seen to be tracking into the 
posterior horns of the ventricular system in association with ventricular enlargement / hydrocephalus 
Adapted from Radiopedia E&F Coronally orientated macroscopic histology images E Grade II GMH: 
haemorrhage can be seen within the head of the caudate (white arrow) in association with 
intraventricular spread of blood into the lateral and third ventricle (red arrow) F Grade IV GMH- 
haemorrhage is seen in association with marked ventricular enlargement as seen by the prominence of 
the temporal horns (black arrow) and porencephalic cyst formation (blue arrow) 
 

1.8 The rationale for investigating the potential use of 

neural stem progenitor cells for the treatment of GMH / 

IVH 

The emotive if somewhat unscientific reason for exploring the potential for NSPC to 

treat GMH / IVH is that ‘something needs to be done’. The incidence of premature 

birth is rising and as survival from even the extremes of life become the norm rather 

than the exception, new avenues of research are urgently needed in order to curb the 

A B E

C D F
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deleterious impact of GMH on the developing brain. New therapies are vital from an 

individual patient perspective but also due its impact on families and the costs to 

society as a whole. 

 

The colossal amount of scientific endeavor behind stem cell therapy has become 

gargantuan, however despite consistent efficacy in animal studies, functional benefits 

after transplantation of stem cells remain to be shown unequivocally(80). Clinical 

studies are ongoing for example the PISCES trial being undertaken by Reneuron, a 

company based in Glasgow, recently reported safety and efficacy of stereotactic 

intracerebral injection of genetically modified CTX0E03 hNSCs in patients with 

chronic ischaemic stroke(81) and a phase 2 study is now planned. Similarly Gupta et al, 

based at UCSF, stereotactically transplanted HuCNS-SCs into the frontal lobe of four 

male subjects with an early-onset severe form of Pelizaeus-Merzbacher disease 

(PMD) and reported a favorable safety profile although again efficacy remains to be 

definitively determined(82). 

 

At its most basic level, the key to developing a successful therapy is to pick the right 

disease in the right patient at the right time and give them the right therapy it is my 

opinion that GMH in premature neonates fulfills many of these criteria. 

1.8.1 Right disease – GMH is an appealing target for stem cell 

therapy 

The neurodevelopmental sequela of premature birth is increasingly being 

conceptualized and described as a Primary Cerebral Dysmaturation Disorder 

(PCDD). Volpe describes the two mechanisms underlying the brain injury associated 

with premature birth as Destructive vs Developmental (39). 

 

Treating the destructive element of GMH remains the gold standard of care and 

significant scientific endeavor is being expended to achieve to achieve this goal, 

however given the complexity and the current level of understanding the reality is that 

stem cell mediated brain repair remains elusive.  
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In tandem with pursuing this aim we also need to consider whether we can ameliorate 

the developmental impact of GMH preventing secondary injury; the clearest example 

of this is the impact premature birth injury has on the immature oligodendrocyte 

precursor population(42). The SVZ responds by producing a surge of oligodendrocyte 

precursor cells but they are unable to functionally integrate leading to deficit 

understanding why this population of cells produced by the SVZ are unable to 

replenish those that have been damaged is a key future research goal(83 84). 

 

Further to this, GMH is common, its impacts can be devastating and there are no 

current effective therapies. Haemorrhage is within the substance of the germinal niche 

which is known to be exquisitely sensitive to changes in the microenvironment(37), as 

such GMH causes damage to the NSPC within the SVZ and also potentially causes a 

secondary injury to the developing brain due to the intraventricular spread of blood 

which essentially puts a potentially toxic soup in intimate proximity to the stem cell 

niche(85-88).  

 

The developmental impact of GMH can be considered as a primary stem cell disorder, 

it is therefore plausible that exploring the use of stem cell therapy to treat a stem cell 

disorder is conceptually elegant. Further to this, the pathology is within the stem cell 

niche as such therapy would be aimed at the niche rather than transplanting cells into 

non stem cell niches which may lack the necessary microenvironmental cues. 

 

The intraventricular route for therapeutic intervention is also readily available and 

could easily be used as a route for therapeutic intervention especially given that 

premature neonates are already undergoing CSF diversion.  

 

1.8.2 Right patient – Aiming to restore normality rather than treat 

disease 

GMH represents an abnormal event in a developmentally normally brain, in essence 

had the pregnancy gone to full term then the brain, as far as we can tell, would have 

developed normally, as such there is no underlying disease process or abnormal 

genetic mutation that we are trying to fix or that will interfere with recovery. 
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1.8.3 Right time – The SVZ of the premature neonate is at its most 

active and influential 

During the final trimester the fetal brain is undergoing rapid transformation and the 

SVZ is highly active and integral to this process. Being born prematurely entails that 

this critical brain development, which should have been intrauterine, is now 

undertaken on the Neonatal Intensive Care Unit. As such in contrast to the adult and 

juvenile brain, the brain of the premature neonate represents a unique 

microenvironment in which, under normal circumstances, the SVZ is extremely 

active. As such therapy directed to this active stem cell niche is more likely to have an 

impact when compared to therapy directed at the more developmentally static adult 

and juvenile brain.  

1.8.4 Right therapy? 

Developing the right therapy is clearly key to success in harnessing the power of stem 

cell therapy to alleviate the deleterious impact of GMH. As alluded to above 

transplantation for functional integration remains the gold standard but seems unlikely 

at least in the near future, in contrast modulation of NSPC properties either to 

improve the robustness of the NSPC or improve / normalise their function seems like 

an approach more likely to succeed in the interim. 

 

The first step in developing the correct therapy is to understand how haemorrahge 

impacts on the NSPC and early cortical development in the developing brain, proving 

the existence of the developmental impact of GMH / IVH in a robust and reproducible 

fashion, is vital is order to justify the development of therapies aimed at alleviating its 

deleterious consequences. 

1.9 Animal models of germinal matrix haemorrhage 

In comparison to the wealth of data that has been gleaned from animal models of 

hypoxia and ischaemia there are comparatively few studies investigating the impact of 

haemorrhagic lesions within the germinal matrix. The reason for this is not 

immediately obvious, but may in part be due to the relative difficulty in achieving a 

uniform haemorrhagic lesion in the neonate.  
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Methods used to generate haemorrhage in neonatal animals can be broadly grouped 

into those that are caused by physiological manipulation, primarily using a 

combination of hypotension followed by profound hypertension and those that utilise 

direct injection of the brain parenchyma with both autologous blood and collagenase 

used. 

1.9.1 Animal models of GMH caused by physiological manipulation 

Different methods have been employed which essentially cause fluctuations in 

cerebral blood pressure leading to spontaneous haemorrhage. 

 

Beagle Pups – following anaesthesia, newborn beagle pups at 12-48 hours of age are 

rendered hypertensive by rapid infusion of phenylephrine hydrochloride for a period 

of around one hour. Marked intraventricular haemorrhage is seen in association with 

diffuse haemorrhagic lesions through the cortex(89). Further studies were done using 

this model looking at the effect of ethamsylate (90), superoxide dismutase(91) and 

phenobarbital (92) on outcome. 

 

Rabbit pups – intraperitoneal injection of glycerol (93) in newborn rabbit pups causes 

dehydration and high serum osmolarity leading to intracranial hypotension and 

rupture of intracranial vessels mimicking the effect of GMH. This model has been 

used extensively by the Ballabh lab in New York and has shown that thyroxine may 

improve outcome following rabbit GMH (94). Similarly the inhibition of angiogenesis 

in the GM has been shown to reduce the incidence of haemorrhage in rabbit pups (95). 

This model of IVH in rabbit pups has been questioned by Coulter et al who failed to 

produce IVH(96) and similarly the impact of glycerol on cortical development has also 

been brought into question(97). 

 

Given the practical constraints associated with causing hypo and hypertension, 

physiological manipulation has only been used in larger species. This consequently 

means that there is no physiological method of inducing haemorrhage in a newborn 

mouse pup. 
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1.9.2 Animal models of GMH caused by direct injection of the brain 

parenchyma 

Intraventricular blood injection 

Rodent models – Xue et al performed freehand injection of 15ul of autologous blood 

in newborn mouse pups and demonstrated a reduction in Ki67 (proliferative activity) 

within the SVZ(98 99). Using this freehand injection model the DelBigio group have 

demonstrated a persistent motor deficit in blood injected pups (100) and were able to 

show that preactivation through intraperitoneal injection of inflammatory agent leads 

to a poor outcome (101). Similar to this Aquilina et al performed stereotactic injection 

of 80ul of blood obtained by cardiac puncture from mice of the same inbred strain 

into 7-day-old rats (102 103) and again were able to demonstrate marked 

neurobehavioural sequelae in addition to the development of hydrocephalus and 

histopathological changes in the cortex. This model of intraventricular blood injection 

was used by the Bristol group to demonstrate the importance of TGFβ in the evolution 

of posthaemorrhagic hydrocephalus (87 104) and culminated in the DRIFT trial(88 105) 

Drainage Irrigation and Fibrinolytic therapy for premature infants with post 

haemorrhagic hydrocephalus.  

 

Neonatal piglet model – Aquilina et al also performed injection of autologous blood  

into newborn piglets and demonstrated robust development of posthaemorrhagic 

hydrocpehalus via transfontanelle ultrasound scanning (106) 

 

Intraventricular collagenase injection 

Rodent models - Intraventricular injection of collagenase to mimic GMH was first 

reported by Alles et al(107). The Zhang group from Loma Linda have worked 

extensively with the collagenase model, the therapeutic impact of TGFβ 

inhibition(108), isoflurane pretreatment(109), hyperbaric oxygen(110), hydrogen gas 

therapy(111) and melatonin(112) have all been studied using this model.  

 

The kinetic force and ventricular distension secondary to autologous blood injection is 

postulated to cause ischaemia within the brain parenchyma(113) The relative strength 
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of the collagenase model lies in the reduced bolus delivery required to initiate 

haemorrhage, however whilst research using collagenase injection is a welcome 

addition it is likely that this model represents a severe global injury to the entire 

cortex including the parenchyma VZ & SVZ and it is justified to question how this 

model can be used to determine the effect of GMH on the NSC, rather it mimics a 

massive cortical haemorrhage which is not commonly seen in the premature neonate. 

1.9.3 Transgenic models of GMH 

Transgenic models have been extensively employed to investigate the formation, 

structure and function of the blood brain barrier (BBB). GMH in premature neonates 

is in part thought to be caused by the underdeveloped and fragile nature of the 

cerebral vasculature which is intrinsically linked to the function of the BBB, as such 

data from these seminal transgenic studies has been extrapolated and has been 

instrumental in understanding the pathogenesis of neonatal intraventricular 

haemorrhage. 

The role of VEGF 

Many transgenic models have been devised to investigate the development and 

maintenance of the BBB the best described being the role of VEGF. VEGF has been 

to shown to be important in vascular sprouting within the brain parenchyma and 

transgenic models employing genetic ablation of endothelium-specific factors such as 

VEGF-A and VE-cadherin show widespread disruption of vasculogenesis with 

markedly abnormal vasculature (114 115). 

Role of Integrins in the BBB 

Disruption of the integrins impacts on basement membrane integrity. Mice lacking 

alpha V integrin (ie knockout) have been shown to display spontaneous intracranial 

haemorrhage at midgestation and die shortly after birth this is thought to be due to 

impaired endothelial cell adhesion(116). A more precise model was defined by 

McCarty et al who showed that integrins function in the interaction between the 

endothelial cells and the brain parenchyma(117) with relative sparing of endothelial cell 

number and structure. 
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Knockout of pericyte function / coverage 

Mice deficient for Pdgfr- or its ligand Pdgf-b completely lack brain pericytes, 

resulting in embryonic lethality and CNS microhaemorrhages(118) resulting in 

haemorrhage in late embryonic gestation(119 120) similarly, mice deficient for Smad4, a 

key protein in TGF- signaling, show pericyte detachment associated with increased 

microvessel diameters, increased BBB permeability and hemorrhage (121) 

Wnt-beta catenin 

Components of the Wnt pathway are activated in the neural endothelial cells whereas 

they are not elsewhere. As such mice with knockout of Wnt7b (but not Wnt7a) die 

between E11.5 and E12.5 as a result of severe brain hemorrhage and abnormal vessel 

morphology in ventral regions (118 122 123). Blockade of Wnt beta-catenin signaling in 

vivo specifically disrupts CNS but not non-CNS angiogenesis. 

Probable G protein coupled receptor 124- Gpr 124 

Gpr124-knockout mice are embryonic lethal and have defects in the vasculature of 

the developing CNS, with hemorrhages mainly in the forebrain and ventral spinal 

cord(118). 

Collagen 

Mutation in the procollagen type IV a 1 gene (Col4a1) in mice inhibits the secretion 

of mutant and normal type IV collagen resulting in cerebral haemorrhage within a day 

of birth(124 125) around half of pups died within days of birth and in those pups which 

survived porencephaly was commonly seen indicating severe damage to the 

developing brain. Interestingly, IVH is prevented by surgical delivery of the pups, 

suggesting an interaction between an environmental trigger associated with murine 

labour and delivery(126). 

Inducible knockout models  

Using a tetracycline inducible system to initiate VEGF expression within the GM of 

the developing embryo Yang et al have shown high rates of IVH (127). Yang and 

colleagues developed two mouse models that were engineered to have a tetracycline-

controlled switch to regulate the expression of VEGF in the germinal matrix. One of 

these models continuously produces VEGF in the germinal matrix unless a 
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tetracycline-like drug is present, whereas the other turns on VEGF production in the 

presence of tetracyclines. (127) 

Combination of transgenics with injection models – vascular fragility 
models 

Leroux et al combine a transgenic model in which the TPA inhibitor is TPA-1 is 

knocked out causing a propensity to haemorrhage with an injection of a 2ul of 

NSaline(128). Interestingly in this paper they recognize the limitations of using a TPA1 

knockout in that brain ontogeny is impacted by the unfettered activity of TPA and 

precludes direct comparison of the wild type injected with the transgenic injected as 

the transgenic pups display a recognized pre existing phenotype.  

Discussion of the application of a transgenic mouse model 

The transgenic models developed to date invariably cause intrauterine bleeding and 

are associated with a high perinatal mortality, as such no widely accepted model of 

neonatal GMH has yet been developed to determine how postnatal haemorrhage 

impacts on cortical development. 

 

The transgenic models that exist (as discussed above) invariably interfere with 

angiogenesis during embryogenesis as such transgenic mice by definition have 

‘abnormal’ vasculature, this is diametrically opposed to the state in the human in 

which the vasculature and brain development is proposed to be normal. It is also valid 

to question how well an animal with abnormal brain vasculature will model human 

GMH. 

 

The ideal transgenic model would be one in which normal angiogenesis took place 

during intrauterine development leading to normal cerebral vasculature and then 

vascular instability, specifically within the cerebral vessels surrounding the germinal 

matrix, could be initiated via a systemic approach. A systemic approach would be 

preferable as any approach that necessitates injection of the parenchyma somewhat 

obviates the benefit of using a transgenic model. An alternative approach utilizing 

injection of Cre virus to elicit vascular instability in the periventricular region has 

been suggested but I cold not find any examples of this in the literature to date and 

again this approach would be limited by the need for transparenchymal injection. 
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1.10 Research into the impact of GMH on NSPC and early 

cortical development 

Due to the limitations associated with previous animal models of neonatal germinal 

matrix haemorrhage, there are a limited number of studies that have analysed the 

impact of GMH on NSPC (98 100 101). Using a freehand needle injection of a large 

volume (15ul) of autologous blood via a large bore 26-gauge needle Xue et al (98) 

demonstrated a reduction in Ki67 in the wall of the lateral ventricle. Ki67 is a cellular 

marker of proliferation as such Xue et al suggest that GMH/IVH causes a reduction in 

proliferation within the SVZ. 

 

As this is a rather aggressive and imprecise model, more reflective of a Papille grade 

IV haemorrhage(72), ie parenchymal damage with hydrocephalus, it is plausible that 

the destructive impact of the GMH outweighs the more subtle developmental effect 

of haemorrhage on the NSPC such as that seen in grade II and III where the outcome 

is more variable (74-76). 

 

The findings from these animal studies were further validated in human autopsy 

specimens(50). Del-Bigio found that in the immediate perihaematomal territory, Ki67 

activity was reduced, however this data was not stratified for severity of haemorrhage, 

as such it is not possible to ascertain how the grade of haemorrhage impacted on 

outcome.  

 

In vivo organotypic slice cultures have also demonstrated that NSC are adversely 

affected by increasing concentrations of blood, predominantly plasma (129) and in 

particular a significant role for thrombin (130) has been suggested. It is important to 

consider that in these in vivo experiments, the CSF used was artificial, the blood used 

was not autologous and the concentrations were high and directly over the tissue 

surface rather than circulating as CSF would in-vivo. 

 

Contrary to the findings from the Del-Bigio group, studies looking at the impact of 

neonatal ischaemia on the NSPC within the SVZ have demonstrated robust activation 

of proliferation. For example using a model of neonatal ischaemia in which pups were 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 56 

raised in 9.5% - 10.5% O2, Fagel et al showed increased BrdU+ve cells in the SVZ 

secondary to ischaemia(131), and this work was built upon by Jin-Qiao et al who 

showed that FGF played a critical role in this activation (132). Similarly Plane et al(133) 

and Yang et al (134) showed a significant increase in BrdU+ve cells within the SVZ 

following neonatal hypoxia / ischaemia. 

 

The encephalopathy of prematurity is associated with the release of multiple 

inflammatory cytokines into the CSF including IL-6, IL-8 and IL-1β (135). Some of 

which, for example IL6, have been shown to increase proliferation in the SVZ(136) 

similarly TGFβ which is released following IVH has also been demonstrated to 

increase proliferation in the SVZ(137) and influence endothelial cell proliferation(8). 

 

Both these mechanisms, i.e. haemorrhage and ischaemia, commonly occur 

synchronously in the premature infant indicating that there appears to be an apparent 

discord between these two experimental models of neonatal brain injury. As such we 

resolved to clarify what effect a subtle lesion, accurately targeted using a stereotactic 

approach and causing minimal parenchymal damage might have on the NSPC within 

the SVZ and further to illuminate how this might impact on cortical development. The 

model used in this project can be considered to represent a grade II / III haemorrhage, 

as opposed to the grade IV haemorrhage described by Xue et al (98). 

1.11 Translational applicability of animal studies in 

examining early cortical development 

1.11.1 Animal models of neonatal brain injury 

Species most commonly used to study the impact of neonatal brain injury include 

rodents(42 131 138-142), rabbits (93 143) and sheep (144-148). Primate studies have also been 

undertaken(149 150) however whilst primates have physiology very similar to that of 

humans, experiments in larger animals can be prohibitively expensive and require 

significant technical infrastructure and expertise. In order to replicate the premature 

brain environment in an animal there are essentially three available options: 

1. Work with non-precocial or altricial (requiring nourishment) animals (such as 

mice) – i.e. animals which are born at an early stage of brain development 
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2. Fetal intervention – maternal or fetal interventions can both be undertaken, 

this approach is limited by the fact that brain development continues in a 

uterine environment rather than ex-utero 

3. Premature birth – only some animals are able to tolerate premature birth 

 

Studies of comparative anatomy(151) highlight that different species of animals display 

different temporal patterns of cortical development. In humans, the timelines of 

developmental processes in the nervous system occur over a period of months 

compared with the rodent, in which these processes occur over days, or the sheep, in 

which these events occur over weeks (Figure 1-4 page 59)(151).  

1.11.2 Proliferation and migration of neurons 

Although recent evidence indicates that robust migration of postnatally developed 

interneurons into the cortex continues into the postnatal period(152 153{Ernst, 2014 #845)}, in 

the human brain the bulk of neurogenesis occurs between 4 to 24 weeks of gestation 

(midgestation). In the rodent the same events progress over a period of days 

(gestational days 11-16) but stretch out to postnatal day 15 for the neocortical, limbic-

system, and hippocampal structures(151). As such with regard to neurogenesis the 

newborn rodent is felt to be developmentally equivalent to 23-26 week human fetus 
(98). 

1.11.3 Gliogenesis  

Whilst postnatal neurogenesis into the olfactory bulb and to a lesser extent the 

neocortex has been shown in rodents (154), gliogenesis is most prevalent in the P0 

mouse, again this situation is felt to be developmentally equivalent to 23-26 week 

human fetus (98) the peak incidence of GMH.  

1.11.4 Myelination and oligodendrocyte maturation 

Myelination in the human infant begins in midgestation, and progresses over a 

protracted time into late childhood and early adolescence. In the rodent, this process 

occurs during the first 2 days of life, and extends to well beyond weaning, which 

indicates that the newborn rodent is at a similar stage of myelination to the premature 
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neonate, in contrast, studies of the sheep fetus indicate that myelination which begins 

in midgestation is near completion by term(151). 

 
Further it has been shown that the relative proportion of pre-oligodendrocytes is the 

same in the newborn mouse as in the 18-27 week fetus (155) and the high prevalence of 

this early oligodendrocyte precursor is thought to play an integral role in both the 

pathogenesis of injury and outcome following the premature birth (39). 

1.11.5 Synaptogenesis 

Synaptogenesis begins gradually in the human during the first few months of 

gestation, but does not reach its peak until the first 1-2 years of life, and matures over 

several years into adolescence. In the rodent, this process occurs somewhat rapidly, 

during the latter part of gestation and into the first 3 weeks of postnatal life, 

corresponding to weaning of the rat pup from its dam(151). 
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Figure	1-4	Comparative	anatomy	of	brain	development	
Comparison of parameters of brain development for several species (adapted from Yager et al 
2009(151)). Note difference in duration, with timing in months fro humans and sheep and in days for rats 
and rabbits. In the graph the Green line represents the degree of development at birth, whilst the Red 
line is shown as an estimate of brain development activities at birth. A At the point of premature birth 
the human brain is still undergoing its growth spurt, this is a similar situation to rodents who undergo 
the brain growth spurt postnatally B At the point of premature birth in humans postnatal proliferation 
and differentiation of neurons in felt to be well advanced, in contrast in rodents at birth this process is 
waning but remains prevalent. The degree of neurogenesis in the final trimester and early postnatal 
period remains the topic of significant investigation with recent evidence suggesting that proliferation 
and migration is more robust than initially understood(152 153). C Subplate neurons are likely more 
developed in the premature human brain than in the term rodent D The degree of synaptogenesis is 
seen to be similar in the premature human neonate and the rodent E Whilst the degree of myelination 
may be slightly more advanced in the brain of the premature neonate when compared to the term 
rodent, the trajectory of development demonstrates that significant myelination is ongoing in both 
species. 
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1.11.6 The outer subventricular zone and its role in cortical 

development 

Whilst similarities exist between rodent and primate neocortical development 

including the six-layered organization and regionalisation into sensory, motor, and 

association areas, it is clearly evident that the neocortices of different mammalian 

species vary widely in shape, size, and neuron number(156). One key difference 

between rodent and primate brain development is the presence of a proliferative outer 

subventricular zone (OSVZ) in primates, which is not seen in rodents (Figure 1-5 

page 61). The OSVZ is thought to play a key role in primate brain development and 

represents an alternative route for cortical expansion which is not seen in the 

rodent(157). 

 
In rodents neurogenic cell divisions are confined to the SVZ region surrounding the 

ventricles, the radial glial cells within the ventricular zone undergo cell division to 

produce progenitor cells and the basal process contacting the pia acts as a guide for 

neuronal migration into the cortex leading to cortical expansion. A distinguishing 

feature of primate corticogenesis is the appearance of the OSVZ during mid-

gestation(157). In primates the OSVZ has been shown to contain radial glia like cells 

that can maintain contact with the pia but not the ventricle, and display unique 

properties that contribute to brain development. 

 
As such given that the rodent neocortex is small and nonfolded (lissencephalic), its 

ability to model or illuminate the developmental mechanisms of larger and highly 

folded (gyrencephalic) neocortex, such as that of Homo sapiens, is inherently 

limited(156). 
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Figure	1-5	Human	Outer	Subventricular	Zone	
Contrasting rodent and human neocortical development – taken from Lui et al 2011(156) - A Rodent 
corticogenesis Radial glial (RG) cells are shown which demonstrate polarity and attachment to both the 
ventricular / apical and pial / basal interface - intermediate progenitor (IP) cells are produced by the 
radial glia which migrate into the SVZ and subsequently divide to produce pairs of neurons which tuse 
RG fibers to migrate to the cortical plate B Human Corticogenesis in addition to the ventricular Radial 
Glial (vRG) cells we also see the outer Radial Glia (oRG) within the Outer Subventricular Zone 
(OSVZ). The presence of the OSVZ in human increases the number of ontogenetic ‘‘units’’ and as a 
result the number of radial fibres that migrating neurons can use to access the cortical plate, 
significantly increasing the complexity of cortical development. Maintenance of oRG cells by Notch 
and integrin signaling is shown. Short neural precursors (SNP), a transitional cell form between RG 
and IP cells, are also depicted in (A) and (B). 
 

1.12 Corticogenesis in the final trimester and early postnatal 

period 

The formation of the brain and spinal cord is a beautifully orchestrated example of the 

wonder of the human development. The process begins with the fertilisation of the 

oocyte to form the zygote which then undergoes conformational change preventing 

further access to spermatozoa and begins to undergo cell division i.e. 1 to 2 to 4 to 8 

etc. this process results in the formation of the Morula which is essentially a solid 

cluster of cells. As cell division continues through the 16, 32, 64-cell stage, a cavity 

begins to open within the centre of the Morula called the Blastocele thus leading to 

the formation of the Blastula. The blastula implants into the wall of the uterus and 

begins the process of gastrulation. Gastrulation involves invagination of a portion of 

the wall of the blastula into the central cavity and this process results in the formation 

of a trilaminar structure consisting of Ectoderm (nervous structures, integumental 
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system), Mesoderm (cardiovascular system, bones and cartilage, reproductive 

system, excretory system) and Endoderm (epithelial surfaces of the lungs, GI tract, 

liver pancreas).  

 

The formation of the trilaminar plate is followed by the appearance of the primitive 

pit and later the neural groove and ultimately resulting in the formation of the neural 

tube. In humans the neural tube closes at around embryonic day 30(158) 

1.13 The neural tube is lined by Neuroepithelial cells which 

are neural stem cells of the developing brain 

At its formation, neuroepithelial cells that display radial processes connecting the pial 

and ventricular surfaces line the neural tube (see Figure 1-6 page 63) These 

neuroepithelial cells have been shown to be multipotential stem cells, capable of self 

renewal and trilineage differentiation i.e able to form neurons, oligodendrocytes and 

astrocytes, and also exhibit a phenomenon known as interkinetic nuclear movement 
(158-160). 

 

The term stem cell or “stammzelle” is thought to originate from the work of Ernst 

Heackel (1834-1919) although the modern derivation only became popular in the 

early 1990s (161 162). For more than 100 years the subventricular zone has been 

postulated to be the site in which cells responsible for brain development reside, for 

example Virchow (1821-1902) recognized that cells within the SVZ were integral to 

brain development. Similarly the Swiss Neurologist Wilhelm His (1831-1904), 

observed that mitotic figures (which indicate cell division) were localized close to the 

surface of the human cerebral ventricles but were virtually absent in the overlying 

cortex that is forming below the outer, pial surface (His, 1874, 1904) (49).   

 

The Boulder Committee formed by the American Association of Anatomists in 1970 

standardized the heterogeneous and confusing nomenclature for the developing 

vertebrate central nervous system (CNS) and suggested that the proliferative 

ventricular and subventricular zones are the source of all neurons and macroglia of the 

CNS (49 158) 
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Whilst the cells within ventricular and subventricular zones are widely recognized as 

the site of the ‘neural stem cells’ responsible for brain development, how these cells 

produce the vast array of neurons and glia, and the strict spatial and temporal control 

over this process remain contentious to this day(49). For examples, whilst the 

neuroepithelial cells lining the ventricle have been shown to be responsible for the 

production of both glial and neuronal precursors, whether a single neuroepithelial cell 

produces both neurons and glia in vivo or the cells actually originate from different 

cells types in vivo remains unclear.  

 

 
Figure	1-6	Rodent	Corticogenesis	–	taken	from	Kriegstein	et	al	2009	(163)	
In early embryogenesis the Neuroepithelial cells divide symmetrically increasing the number of 
neuroepithelial cells. As the developing brain epithelium thickens, neuroepithelial cells elongate and 
convert into radial glial (RG) cells which divide via asymmetric cell division to produce neurons 
directly or via intermediate progenitor cells (nIPC) and also oligodendrocytes via oligodendrocyte 
precursor cells (oIPC) which migrate into the SVZ expanding this region and also into the cortical plate 
populating this region with neurons. Up to midgestation, neurogenesis is the focus of cell division with 
gliogenesis becoming the prominent feature in the final trimester. At the end of embryonic 
development most radial glia detach from the ventricular side and become astrocytes but some remain 
attached and become radial Glial cells in the neonate, which are subsequently transformed into B cells 
which reside in the SVZ and ependymal cells which line the ventricular cavity.  B cells maintain an 
epithelial organization with apical contact at the ventricle and basal endings in blood vessels. B cells 
continue to generate neurons and oligodendrocytes through (n and o) IPCs. MA, mantle; MZ, marginal 
zone; NE, neuroepithelium; nIPC, neurogenic progenitor cell; oIPC, oligodendrocytic progenitor cell; 
RG, radial glia; SVZ, subventricular zone; VZ, ventricular zone 
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1.14 Corticogenesis in the developing brain  

At its most basic level corticogenesis refers to the process through which the single 

layer of neuroepithelial cells in transformed into the vast complexity of the six-

layered cortex composed of neurons, oligodendrocytes and astrocytes (see Figure 1-7 

page 65). 

 

In early neural tube development symmetrical cell division predominates thus 

expanding the pool of neural stem cells within the ventricular zone. As development 

progresses, the neuroepithelial cells within the VZ begin to divide asymmetrically and 

rather than producing identical daughter cells they begin to produce both terminally 

differentiated cells and lineage restricted progenitor cells. Terminally differentiated 

cells migrate out into the developing cortex to populate the developing Preplate, 

whilst the lineage restricted progenitor cells migrate out of the ventricular zone but 

remain in close proximity, forming the subventricular zone. The SVZ thus contains 

progenitor cells capable of cell division and as such the SVZ adopts the role of 

germinal niche for the developing brain. 

 

Neurons generated by the VZ and SVZ migrate along the processes of radial glia to 

populate the preplate thus forming the Cortical Plate. Migratory cells have been 

shown to populate the outer most layers of the cortical plate, such that the superficial 

layers are formed later in development than the deeper layers (158). This process is 

thought to be integrally dependent on Reelin, which is expressed in the superficial 

layers of the cortex(164). In humans, as in other species, there is a clear temporal 

gradient of maturation across the hemisphere, with the cortical plate appearing first in 

the most lateral part of the rostral telencephalic wall, at E50, and then approximately 

1 week later in the dorsocaudal pole(158) Peak migratory activity is thought to occur 

between the third and fifth months of gestation i.e. between the 12th and the 24th 

weeks of gestation(165) and is completed during the third trimester(158). 
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Figure	1-7	Updated	version	of	The	Boulder	Committee’s	1970	schematic	model	of	human	
neocortical	development	(Taken	from	Bystron	et	al	2008(158))	
A At embryonic day (E) 30 the ventricular zone consists of neuroepithelial cells undergoing symmetric 
cell division and expanding the number of neural stem cells within the ventricular zone (VZ) B At E31-
32 Asymmetric cell division within the VZ begins, one daughter remains a progenitor, the other is a 
postmitotic cell that is destined to become a neuron or a glial cell. Further asymmetric cell division 
increases the number of heterogeneous post-migratory cells and neuropil that forms between the 
proliferative zone (VZ/SVZ) and the pial surface forming the preplate (PP) C At E45 progenitor cells 
produced in the proliferative zone migrate away from the ventricular zone, leading to the formation of 
subventricular zone (SVZ). These newly generated cells within the SVZ are not attached to the 
ventricular surface and do not undergo interkinetic nuclear movement D As further cell division within 
both the VZ and SVZ continues, the preplate becomes increasingly infiltrated with migratory cells and 
splits to from the marginal zone (MZ), the cortical plate (CP) and the intermediate zone / subplate 
(IZ/SP) E By Gestational week 14 neurons begin the process of migrating into the cortical plate with 
the most recently arrived neurons migrating to the outer margin of the cortical plate, such that the 
cortex forms in an inside out fashion with the oldest neurons making up layer 6 of the neocortex. 
 

As development progresses neurogenesis begins to slow and gliogenesis becomes the 

predominant activity within the SVZ(166). Much like the preceding migration of 

neurons, the glial cells are thought to migrate out of the SVZ in a radial pattern using 

the radial glial cells as scaffold to access the neocortex (167 168). The radial glia have an 

interesting morphology in that they are seen to ‘step’ in the corpus callosum, this step 

in the radial glia has been shown to correspond with a hypercellular region that lies 

between the corpus callosum and subcortical white matter(168). This hypercellular 

region has been shown to contain a high concentration of oligodendrocyte precursors 

and it is postulated that this region may constitute a major conduit of transcallosal 

migration. 

Embryonic Day 
(E) 30

E 31-32 E45 E65 Gestational 
Week 14

A B C D E
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1.15 Symmetrical and asymmetrical cell division underlie 

cortical development and expansion 

As alluded to above two types of cell division are recognised to occur within the 

neural stem cells of the ventricular / subventricular zone – Symmetrical and 

Asymmetrical. 

 

Symmetrical cell division - the NSC divides symmetrically to produce two identical 

daughter cells i.e. two identical neural stem cells. This is the predominant form of cell 

division that takes place early in development and is responsible for the early 

expansion seen within the ventricular zone. 

 

Asymmetrical cell division - as development progresses the NSC shift from 

symmetric to asymmetric cell division. In this case rather than producing two 

identical daughter cells, an identical daughter cell is produced along with either a 

differentiated cell or more commonly an intermediate progenitor / transient 

amplifying progenitor cell. The IP/TAP then migrates out of the ventricular zone to 

populate the adjacent region, which becomes known as the subventricular zone. 

 

As development progresses the neuroepithelial cells switch from symmetrical ie 

producing identical daughter cells, to asymmetrical cell division, ie producing an 

identical daughter cell and a ‘more differentiated / committed cells’. What causes this 

shift from symmetric to asymmetric cell division is also not fully understood.  

1.15.1 The control of the balance between symmetric to asymmetric 

cell division  

In Drosophila the switch from symmetric to asymmetric cell division is associated 

with a change in the plane of cleavage within the cell nucleus. Whilst vertical (i.e. 

perpendicular to the ventricular lining) is associated with symmetric cell division, a 

horizontal plane of cleavage (i.e. parallel to the ventricular lining) is associated with 

asymmetric cell division. In the latter case, due to gradients within the cytoplasm each 

cell is envisaged to get different cell constituents which in some way is thought to 

explain the asymmetric cell division. Whether the cleavage plane plays a role in 
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controlling the balance of symmetric and asymmetric cell division in neuroepithelial 

cells remains contentious with differing reports in the literature(163). 

Interkinetic nuclear migration 

Whilst the neuroepithelium consists of just a single cell on examination it exhibits a 

pseudo stratified appearance which is due to a curious property of the NSC within the 

SVZ, so called interkinetic nuclear migration. 

 

During the S (synthesis) phase of the cell cycle the nucleus is located away from the 

ventricular border by several cell body diameters(163) but as the cell prepares for 

cleavage, M (mitosis) phase, the nucleus migrates towards the ventricle, lining up 

along the surface (169).  

1.16 Neuroepithelial cells are neural stem cells and are 

transformed into the radial glia and ependymal cells of 

the neonatal brain 

At the onset of neurogenesis the neuroepithelial cells undergo conformational change, 

this change in the morphological and molecular characteristics of the neuroepithelial 

cells signals the evolution of the Radial Glial cell (see Figure 1-6 page 63). Radial 

glia share many common characteristics with neuroephithelial cells including apical 

basal polarity and interkinetic nuclear migration. There anatomy is discussed in more 

detail below but essentially they are thought to be direct descendants of the 

neuroepithelial cells.  

 

Neuroepithelial cells are induced to generate radial glia by a set of genes that includes 

forkhead box G1 (FOXG1), LIM homeobox 2 (LHX2), paired box 6 (PAX6) and 

empty spiracles homologue 2 (EMX2)(170)  

 

Radial glia are thought to be more restricted in their potential progeny than 

neuroepithelial cells and whilst experiments have shown that neuroepithelial cells 

demonstrate a degree of regional specificity, radial glia are thought to differ in aspects 

of their gene expression from region to region in the brain, a factor that might 

influence regional differences in their postmitotic progeny(158).  
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1.17 The embryological origin of type B cells 

In her seminal study Fiona Doetsch demonstrated that following infusion of AraC to 

kill off the A&C cells, the wall of the lateral ventricle in the postnatal rodent 

contained a population of cells termed the B-cells, which were able to repopulate the 

ventricular and subventricular zones(171). 

 

Anatomically type B cells are located just below the ependyma and extend a single 

primary cilium, which contacts the ventricle(172 173) these apical endings form tight 

junctions between themselves and are virtually identical to those seen in the radial 

glial cell(163). Similarly, B cells (identified by their contact with the ventricle through 

their small apical endings) have relatively long basal processes, frequently oriented 

tangentially with specialized end feet on blood vessels(172). Postnatal SVZ B cells thus 

retain apical-basal polarity and are part of the ventricular epithelium, allowing them to 

bridge between blood vessels underlying the SVZ and the ventricular surface. 

 

There is no single marker for SVZ B cells, however, like embryonic Radial Glia, B 

cells express Nestin and Sox2. They also display ultrastructural characteristics and 

markers of astroglial cells, including the expression of GFAP, GLAST, and other 

astroglial markers(174). 

 

Further evidence that the postnatal B-cells of the SVZ are direct descendants of 

embryonic radial glial cells comes from work done by Merkle et al(175). By selectively 

labeling cells using distal injections of adenovirus-carrying Cre recombinase, the 

injected adenovirus is transported retrogradely into the RG cell body, resulting in the 

recombination of reporter genes in a subset of these progenitor cells. This labeling 

method revealed that adult SVZ B cells functioning as adult NSCs are derived from 

RG(175).  

 

Type B cells within the ventricular / subventricular zone are therefore considered to 

be direct descendent of the radial glia that persist postnatally. 
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1.18 Postnatal neurogenesis in rodent and man. 

Neuroblasts originating in the postnatal SVZ of the mouse have been shown to 

robustly generate neurons that populate the olfactory bulb (OB). Thymidine labelling 

studies and intraventriclar retroviral injections demonstrate that neuroblasts migrate in 

chains through glial cell tunnels that coalesce to form the rostral migratory stream(176), 

terminating in the OB where they constantly regenerate interneurons, based on their 

position of origin(177).  

 

The role of the postnatal murine SVZ in generating neurons that populate the cortex is 

less clear (Alvarez-Buylla personal communication), however recent reports have 

demonstrated robust migration of postnatally generated neurons out of the rostral 

migratory stream into the neocortex of early postnatal mice(154 178 179), for example 

Inta et al(154) generated transgenic mice in which EGFP was specifically expressed 

both in immature and differentiated 5-HT3 positive GABAergic interneurons and 

demonstrated massive migration of neuronal precursors from the SVZ not only 

toward the OB, but also to cortical and subcortical structures during the first 3 

postnatal weeks. Using the same model others affiliated with this group have shown 

that these postnatally generated neurons display a unique ‘small axonless’ 

morphology(180). Similarly De-Marchis et al(179) labeled SVZ progenitors at different 

postnatal ages by stereotaxic dye injection and tracked the subcortical targets at 

different survival periods, they found that in addition to the migration of neuroblasts 

to the olfactory bulb, the neonatal SVZ also gives rise to additional subcortical 

forebrain neuronal populations. 

 

Whilst robust postnatal neurogenesis has been shown in the rodent, the persistence of 

neurogenesis in the subventricular zone (SVZ) and the existence of the rostral 

migratory stream (RMS)-like pathway in the adult human forebrain remain highly 

controversial(181) and the degree of postnatal neurogenesis in humans remains 

unclear(182). Historically the brain was felt to represent a static entity at birth however 

two recent studies originating from the lab of Alvarez-Buylla in UCSF and one from 
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the Yang group in Shanghai(181) have shown robust migration of postnatally 

developed cells into specific regions of the developing brain (see Figure 1-8 page 71).  

 

These studies relied on examination of tissue taken at autopsy and from surgical 

resections. For example, using doublecortin (Dcx) and b-III tubulin (TUBB3) 

inumohistochemistry, markers of immature neurons, and also the polysialylated 

neural cell adhesion molecule (PSA-NCAM), which is present in migratory cells, 

Sanai et al (152) and Wang et al(181) showed distinct migratory pathways out of the SVZ 

leading into both the olfactory peduncle(181) and the ventromedial prefrontal cortex in 

the human neonate(152). The migratory pathways are shown to rapidly decline in the 

first months of life being replaced by an astrocytic gap layer such as that seen in the 

adult which contains neural stem cells but is no longer permissive to the passage of 

migratory cells(183). Similarly Parades et al(153) have identified a population of cells 

which lie at the dorsal lateral margin of the lateral ventricle of the developing 

neonatal brain which they refer to as ‘Arc’ cells. Cells in this region co-expressed 

doublecortin (Dcx) and polysialylated neural cell adhesion molecule (PSA-NCAM), 

markers of young migrating neurons. To confirm that this population of cells was 

indeed migratory, they infected fresh autopsy specimens with adenovirus carrying 

green fluorescent protein (adenoGFP) for time-lapse confocal microscopy, and 

demonstrated extensive migration into regions of the anterior forebrain, including the 

cingulate gyrus and prefrontal cortex. Further analysis of these migratory cells 

revealed them to have staining characteristics of inhibitory interneurons.  
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Figure	1-8	Migratory	streams	of	young	neurons	 in	the	 frontal	 lobe	of	 the	early	postnatal	
human	brain.	(Taken	from	Paredes	2016(153))	
Schematic	illustrating	the	postnatal	migratory	pathways	away	from	the	SVZ.	The	Green	cells	are	
representative	of	young	migratory	neurons	(DCX	&	PSA	NCAM	co-expression).	The	Rostral	and	
Medial	 Migratory	 streams	 (targeting	 the	 olfactory	 bulb	 and	 medial	 prefrontal	 cortex	
respectively)	 described	 by	 Sanai	 et	 al(152)	 are	 shown	 most	 clearly	 in	 the	 sagittally	 orientated	
section	on	the	left,	whilst	the	Arc	fibres	described	by	Paredes	et	al	are	seen	in	the	coronal	section.	
Dense	populations	of	migratory	cells	are	also	seen	accumulating	around	blood	vessels	(depicted	
in	red)	
 

Whilst these are undoubtedly important and exciting advances in the field, it is 

relevant to consider that this evidence is derived from postnatal human tissue, as such 

the extent of neuronal migration in the premature neonatal brain may be significantly 

more robust with more pronounced migratory pathways a distinct possibility. Further 

to this whilst the contribution that the postnatal SVZ has to brain development is 

likely to be limited in terms of whole cell number, it remains a distinct possibility that 

neurons generated by the postnatal SVZ may still play a critical role in outcome, with 

some groups postulating a link between problems with postnatal neurogenesis and 

neuropsychiatric disorders such as schizophrenia and autism(184 185). 
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1.18.1 Activation of neurogenesis following injury 

Studies of experimental stroke in rodents over the past decade indicate that focal 

ischemia potently stimulates forebrain SVZ cell proliferation and neurogenesis (186-

189). SVZ neuroblasts are induced to migrate to the injured striatum, and to a lesser 

extent to the peri-infarct cortex(190 191).  

 

Under normal circumstances as discussed above, cells generated by the SVZ migrate 

into the olfactory bulb, but following ischaemia cells migrate out of the RMS in 

chains to access the ischaemic striatum at the expense of olfactory neurogenesis(190). 

Several molecular factors that direct this ectopic migration to peri-infarct regions have 

been identified. These include matrix metalloproteases (192 193) and chemokine/ 

chemokine receptor interactions (194-197). In addition, the vasculature appears to play 

an important role in the migration of neuroblasts to regions of ischaemic damage(190).  

 

This work illustrates the potential for transcallosal migration from the SVZ into the 

neocortex, suggesting that postnatal neuronal migratory pathways are not entirely 

constrained to the rostral migratory stream as had been suggested. Understanding this 

mechanism and the factors that control neuroblast guidance offers a potential 

therapeutic intervention to repair the brain following injury.  

 

However, despite early optimism, it has been shown that most of the neurons 

generated in response to injury appear to die (186 188), perhaps from a failure to 

integrate or due to the inflammatory milieu.  

 

Support for the inhibitory nature of the injured microenvironment comes from 

experiments showing that treatment with the anti-inflammatory agent indomethacin 

improved functional integration of neurons in rats(198) similarly, recent evidence 

suggests the extent of gliosis within the injured region may impact on functional 

integration, for example, studies using GFAP knockout mice indicate that whilst the 

size of the initial brain lesion may be increased (thought to be due to loss of the 

protective / limiting effect of the gliotic scar to injury propogation) integration of 

postnatally generated neurons is increased and ultimately functional recovery is 

improved (199 200). 
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The finding of neurogenesis following injury suggests whilst the normal physiological 

role of the SVZ in postnatal neurogenesis may be limited, its role following 

pathological insult or injury may be more relevant. It is also important to note that 

whilst we remain hopeful that stimulation of the SVZ to undergo postnatal 

neurogenesis may hold therapeutic potential it is possible that it wont and further it 

remains plausible that artificially enhancing neurogenesis may pose an inherent risk 

of developing foci of epilepsy(201) or may even potentiate tumour formation(190). 

 

This study also raises the interesting question of whether cell fate can be changed. It 

has been shown that specific regions within the SVZ produce specific cells within the 

OB(177), therefore  a question posed by this study is do the cells which are destined for 

the OB change their fate and migrate into the cortex or are there a specific group of 

cells within the SVZ which respond to damage leading to the production of a unique 

cell population capable of transcallosal migration? 
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1.19 Anatomy of the SVZ 

Our understanding of the SVZ comes primarily from mouse studies. Four basic cell 

types are thought to exist within the subventricular zone; A,B,C & E cells (see Figure 

1-9 page 76) 

 

A-cells:  Migratory neuroblasts, which form chain like structures in astrocytic 

tubes and migrate into the olfactory bulb 

 

B-cells:  Radial glial cells / Neural stem cells – the radial glial cells are thought 

to be the direct descendants of the neuroepithelial cells which line the ventricle / 

neural tube during embryonic development (although this remains to be definitively 

substantiated). Like neuroepithelial cells the radial glial cells line the lateral ventricle 

and exhibit apical basal polarity and interkinetic nuclear migration during cell 

division / through the cell cycle (163). Radial glial cells are thought to have the 

potential for self-renewal and tri-lineage (ie astrocytic, oligodendrocytic, neuronal) 

cell production (although this remains contentious (see later)).  

 

The glial nature of the NSC was confirmed in macaque monkeys using GFAP staining 

in combination with electronmicroscopy(202). The radial glial cells were shown to have 

a distinct morphology including an abundance of GFAP dense cytoplasm in 

comparison to surrounding migratory neurons, and they maintained connections with 

both the ventricular and pial surfaces, in addition to numerous lamellate protrusions 

which arise at right angles to the main shaft(49).  

 

In the mouse, B-cells have been shown to exhibit a primary cilium which extends into 

the ventricle, this is surrounded by ciliated ependymal cells forming a pin-wheel 

architecture in the wall of the lateral ventricle. 

 

C-cells: Intermediate progenitor cell / Transient amplifying / Basal progenitor 

cells - Asymmetric cell division in the neuroepithelial cells and later in the radial glial 

cells produces a second type of progenitor cell which is known as an intermediate 

progenitor cell, transient amplifying cell or basal progenitor, this latter term is used 
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to distinguish this cell type from the radial glial cell which is referred to as an apical 

progenitor, due to the fact that mitosis occurs at the basal or apical surface 

respectively. 

 

The IP/TA/BP cells display similar morphology to the NSC but lack the ventricular / 

pial connections which are retracted during migration into the SVZ, and they do not 

display interkinetic nuclear migration. IP are also thought to be more differentiated or 

lineage restricted in comparison to the radial glial cells and have limited self-renewal 

potential. Most Basal Progenitor divisions are symmetric and self-consuming, 

producing two daughter cells which may be neurons; (nIPC) or glial cells including 

oligodendrocytes (oIPC) or astrocyte (aIPC)(163) although direct evidence for the 

existence of the aIPC is lacking (163). How many divisions the intermediate 

progenitors are capable of making remains controversial with some groups suggesting 

just one or two divisions (203) whilst other groups suggest that multiple divisions are 

possible (204). It has also been suggested that a small fraction of rodent BPs (approx. 

10%) are capable of proliferative symmetric divisions, thereby expanding the BP pool 

in the SVZ (160). 

 

E-cells: Ependymal cells line the ventricular cavity and exhibit a ciliated 

ventricular border which plays a critical role in CSF circulation (205) Similar to the 

radial glial / B cells, ependymal cells are thought to be descendants of the 

neuroepithelial cells. Indeed recent evidence from animal models suggests that 

ependymal cells may revert to a NSC phenotype following injury (206). 

 

The group of Alvarez Buylla at UCSF has played a pivotal role in characterising the 

SVZ and by examining the SVZ using novel whole mount techniques they have 

shown that the different cell types within the SVZ are arranged in a pinwheel 

formation such that the primary cilium of the NSC lies at the centre of surrounding 

ependymal cells(172). 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 76 

 
Figure	 1-9	 Schematic	 showing	 the	 anatomy	 of	 the	 B-cell	 within	 the	 wall	 of	 the	 lateral	
ventricle.	

The three hypothetical domain are shown at the top of the figure i.e. Distal, 
Intermediate and Proximal (ventricular). The B-cell (B) is seen to extend from the 
ventricular suface through the three domains and ends on the blood vessel (BV), it is 
postulated that the elongated nature of the B-cell means that its behaviour can be 
regulated in all three domains. An example of interkinetic nuclear migration is 
shown in which the position of the nucleus depending of on the phase of cell 
division. The ependymal cells (E) are shown with ciliary processes extending into 
the ventricle and are arranged in a ‘rosette’ around the primary prominin+ve process 
of the B cell. The Transient Amplifying Progenitors (C) are shown in the SVZ along 
with the Neuroblasts (A) which colalesce to migrate down astroglial tunnels to the 
OB via the RMS. 
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1.20 Neural stem cell homeostasis within the SVZ 

As alluded to above, the mechanism through which the population of cells within the 

ventricular and subventricular zones are capable of producing the vast array of cells 

that constitute the cerebral cortex and further how this occurs in precisely the correct 

temporal sequence remains incompletely understood. 

 

Broadly speaking the activity of the cell is dictated by cell intrinsic and cell extrinsic 

or microenviromental factors. The highly specialised architecture within the 

microenvironment surrounding the V-SVZ B1 cells implicates the delicate interplay 

of multiple control mechanisms including both cell-cell interactions and soluble 

factors as important regulators of NSC behaviour. 

 

The B cells / neural stem cells within the SVZ can be conceptually divided into three 

different domains(37) i.e. the Proximal, Intermediate and Distal Domains. 

1.20.1 Proximal / Apical domain 

The ventricular portion is exposed to both soluble factors originating from within the 

CSF, and to cell-to-cell interactions arising from the ependyma. 

Signals originating from the CSF  

When viewed en-face from the ventricular side the V-SVZ is organized as pinwheels 

with the small apical ending of the B1 cell surrounded by a rosette of ependymal cells 

with large ciliated apical surfaces (see Figure 1-9 page 76). The primary cilium of the 

B1 cells is in contact with the CSF and through this contact soluble factors within the 

CSF may modulate NSC behavior, for example FGF & EGF infusions have been 

shown to increase proliferation, similarly other soluble factors within the CSF 

including: Insulin like growth factor 2 - IGF2 (207); Bone morphogenetic proteins 

(BMPs); Wnts; Sonic Hedgehog &Retinoic acid, have been shown to influence NSC 

behaviour in the VZ/SVZ. 

 

The importance of the primary cilium and its role in coordinating the response to 

soluble factors within the CSF remains to be definitively substantiated with 

conflicting reports of the impact of disturbing the cilium existing in the literature. It is 
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known that this organelle (i.e. the primary cilium) is essential for response to SHH 

during neural tube development (208). 

Signals originating from the ependyma 

Specific intercellular junctions exist between B1 cells, ependymal cells and between 

B1 and ependymal cells suggesting a role for cell-to-cell communication in this 

region, further, the integrity of the ependymal cells has been shown to be important 

for the control of neurogenesis, for example the protein ankyrin plays an important 

role is stabilizing the ependymal cell junctions and loss of this protein (through FoxJ1 

knockout) causes a reduction in neurogenesis (209). Ependymal cells also secrete 

Noggin, which has been shown in vitro and in vivo to promote progenitor 

proliferation and neuroblast formation. 

1.20.2 Intermediate domain 

Within the intermediate zone the B1 cells are in intimate contact with the basal 

progenitors and neuroblasts and also postulated to be exposed to neurotransmitters. 

Cell-to-Cell interactions 

Maintaining the delicate balance of symmetrical vs asymmetrical cell division is 

important both to ensure an adequate supply / pool of Neural Stem cells to facilitate 

ongoing neurogenesis throughout cortical development and similarly to prevent the 

overproduction of unnecessary basal progenitors. 

 

An important mechanism thought to contribute to this balance is lateral inhibition. In 

effect a feedback mechanism is thought to exist between the intermediate progenitor 

cells and the neural stem cells inhibiting ongoing asymmetric cell division and thus 

preventing an overabundance of IPCs.  

 

Canonical Notch signaling is thought to play a pivotal role in lateral inhibition for 

example IPCs have been shown to produce MASH1 which is known to increase 

expression of Notch thus leading to reduced IPC production, ablation of the IPCs such 

as by AraC (171) also suggests that loss of this cell-cell inhibition may promote cell 

NSC proliferation. Further to this, conditional depletion of RbpJк (a downsteam 

effector of Notch) in Nestin+ve cells, leads to a burst of precocious proliferation with a 
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transient increase in IPCs and newborn OB neurons followed by a dramatic reduction 

in NSC numbers.  

Role of neurotransmitters local production and distant invasion  

Neuroblasts spontaneously excrete the neurotransmitter GABA which influences the 

progenitor cells and via epigenetic modification inhibits proliferation. The 

neurotransmitter dopamine is also released into the intermediate zone from the 

substantia nigra with activation of dopamine receptors leading to an activation of 

proliferation. Finally serotonin release from raphe nuclei has also been shown to 

regulate neurogenesis. 

1.20.3 Distal / Basal Domain 

The basal process of the B-cell / NSC approximates to the blood vessel and it has 

been shown that the endothelial cells themselves and molecules derived from the 

circulation may play a role in modulating neurogenesis (203). For example SDF1 which 

is expressed by the endothelial cells (210) may play a role in chemotaxis, inducing the 

recruitment of activated B1 cells. Similarly, PEDF; pigment epithelium-derived factor 

is also secreted by endothelial (and ependymal cells) and infusion into the ventricle is 

associated with an increase in the number of EdU+ve cells within the SVZ. PEDF is 

thought to act synergistically with Notch to regulate self-renewal. Finally BTC – 

endothelial derived betcellulin has been shown to induce proliferation in the V-SVZ. 

1.21 Controversies in NSC research 

Whilst research into brain development and specifically the role of the cells lining the 

neural tube has been on-going for over 100 years significant fundamental questions 

still remain unanswered whilst conflicting data abounds. 

 

The separation of glial and neuronal lineages has a long history. Rudolf Virchow, who 

first suggested the presence of supporting cells in the CNS in 1846 and called these 

cells glia, assumed that like other support cells in the body they too had a 

mesenchymal origin. Four decades later, the Swiss Neurologist Wilhelm His 

demonstrated a CNS origin for glial cells, leading to the rejection of the mesenchymal 

hypothesis (163) but His still argued for a dual progenitor cell hypothesis i.e. one 
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progenitor for neurons and one progenitor for glial cells rather than the single 

pluripotent stem cell hypothesis. 

 

Most authors agree that the RG represent more fate-restricted progenitors than the 

neuroepithelial cells that they gradually replace. However different opinons exist as to 

the degree of fate restriction: Doestch suggests that the radial glia are restricted to the 

generation of a single cell type i.e. either astrocytes, oligodendrocytes or neurons (159) 

whilst Gregori et al suggest a glial restricted model (GRP) which proposes that glial 

cells (oligodendrocytes and astrocytes) arise from a common glia-restricted precursor 

cell, and that GRP cells do not give rise to neurons (211). Alternatively Richardson et al 

are proponents of the motor neuron-oligodendrocyte precursor (MNOP) model 

which proposes that oligodendrocytes and motor neurons share a common precursor 

cell, and that this precursor cell does not give rise to astrocytes (212 213) 

 

The evidence for the GRP comes from fluorescent sorting experiments in which the 

NSC have been shown to produce both astrocyte and oligodendrocytes in culture, 

however the timing of the cell culture in this experiment is early and may represent 

neuroepithelial characteristics (159) and the finding of in vitro characteristics may not 

reflect in vivo reality. 

 

Meanwhile Cre/loxP fate-mapping experiments using RG promoters to drive 

expression demonstrate that neural progenitor cells that transiently express GFAP 

give rise to a large and diverse population of neurons and oligodendrocytes 

throughout the CNS (163 213 214). 

 

Whether or not the radial glia express regional specificity is another area of 

considerable debate (215) Neurospheres generated from different CNS regions express 

region appropriate markers, indicating that the original stem cells were indeed 

regionally specified (216). In addition stem cells isolated from different neural regions 

generate region-appropriate progeny.  

 

Similarly the number of times a NSC can divide remains incompletely understood. 

Encinas et al 2011 (204) suggest a ‘disposable stem cell’ hypothesis in which the stem 
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cell is capable of 3-4 divisions and then terminally differentiates whilst other groups 

argue for significantly more potential cycles of cell division. This raises an equally 

interesting question about what terminal differentiation actual means i.e. do the NSC 

terminally and irretrievably differentiate or do they just enter a quiescent state? 

Evidence using heterochronic parabionts ie two mice of different ages sharing a blood 

supply, suggest that vascular factors increase neurogenesis in an otherwise ‘dormant’ 

subgranular zone (217). Similarly the finding that ependymal cells react to haemorrhage 

by reverting back to a NSC phenotype suggests a degree of plasticity within the cells 

of the ventricular / subventricular zone (206). 

1.22  Summary and aims 

With many predicting an increase in the number of babies born prematurely and 

survival from extreme prematurity continuing to improve, the need for new treatment 

modalities to prevent neurodisability following premature birth is clear. GMH 

remains a common finding in neonates born with very low birth weight and whilst 

outcome following venous infarction and posthaemorrhagic hydrocephalus is poor, 

the impact of moderate degrees of GMH/IVH remains variable. 

 

The NSPC are acutely sensitive to their microenvironment and given the critical role 

that the SVZ plays in cortical development in the final trimester and early postnatal 

period it is eminently plausible that GMH/IVH impacts on their function. The aim of 

this research project is to set up a robust and reproducible mouse model of the human 

condition through which we will be able to determine how GMH/IVH impacts on the 

NSPC within the SVZ and what consequence this has on cortical development.  

 

By limiting parenchymal damage and undertaking a stereotactically targeted lesion to 

the SVZ we aim to disentangle the destructive damage of the haemorrhage to the 

established parenchymal architecture from the developmental mechanism caused by 

damage to the NSPC within the SVZ.  

 

Specifically we aim to target the SVZ of the newborn mouse, causing disruption to 

the SVZ with intraventricular spread of blood, whilst causing minimal damage to 

surrounding tissue and a low rate of subdural haematoma (confounding pathology). 
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We predict that analysing the population of cells which are actively involved in cell 

division in the post natal period will provide us with insight into how GMH affects 

postnatal cell division and early cortical development.   
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2 CHAPTER 2: Statistical analysis used throughout 

thesis with descriptions of methods of analysis and 

stereology. 
All statistical analysis was undertaken using Microsoft Excel and Graphpad Prism. 

2.1 Statistical analysis used in Chapter 3 - Stereotactic 

Injection of autologous blood into the neonatal mouse 

SVZ to model GMH in human neonates 

FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
3-7	

PUP	WEIGHT	DATA	–	CONTROL	VS	GMH	
(OVERALL)	

109	

UNPAIRED	T-TEST	

PUP	WEIGHT	DATA	IN	RELATION	TO	PATHOLOGY	
SEEN	AT	BRAIN	REMOVAL	AND	GENOTYPE	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

FIGURE	
3-8	 GMH	CAUSES	VENTRICULOMEGALY	AT	P4	WHICH	

PERSISTS	UPTO	P21	

112	
UNPAIRED	T-TEST	FIGURE	

3-9	 113	

 

To assess ventricular volume and SVZ volume at P4 the Cavalieri probe of 

Stereoinvestigator was used, analysis was undertaken from a fixed anterior point to a 

fixed posterior point. Samples were cut coronally at 10µm and every tenth sample was 

analysed. Grid spacing was set at 20µm and grid placement was randomly assigned. 

2.2 Statistical analysis used in Chapter 4 - Impact of GMH 

on the NSPC and early cortical development in wild 

type and BMI1 overexpressing mouse pups 

FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-10	

REDUCED	WEIGHT	GAIN	IN	DT	PUPS	AT	P4	&	P21	

154	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

VENTRICULOMEGALY	IN	DT	PUPS	 UNPAIRED	T-TEST	
 

To assess ventricular volume and SVZ volume at P21 the Cavalieri probe of 

Stereoinvestigator was used. Analysis was undertaken on sagittally orientated samples 
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from a fixed midline point, this sample plus two further samples 150µm and 300µm 

medial to it were analysed. Grid spacing was set at 20µm and grid placement was 

randomly assigned. 

 
FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-12	

QUANTIFICATION	OF	THE	NUMBER	OF	EDU+VE	
CELLS	IN	THE	WALL	OF	THE	LATERAL	VENTRICLE	

159	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

QUANTIFICATION	OF	DIFFERENT	REGIONS	OF	THE	
LATERAL	VENTRICLE	

UNPAIRED	T-TEST	

 

To quantify the number of cells in the wall of the lateral ventricle high-resolution 

confocal images were acquired using an automated stage and the bounding grid 

function within the Zeiss Confocal 710 microscope. Images were automatically 

stitched together and counting was undertaken using image J software. 

 
FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-14	

GMH	CAUSES	A	SIGNIFICANT	REDUCTION	IN	THE	
PROPORTION	OF	CELLS	WITH	HIGH	SIGNAL	
STAINING	INTENSITY	

164	
ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

 

To quantify staining signal intensity three equal sized counting frames (300 X 100 

pixels) were acquired from the wall of the lateral ventricle and the Green / EdU 

channel was isolated (see section 4.6.1). The threshold intensity function of image J 

was used. Thresholds were set at a minimum of 75 and a maximum of 225. The 

distribution of staining intensities was then categorized into: high >20; medium10-20; 

and low <10 with each staining intensify assigned a percentage of the total within 

each high power field. An average was then calculated for each sample based on all 

the high power fields and this total was used for analysis. 

 
FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-18	

QUANTIFICATION	OF	THE	NUMBER	OF	EDU+VE	
CELLS	WITHIN	THE	CORPUS	CALLOSUM	WT	VS	DT	 172	 UNPAIRED	T-TEST	

FIGURE	
4-20	

QUANTIFICATION	OF	THE	NUMBER	OF	EDU+VE	
CELLS	WITHIN	THE	CORPUS	CALLOSUM	AND	SCWM	
FOLLOWING	GMH	IN	WT	PUPS	

175	
ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	
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To quantify the number of cells in the corpus callosum and subcortical white matter, 

high-resolution confocal images were acquired using an automated stage and the 

bounding grid function within the Zeiss Confocal 710 microscope. Images were 

automatically stitched together and counting was undertaken using image J software. 

Three counting frames were taken at fixed points in an anterior / posterior and medial 

/ lateral position along the corpus callosum (see Figure 4-17 page 170). Analysis of 

the three counting frames revealed that the frame positioned over the genu of the 

corpus callosum exhibited a different morphology in comparison to the frames 

positioned over the middle and posterior body (see section 4.9 page 171). For this 

reason the counts from the genu were analysed separately whilst counts from the 

middle and posterior body were pooled for analysis with an average of the two 

readings used for analysis.  

 
FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-22	

QUANTIFICATION	OF	IBA1	IN	THE	WALL	OF	THE	
LATERAL	VENTRICLE	 181	 UNPAIRED	T-TEST	

FIGURE	
4-23	

QUANTIFICATION	OF	MASH1	IN	THE	WALL	OF	THE	
LATERAL	VENTRICLE	 184	 UNPAIRED	T-TEST	

FIGURE	
4-24	

QUANTIFICATION	OF	GFAP	IN	THE	WALL	OF	THE	
LATERAL	VENTRICLE	 186	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

FIGURE	
4-25	

QUANTIFICATION	OF	GFAP	&	EDU	
COLOCALISATION	IN	THE	WALL	OF	THE	LATERAL	
VENTRICLE	

187	
ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

FIGURE	
4-28	

QUANTIFICATION	OF	GFAP	&	EDU	
COLOCALISATION	IN	THE	CORPUS	CALLOSUM	 191	 UNPAIRED	T-TEST	

FIGURE	
4-29	

QUANTIFICATION	OF	NG2	&	EDU	COLOCALISATION	
IN	THE	CORPUS	CALLOSUM	 193	 UNPAIRED	T-TEST	

FIGURE	
4-30	

QUANTIFICATION	OF	DCX	&	EDU	COLOCALISATION	
IN	THE	CORPUS	CALLOSUM	 195	 UNPAIRED	T-TEST	

FIGURE	
4-32	

QUANTIFICATION	OF	EDU+VE	CELLS	WITHIN	THE	
OLFACTORY	BULB	AT	P21	 199	 UNPAIRED	T-TEST	

 

To quantify the number of cells in the olfactory bulb at P21, high-resolution confocal 

images were acquired using an automated stage and the bounding grid function within 

the Zeiss Confocal 710 microscope. Images were automatically stitched together and 

counting was undertaken using image J software. Three equal sized counting frames 

were positioned at fixed points over the olfactory bulb (as shown in Figure 4-32 page 

199) and all cells within the counting frames were recorded, 3 samples were analysed 

per specimen. 
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FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
4-33	

QUANTIFICATION	OF	EDU+VE	NEUN+VE	&	OLIG2+VE	
SINGLE	POSITIVE	CELLS	 202	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

FIGURE	
4-34	

QUANTIFICATION	OF	EDU	&	NEUN		&	EDU	&	
OLIG2	COLOCALISATION	 203	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

 

Due to the large surface area of the P21 Neocortex, a stereological approach adopting 

the optical fractionator probe of the Stereoinvestigator system was used. In brief the 

sample was orientated on the automated stage and a contour was drawn around the 

neocortex as discussed in the text (see Figure 4-31 page 197) The slice thickness of 

samples used for analysis was 10µm as such the upper and lower guard zones were set 

to zero, given that consecutive samples were not analysed the risk of double counting 

across the upper and lower boundaries is not relevant in this analysis and this 

approach was felt to be an appropriate application of the optical fractionater probe. 

Lateral guard zones around the counting field were followed with cells touching the 

green guard zone included in the analysis and those touching the red guard zone 

excluded. Counting field size was set at 200µm x200µm, which equated to 

approximately 200 cells per field and around 15-18 fields per section. All counts were 

normalised to the DAPI count and values expressed as a percentage of the DAPI+ve 

cells within each field, the result for each individual field was them averaged to give 

an overall value for the specimen which was then used in the final analysis. 

2.3 Statistics used in Chapter 5 - GMH / IVH causes a down 

regulation of Notch2 in CD133+ve cells. 

FIGURE	
REF	 DESCRIPTION	OF	DATA	 PAGE	

NUMBER	 STATISTICAL	TEST	

FIGURE	
5-1	

GENES	IDENTIFIED	WHICH	SHOWED	SIGNIFICANTLY	
DIFFERENT	EXPRESSION	FOLLOWING	GMH	 227	 UNPAIRED	T-TEST	
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2.4 Statistics used in Chapter 5 - The impact of GMH on 

early postnatal behavior and neurodevelopment 

FIGURE	
6-4	

IMPACT	OF	BMI1	OVEREXPRESSION	ON	COMPLEX	
KEY	PRESS	DATA	 247	 UNPAIRED	T-TEST	

FIGURE	
6-5	

IMPACT	OF	BMI1	OVEREXPRESSION	ON		FALLS	AND	
ANYMAZE	DATA	 249	 UNPAIRED	T-TEST	

FIGURE	
6-6	

IMPACT	OF	BMI1	OVEREXPRESSION	ON	EARLY	
REFLEXES	 251	 UNPAIRED	T-TEST	

FIGURE	
6-7	

IMPACT	OF	GMH	ON	COMPLEX	KEY	PRESS	DATA	–	
WT	&	DT	PUPS	 255	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

FIGURE	
6-8	

IMPACT	OF	GMH	ON	FALLS	AND	ANYMAZE	DATA	–	
WT	&	DT	PUPS	 256	

ONE	WAY	ANNOVA	WITH	
TUKEYS	MULTIPLE	
COMPARISON	TEST	

 

Behavioural testing was undertaken on a Monday, Wednesday and Friday (as 

discussed in section 6.2 page 237) as such to facilitate analysis of the results the 

readings were divided into seven groups depending on the day that the testing was 

undertaken i.e. 1-3, 4-6, 7-9, 10-12, 13-15, 16-18, 19-21. All pups had at least one 

reading in each age category and in those in which two readings had been taken the 

average of the two values was taken for further analysis. The day of birth was random 

and the decision on which arm of the study the litter would be entered into was also 

not planned dependent on the day of the week as such it was felt that this approach 

did not introduce systemic bias and given that the number of pups used was more than 

10 in all groups this method of grouping readings into the seven age categories was 

felt to be sufficiently random that any bias would be randomly distributed across all 

the test arms. 
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3 CHAPTER 3: Stereotactic Injection of autologous 

blood into the neonatal mouse SVZ to model GMH 

in human neonates 

3.1 Overview 

Increasingly more neonates born at the extremes of life are surviving due to advances 

in modern medicine, this is testament to the advances made in obstetric and neonatal 

medicine and should be highly commended. The reality of survival ‘at all costs’ is 

that a significant cohort of neonates suffer life changing brain injuries which lead to  

impaired neurological function, making premature birth the commonest cause of 

neurodisability in childhood. With the incidence of premature birth set to rise and 

survival becoming ever more the norm rather than the exception the case for new 

modes of treatment in the prevention of the brain injury associated with premature 

birth is undeniable.  

 

GMH/IVH is commonly seen in babies born prematurely and relatively little is known 

about how it impacts on the NSPC within the GM. Given the weight of evidence 

which demonstrates the susceptibility of the NSPC to their microenvironmental niche, 

the hypothesis that GMH impacts on NSPC is highly plausible through to date 

unproven.  

 

With this in mind we have developed a mouse model of autologous blood injection 

into the neonatal SVZ. In comparison to a published model(98), which used free-hand 

injection, we found that the stereotactic approach facilitated an easily reproducible 

lesion within the parenchyma of the SVZ associated with a high rate of 

intraventricular extension and low rate of subdural haematoma. The injection was 

well tolerated by the neonatal pups with mortality closely resembling that seen in 

human neonates, similarly we found other key features of the human condition 

recapitulated in our model, namely a failure to thrive and the development of 

hydrocephalus. 
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3.2 Freehand injection of autologous blood based on a 

published model.  

Due to the lack of restraints (e.g. ear pins & nose clamp) stereotactic injection of the 

SVZ was not possible using standard commercially available equipment, as such the 

original attempts to generate a model of GMH were made based on a published 

protocol that employed a free hand injection technique (of autologous blood) into 

newborn mice pups(98). 

3.2.1 Methods – freehand injection of autologous blood into P0 

mouse pups 

Firstly, tissue dye injection into cadaveric mice was carried out to set up the 

experimental conditions. P0 pups were deeply anaesthetized with CO2
 and decapitated 

with heavy scissors. 15ul of tissue dye was then injected into the pup. Early attempts 

used bilateral injections however this proved difficult to analyse due to excessive 

tissue damage and intraventricular spread of tissue dye, as such unilateral injections 

were adopted in preference.  

 

Three different trajectories were trialed: Superior approach n=7, Lateral approach 

n=10, Forward Angulated approach n=12 (see Figure 3-1A for description of different 

approaches). In an attempt to prevent ‘plunging’ of the needle tip, a needle guard was 

fashioned, initially using tape on the tip of the needle and later using an electrical wire 

connector which could be screwed onto the needle (see Figure 3-1 B-F). 

 

To standardize the point of injection initially the zero point was taken from the centre 

of the eye, however this was found to be difficult to reproduce as such the posterior 

border of the eye was used in preference. The point of injection (depending on the 

injection coordinates being trialed) was pre-marked using a small piece of tape precut 

to the correct size (see Figure 3-1E).  

 

The site and impact of the injection was then analysed using H&E and Nissl staining 

(see Figure 3-1M & Figure 3-2). CT PET was also trialed to determine if this could 
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improve lesion localisaton (see Figure 3-1 J-L). The pups were injected with 5ul of 

omnipaque, which was easily visible on CT imaging. 

 
 

Figure	3-1	Freehand	injection	of	neonatal	mouse	pup	

SAGITTAL CT PET SCAN AXIAL CT PET SCAN

CORONAL CT PET SCAN

1
2

3
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J K

L M

NT
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A Trajectories trialed in freehand injection: 1 superior, 2 lateral & 3 forward 
angulated - Decapitated newborn mouse head demonstrating the three sites and 
trajectories trialed during optimization of the free hand technique; Site 1 – Midway 
between medial border of eye and midline at posterior margin of eye, Site 2 – 
Midway between posterior border of eye and suture line perpendicular to surface, 
Site 3 – Same point of injection angling needle forward at 45o B-F Methods used to 
prevent ‘plunging’ with needle tip B Tape wrapped around needle tip C&D Example 
of the electrical connector used at the needle tip to prevent plunging E Example of 
2mm square of tape used to help localize point of injection F Set up of Hamilton 
syringe with electrical connector screwed onto needle tip G-I Macroscopic images 
showing examples of decapitated mouse pup following freehand injection of tissue 
dye G Decapitated mouse pup post left sided injection of black dye and right sided 
injection of orange dye H Decapitated pup with skin removed showing subdural 
collections of dye I Brain on removal shows widespread disruption of cortex 
encountered following freehand injection with loss of distinct ventricular anatomy 
and widespread distribution of tissue dye J Sagittal CT Scan taken from P0 mouse 
pup injected with 5ul of omnipaque bolus site can be clearly seen (red circle) K 
Axial CT PET scan again bolus clearly seen with evidence of contrast in needle tract 
(NT green) L Coronal CT PET Scan demonstrating site of bolus and clearly 
demonstrating intrasventricular spread of contrast into the lateral ventricle (LV) and 
the basal cisterns (BC) M Representative H&E staining demonstrating the point of 
bolus injection matched to the coronal CT scan. 
 

 

 
Figure	3-2	Results	of	H&E	Staining	from	freehand	injection	

Examples of coronally sectioned P0 brain following freehand injection of tissue dye 
A&B Representative examples of lateral injection technique, posterior / caudal 
location of the injection bolus is evident (hippocampus seen in section) with marked 
tissue damage seen along the needle tract and high rate of subdural extension SD 
(red checked area demarcates the event of subdural extension C&D Representative 
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examples from the forward angulated approach – the position of the injection bolus 
is seen to be more anterior however the rate of SD extension using the freehand 
technique remains high and the marked tissue damage along the needle tract NT is 
evident. 

 

3.2.2 Results – freehand injection technique not sufficiently accurate 

Whilst the free hand injection technique was not trialed in live animals (only in 

decapitated heads), in our hands we found that it resulted in variable damage to the 

SVZ with excessive surrounding tissue damage (see Figure 3-2), caused by 

inadvertent movement of the tip of the injection needle along the needle tract (NT). It 

was also associated with a high rate of subdural haematoma (SD) which for the 

purpose of this project is a confounding pathology excluding the pup from further 

analysis. 

 

In the published model, injection of 15ul of autologous blood into the SVZ is 

described, in our hands we found that extracting this quantity of blood from the new 

born pup was associated with significant trauma to the tail and hindlimbs and this 

reduction in the circulating volume of blood caused unacceptably high levels of 

mortality: 3 litters injected; 17 pups in total 12 deaths = mortality 70%, in 4 cases the 

pup died before the IC blood injection had even been performed.  

 

Xue at al(98) also used a 26 gauge needle which is a relatively large bore needle given 

the size of the neonatal pup, again in our hands we found that injecting with this large 

bore needle caused unacceptably high mortality levels.  
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3.3 Stereotactic blood injection of the neonatal mouse pup 

The above findings required a novel stereotactic approach to be developed. Due to the 

small size (approx. 2cm) of the newborn mouse pup, the restraining clamps of the 

Narishige™ stereotactic frame, usually used for stereotactic injection into adult mice 

(ear bar, nose and mouth fixing clamp) could not be used.  To overcome this, 

modifications were made to a Narishige stereotactic frame, based upon the work of 

Merkle et al(177)  (see Figure 3-3 page 96). 

3.3.1 Methods – Modifications made to the Narishige Stereotactic 

frame 

A euthanized P0 pup was placed into a petri dish and covered with agarose gel. Once 

cooled, the pup was gently removed and the resultant cavity filled with dental acrylic. 

Thus providing an acrylic cast of the P0 pup. This cast could then be pressed into clay 

to develop a clay mold based on the contours of the head of the P0 pup.  

 

To ensure that the same plane was used for every injection, the clay mold was glued 

to a custom made wooden mounting block. This was drilled in such a way that it 

could be screwed into the Narishige frame using the same bolts as that of the original 

metal block.  

 

Combining the clay mold head restraint and taping of the nose and torso with the 

custom made wooden block, facilitated accurate, secure and reproducible 

immobilization of the P0 pup, which in turn allows for accurate and reproducible 

lesioning of the SVZ. Using the stereotactic frame, the trajectory and point of 

injection were optimized using tissue dye injection into euthanized newborn mouse 

pups. 

 

The aim of the stereotactic injection was to target the anterior SVZ and the following 

variables were considered: 

• Optimal zero position 

• Optimal point of injection 

• Degree of forward angulation 
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• Depth of injection 

3.3.2 Methods - Stereotactic intracranial blood injection technique 

All breeding cages were checked daily (every morning). To allow pups to recover 

following birth and reduce the incidence of maternal rejection all blood injections 

were undertaken on the afternoon of the first day of life.  

 

The litter and bedding material were removed from the breeding cage, half the 

bedding material was then returned to the cage and half was used to cover the litter on 

the work bench. A single pup was chosen at random from the litter and the tail and 

rear end was submersed in warm water for 45 seconds to promote vasodilation in the 

tail veins. 

 

Under sterile condions the distal tip (<1mm) of the tail was cut using a scalpel and 

stored in an eppendorf tube. By ensuring that the pup was in an upright position at all 

times and taking extreme care not to traumatise the hind limbs, 7µl of blood was 

milked from the tail and collected by capillary action into a Microvette CB 300 

capillary tube™ (see Figure 3-3). 7µl was collected to allow for a margin of spillage / 

error associated with transferring blood into the hamilton syringe.  

 

With sufficient blood collected (this can be identified as a line 1mm above the tube 

marking on the neonatal collection tube) the mouse pup was then anaesthetised in a 

container of ice for 1 minute prior to blood injection. Blue towelling was used to 

prevent direct contact between the mouse and the ice. It is important to ensure that 

there is no pooling of water as the ice melts as this can adversely impact on the pup. 

 

During the three and a half minutes of anaesthetic time, the collected autologous 

blood is loaded into a Hamilton syringe, which, once filled with 5-7µl of autologous 

blood, was then secured into place in the stereotactic rig. 

 

After three and a half minutes had elapsed the mouse was sufficiently anaesthetised to 

be secured into the clay mold. Two pieces of tape were used to ensure immobilisation 

of the mouse pup and prevent any movement during injection.  
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With the mouse pup secured in the clay mold the needle tip was zeroed at the 

posterior margin of the left eye this was found to be more easily reproducible than 

using the centre of the eye. The stereotactic rig was then used to micromanipulate the 

needle tip to the optimal site of injection; 1.5 mm superior and 1mm posterior, at an 

angle of 24 degrees. 

 

Intracranial blood injection was undertaken using a customised Hamilton™ needle; 

30 gauge, 0.5 inch, point style 4 (see Figure 3-3). The open end of the needle was 

directed towards the ventricle such that the bolus of the injection would be applied 

medially into the ventricle rather than laterally into the brain parenchyma. 

 

To facilitate puncture of the cartilagenous skull at injection, rather than displacement 

and ‘tenting’, the first movement was performed by quickly turning the depth gauge 

1mm, the needle was then withdrawn and gently re-introduced using the fine depth 

control over the course of one minute to a depth of 2mm.  

The blood was slowly injected over the course of one minute and the needle tip left in 

situ for a further one minute prior to removal, the needle was then gently removed 

again using the fine depth control on the Narishige frame over the course of a minute. 

 

Following injection, the pup was rewarmed by cupping in closed hands for one 

minute. A rewarming blanket was trialled during optimisation but it was found that 

survival was closely related to time away from the dam and rewarming in cupped 

hands was better tolerated by the newborn pups. The pup was then rolled in sawdust 

and bedding from its home cage in an attempt to mask any abnormal odours and 

finally returned to the dam. This was best achieved making a small window in the 

home bedding and laying the pup at the opening of this window, this prompted the 

dam to ‘find’ the pup and return it to the security of the bedding, this approach 

appeared to be better tolerated than trying to return the pup directly to the nest which 

necessitated disruping the nest each time a pup was injected and returned. 
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Figure	3-3	Stereotactic	intracranial	blood	injection	
A-E Modifications made to the Narishige stereotactic frame A Newborn mouse pups 
are euthanized in CO2 and submerged in agarose gel B Pups are removed from the 
agarose and the resulting cavity is filled with dental acrylic C The agarose is 
discarded to leave an acrylic cast of pup D The acrylic cast is used to make a clay 
mold which is baked hard in the oven E The clay mold is fixed to a wooden board 
fashioned to fit a Narishige frame - inset top shows the angulation which can be 
achieved using the Narishige frame – inset bottom demonstrates how the custom 
made wooden board has been fashioned to fit within the confines dictated by the 
proprietary metal board (yellow arrow - screw used secure board, red arrow – stay 
pin) F Schematic to show the optimal degree of forward angulation with bolus of 
injection cantered over the anterior SVZ G Microvette CB 300 capillary tube™ used 
to collect blood from the tail tip (black arrowamarks the approximate fill line used to 
collect 7µl from the tail tip) H Range of needles trialed for injection – (i) Standard 
26 gauge 2 inch needle (ii) Customised 33 gauge 1 inch needle (iii) Customised 30 
gauge 1cm needle (point style 4) I Schematic demonstrating how tape is used to 
secure the mouse pup into clay mold – two pieces of tape used, one over the nose 
and the other over the torso as shown J Schematic showing high power field of 
injection coordinates in relation to the posterior margin of the eye at 1mm posterior 
& 1.5mm superior at an angle of 24 degrees. 
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3.3.3 Optimal injection coordinates using the stereotactic approach 

Experiments using the freehand injection technique had demonstrated the importance 

of using a ‘forward angulated’ approach in order to target the anterior SVZ whilst not 

risking damage to the eye (see Figure 3-2). As such this approach was continued 

using the stereotactic model. 

 

The optimal site for needle insertion was found by injecting euthanised neonatal pups 

at varying x & y distances from the zero point (i.e. posterior margin of the eye) (see 

Figure 3-3J) 0.5mm increments were made in each plane followed by injection of 2µl 

of tissue dye and examination of the bolus site under the microscope (see Figure 3-4). 

With the site for injection determined the degree of forward angulation and depth of 

needle insertion were fine tuned to optimize injection of the anterior margin of the 

SVZ (see Figure 3-4). 5 litters were used for lesion localization consisting of 35 pups 

in total. 

3.3.4 Sham needle only 

Needle injection of the cortex is an invasive technique which may in itself elicit a 

response from the neonatal brain, in order to distinguish between the reaction to blood 

injection and the needle insertion itself a third group of pups were analysed which 

underwent Sham needle only injection. Tail tips were cut in both the control and sham 

groups and 7µl of blood was collected as discussed above and discarded. 

 

Given that Xue et al had shown no impact of a much larger volume of saline (15µl) 

injected into the SVZ, we anticipate that the impact of injecting the comparitively 

small amount of just 5µl of salinewould cause minimal pathology. Moreover, our aim 

was not to discriminate between the effect of blood and the effect of another fluid, 

rather to discriminate between the fluid injected and the potential damage induced by 

the needle tract. .  
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3.3.5 Results – Accurate and reproducible targetting of the anterior 

SVZ 

The estimated blood volume in adult animals is around 55 to 70 ml/kg body 

weight(218) therefore we can estimate the circulating volume of the new born pup 

which weighs approximately 1g will be around 55 to 70 microlitres, All nonterminal 

blood collection without replacement of fluids is limited up to 10% of total circulating 

blood volume(218) as such the total volume which can be safely removed is between 

5.5ul and 10.5ul. As such it is likely that the extraction of 15ul of blood as described 

in Xue et al may have had an adverse systemic effect secondary to hypovolaemia and 

anaemia.  

 

We found that extraction of 7µl and injection of 5µl of blood was associated with 

good survival characteristics, was well tolerated by the pups, did not cause excessive 

trauma to the tail or hind legs and resulted in a significant impact to the SVZ and 

ventricle.  

 

The site of injection - 1mm posterior, 1.5mm superior; degree of angulation - 240; and 

depth of injection 2mm; were chosen as they demonstrated disruption of the SVZ in 

all analysed cases with high rates of intraventricular extension, low rates of subdural 

extension (see Figure 3-4), good survival following injection and strong phenotypic 

changes as discussed later in the text.  

 

The modifications made to the Narishige frame facilitated accurate and reproducible 

targetting of the SVZ. H&E staining demonstrated that the bolus of the injection was 

within the SVZ separate from the ventricle and there was minimal damage to the 

surrounding cortex, in sharp contrast to the freehand technique presumably due to 

reduced movement of the needle tip. 

 

To confirm the location of the haematoma an injected litter were sectioned as 

formalin fixed paraffin embedded tissue. This technique demonstrated excellent 

posioning of the bolus within the SVZ (see Figure 3-4 G-J) and the presence of 

siderophages highlighted the fact that the clot is being actively broken down at P4 
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(see Figure 3-4J) which may also explain why the clot cavity rather than the clot itself 

is commonly seen at P4. 
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Figure	3-4	Optimisation	of	stereotactic	injection	coordinates	
A-D Unstained coronal sections showing the results of different injection trajectories 
trialled to determine the optimal degree of forward angulation to centre the blood 
bolus over the anterior SVZ (red circle shows position of blood bolus, schematic 
shows position of blood bolus in the medial to lateral axis) A 250 forward angulation, 
blood bolus is seen within parenchyma with intraventricular spread B 270 forward 
angulation bolus - site more lateral but IV spread still seen C 280 forward angulation, 
injection site is seen laterally with evidence of SD extension D 300 forward 
angulation, lateral injection site with SD extension. The reproducibility of the height 
of the injection bolus on the ventral dorsal axis is noted in association with the 
limited amount of surrounding damage to the brain parenchyma. E Chart showing 
the relative incidence of subdural (SD) and intraventricular extension of bleed (IVH) 
at macroscopic examination on day 4 following IC blood injection using the 
different trajectories of forward angulation F (i) Schematic demonstrating the 
optimal injection site within the anterior SVZ (ii) Macroscopic picture of the whole 
brain following stereotactic injection of tissue dye. Point of needle injection and 
small needle tract can be clearly seen with bolus of dye within the target region 
associated with intraventricular spread. (iii) Macroscopic picture following injection 
of autologous blood, the appearances show very similar characteristics to the dye 
injection with  blood bolus seen in the target region and intraventricular extension of 
blood G&H Coronal section of day 1(P1) mouse brain stained with H&E G x5 
magnification and H x10 magnification, following stereotactic blood injection on the 
day of birth (P0) demonstrating haematoma within the SVZ (yellow arrow) in 
association with intraventricular blood (red arrow). Minimal damage to the 
surrounding cortex is also noted I&J Coronal section of day 4 (P4) mouse brain 
stained with H&E, I x10 magnification and J x40, demonstrating haematoma cavity 
within the SVZ associated with the presence of siderophages (green arrows), cells of 
macrophagic lineage scavenging blood products within the SVZ and haemosiderin 
deposition (black arrow seen in J) 

3.4 Optimisation of tissue quality for analysis 

3.4.1 Methods - Perfusion Fixation 

The P4 brain is gelatinous in consistency and friable due to it being predominantly 

unmyelinated at this age (99), this made intact brain removal difficult. To overcome 

this problem and limit the amount of damage to the brain caused by removal, 

perfusion fixation was employed using a neonatal butterfly needle (roughened around 

the tip to prevent accidental removal).  

 

The pups were anaesthetised for 10 minutes on ice (non recovery anaesthesia) and 

then secured (with pins) onto a polystyrene board. The thorax was opened inferiorly 

and reflected superiorly exposing the chest cavity. A small incision was made into the 

right atrium to allow drainage of blood and fixative, and the heart position was 
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straightened (using non toothed forceps) to allow the butterfly needle to be inserted 

into the left ventricle.  

 

Optimal flow rate in neonatal pups is contentious with some groups advocating a low 

pressure of 1.5ml / min whilst others advocate pressure up to 45 ml /min. In essence if 

the perfusion pressure is too high then the perfusate fluid will extravasate into the 

tissue and cause damage, too low and the pressure will be insufficient to clear out the 

circulation leading to apparent underperfusion and potentially variable perfusion 

gradients. From experience gained in the lab it was felt that the optimal rate of flow 

was around 5ml / minute, using the equipment available in the BSU this equates to 

7% of maximum flow.  

 

Using the lab equipment, the ‘dead space’ in the tubing, ie from the three way tap to 

the butterfly needle was measured at 3.8mls, therefore by charging the lines with 

NaCl prior to turning the three way tap on to the PFA, this facilitates sufficient 

washout prior to PFA perfusion. 

 

Perfusion with cold 4% PFA is undertaken at 7% of the maximum rate for 3½ 

minutes (equates to 13.2mls of 4% PFA). The perfused brain can then be safely 

removed under a table mounted magnifier. This is done immediately following 

perfusion to prevent any detrioration in tissue quality. 

3.5 Methods - Brain Removal and macroscopical 

examination 

The brain was removed from the skull and its macroscopic appearance was noted and 

four groups were recognised: 

1. Subdural Haematoma (SDH) (n=14) 

2. Intraventricular spread of blood (IVH) without evidence of SDH (n=30) 

3. IVH and SDH (n=8) 

4. No evidence of either SDH nor IVH (n=11) 
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Only pups with isolated IVH (ie group 2 above) were taken forward for further 

analysis, pups that had developed subdural haematoma were removed from the 

analysis due to the potentially confounding pathology, and pups with no evidence of 

IVH were also removed presumably this group had successfully ‘washed out’ the 

IVH. 

 

In order to facilitate rapid freezing of the tissue, a ‘freezing bath’ was constructed. 

Crushed dry ice was covered with isopentane and allowed to settle until all bubbling 

had ceased, the sample (submersed in OCT within the Tissue Tec® cryomold) was 

then gently lowered into the bath with extreme care taken not to allow the isopentane 

to encroach over the side of the mold. Using this technique the samples took around 

45 seconds to freeze, they would then be allowed to sit in the freezing bath for a 

further 5 minutes to ensure they were frozen through, before transferring to the -80oC 

for storage. 

3.6 Methods -– Optmisation of sample collection 

Brains were postfixed in 4% PFA, cryopreserved in 30% sucrose, mounted in OCT 

and cryosectioned on a Leica™ CM1850 cryostat. 15 slides were labelled prior to 

collection and all specimens were collected sequentially such that each slide had a 

selection of samples from across the anterior to posterior aspect (coronal) or medial to 

lateral aspect (sagittal). All slides were labelled in the same way to ensure easy 

identification. 

 

Coronal collection onto the slides begins from the point at which the olfactory bulbs 

stop separating ie they are attached to one another, using this technique ensured that 

the area of interest was within the ten sections collected on each slide. In contrast, the 

sagittal samples were collected as soon as the section was viable and it was 

technically feasible to do so as the area of interest was relatively close to the midline. 

 

In order to ensure that the samples were comparable, care was taken at the cryostat to 

ensure that the sample was cut squarely in both an inferior / superior and medial / 

lateral orientation. As discussed above, coronal collection would start from the point 

at which the olfactory bulbs were attached to one another rather than separate entities. 
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The ‘squareness’ of the cutting angle could be extrapolated from the size and shape of 

the olfactory bulbs (which should be equal and oval in shape) with fine adjustments 

made accordingly to ensure a bilaterally symmetrical appearance. 

 

Initially in order to aid collection and minimise microfolds within the sample, a small 

dot of PBS was applied to the slide with a paintbrush and the sample was collected 

into this PBS dot. Unfortunately whilst this technique was found to greatly reduce the 

number of microfolds in the samples, is was also found to alter the morphology of the 

samples causing stretching and distortion of the tissue. This finding made quantitative 

analysis unreliable and for this reason all samples used in the analysis were collected 

without the PBS dot. 

3.7 Results – Optimising reproducibility between samples - 

‘Zero Slide’ determination 

It has been shown that different regions within the developing brain(177) have different 

cell division properties as such to make reliable inferences on what is truly an effect 

of the blood injection, rather than just due to variation in sampling region, it is 

imperative to define a reproducible system that orientates and identifies the samples 

in an anterior-posterior (AP) and a medial-lateral (ML) direction (see Figure 3-5). 

 

The anterior border is defined by the first sample in which the fibres of the corpus 

callosum are seen in continuity across the midline. This slide is also identified by the 

presence of the indusium griseum, which is identified in the midline and acts as a 

useful guide to orientate the ‘squareness’ of the cut (see Figure 3-5).  

 

The posterior border is defined as the first slide in which fibres of the ventral 

hippocampal commissure are seen in continuity across the midline. 

 

By starting sample collection at the point that the olfactory bulbs stopped separating 

and collecting 10 samples per brain over 15 slides, the area of interest in the coronal 

analysis was routinely captured. In order to capture the sagittal zero specimen, 

collection was started as soon as feasible. Using micromanipulation at the cryostat to 
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ensure equal sized olfactory bulbs facilitated reproducibility of the squareness of the 

cut, which was verified using the orientation of the induseum griseum (see Figure 

3-5). 

 

As shown in Figure 3-4 it was possible to determine the zero slide at the cryostat 

without the need for staining. Comparison of the number of samples collected 

between the anterior and posterior boundaries (defined by the anterior and posterior 

zero slide) revealed no significant difference in the number of samples collected (see 

Figure 3-5) i.e. the number of samples between the anterior and posterior zero slide 

was the same in the control, sham needle only and blood injected groups (Control 

n=8, Sham n=5 GMH n=7). 
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Figure	3-5	Coronal	zero	specimen	

In order to facilitate robust comparison of volumetric measurements, quantification 
was undertaken between fixed anterior and posterior landmarks A-D Nissl stained 
coronal samples from P4 mouse pup x5 magnification A Penultimate slide prior to 
the anterior ‘zero specimen’ (zero minus 10µm) the continuity of the corpus 
callosum is seen to be interrupted by the two parallel lines which constitute the 
induseum griseum (IG) the orientation of this structure can be taken as an indication 
of how ‘square’ the sample has been cut B Anterior zero slide showing the corpus 
callosum in continuity across the midline (CC) C Penultimate section prior to the 
posterior ‘zero specimen’  (zero minus 10µm) demonstrating that the fibres of the 
hippocampus do not cross the midline D Posterior zero specimen, fibres of the 
hippocampus are seen to cross the midline (white arrow) E Schematic showing the 
orientation of the ‘zero specimens’ (anterior, posterior and sagittal) through the P4 
mouse brain F Graph showing that the number of sequential 10um specimens 
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collected between the anterior and posterior borders does not significantly change 
following blood injection, facilitating comparison of the volumetric analysis using 
these landmarks described above. 
 

To ensure comparability between sagittal samples a ‘zero’ sample was defined as the 

first appearance of striations of the caudate putamen within the rostral migratory 

stream (see Figure 3-6). Samples medial to the zero slide i.e. collected before 

encountering the ‘zero slide’ demonstrate an intact SVZ and RMS with no evidence 

of the striations of the caudate putamen. As the cut progresses laterally striations 

consistent with the caudate putamen emerge within the substance of the SVZ and 

RMS. The sagittal ‘zero slide’ is defined and the last slide in which the striations of 

the caudate putamen are not visible (see Figure 3-6)  

 

Trials were undertaken using both haematoxylin and eosin (H&E) and Nissl staining 

to determine the most appropriate method for morphological analysis. Due to the high 

quality staining and the relative ease of the technique Nissl staining was chosen in 

preference to H&E. 

 

Figure	3-6	Sagittal	zero	specimen	
In order to facilitate robust comparison of specimens from control and blood injected 
samples in the sagittal plane we used the first appearance of striations of the caudate 
putamen within the rostral migratory stream to denote the sagittal zero specimen A-F 
Unstained sagittal sections of P4 brain as viewed at the cryostat to determine the 
zero slide A&B Samples one and two sections medial to the zero slide respectively 
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demonstrating an intact SVZ and RMS with no evidence of the striations of the 
caudate putamen C Sagittal zero slide – the last slide in which the striations of the 
caudate putamen are not visible D&E First and second samples lateral to the sagittal 
zero respectively, showing the emergence of the striations, consistent with the 
caudate putamen, within the SVZ F High power field taken from the Zero specimen 
showing the lateral ventricle and SVZ / RMS, with no evidence of the striations 
consistent with the caudate putamen. 

3.8 Stereotactic blood injection recapitulates key features of 

the human condition 

3.8.1 Intraventricular haemorrhage causes a failure to thrive  

The presence of intraventricular haemorrhage is recognized as an independent risk 

factor associated with high mortality following premature birth (8 73).  It has also been 

shown that the encephalopathy of prematurity is associated with a failure to thrive(62). 

In order to determine how faithfully our model recapitulates the human disease,  we 

resolved to determine the impact of GMH on survival and weight gain. 

3.8.2 Methods  

All breeding cages were reviewed daily and a record was kept of any loss. Prior to 

perfusion fixation all pups were weighed. 

3.8.3 Results - Mortality correlates with birth weight 

As new breeding pairs were established it became apparent that IC blood injection in 

‘first litters’ was associated with unacceptably high mortality rates, in some cases the 

entire litter was lost following blood injection. We postulate that this high mortality is 

due to the low birth weights seen in first litters of new breeding pairs. To comply with 

HO regulations, and to minimise discomfort to experimental animals, we stopped 

injecting the first litters of new breeding pairs.  

3.8.4 Results - Survival correlates with Grade II-III haemorrhage in 

human neonates 

Overall survival at P4 (excluding data from first litters as discussed above) was 84% 

(n=76). Analysis of the survival data shows that survival has improved as the 

experiment has progressed; this is thought to be due to improved techniques in blood 

extraction and IC injection. Grade III haemorrhage is associated with death or severe 
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neurological disability in around 35% of neonates (73) as such our finding of 16% 

mortality correlates well with a grade II to III haemorrhage. 

 

3.8.5 Results - Needle injection causes failure of weight gain 

Weight at P4 was seen to be significantly lower following stereotactic blood injection 

(n=60) compared to control (n=35), Control 3.1g ± 0.06, GMH 2.87g ± 0.05 

(**p=0.007), a failure in weight gain of around 6%. Intriguingly a reduction in weight 

gain is also seen in the sham needle injected group (n=15) (2.72g ± 0.07 

(**p=0.001)). 

3.8.6 Results - Pups with evidence of IVH at P4 demonstrate 

significant failure to thrive in comparison with other 

macroscopic phenotypes 

As discussed previously in section 3.5, at the time of brain removal the macroscopic 

appearance of the brain was recorded, stratifying the groups into four different 

categories i.e. IVH in isolation, SD in isolation, SD&IVH and no evidence of 

haematoma. 

 

The group that developed IVH in isolation (n=28) clearly demonstrated significant 

failure of weight gain at P4 Control 3.1g ± 0.06 IVH  2.8g ± 0.08 (p=0.002) with a 

failure in weight gain of around 9% seen. Similarly both groups that had evidence of 

SD extension of bleed (i.e. the SD in isolation and SD&IVH groups), showed trends 

for reduced weight gain but neither reached significance (see Figure 3-1).  

 

Interestingly however we found that the group which showed no discernable evidence 

of either SDH or IVH (n=11) at brain removal showed no appreciable failure of 

weight gain compared to control (non-injected) (Control 3.1g ± 0.06, No SDH/IVH 

3.05g ± 0.09 (P=0.72)) (see Figure 3-7).  
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Figure	3-7	Stereotactic	blood	injection	is	well	tolerated	with	failure	to	thrive	at	P4	

A Graph showing the survival to P4 following IC blood injection – overall survival 
was around 84% i.e. 16% mortality which correlates well with the rate of mortality 
seen in human infants following grade II/III haemorrhage B GMH at P0 causes a 
failure to thrive at P4, blood injected pups demonstrate significantly reduced weight 
gain in comparison to control pups C Graph showing how weight at P4 correlates 
with pathology seen at brain removal – the presence of intraventricular haemorrhage 
is significantly associated with reduced weight gain – the reason for the reduced 
weight gain seen in the sham needle only injected group remains unclear 
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3.9 GMH causes hydrocephalus at P4 which persists up to 

P21 
GMH is the commonest cause of hydrocephalus in children(219). The presence of 

intraventricular blood is hypothesized to cause physical blockage of CSF channels 

and impact on absorption at the arachnoid granulations. The presence of blood in the 

ventricular system is also recognized to cause an inflammatory reaction in the wall of 

the lateral ventricle, for example the release of TGFβ secondary to IVH is thought to 

contribute to microglial infiltration of the SVZ and subependymal gliosis.(220 221) 

 

In order to further validate our mouse model, we resolved to determine if stereotactic 

blood injection caused ventriculomegaly / hydrocephalus. 

3.9.1 Methods - Computer based stereological assessment 

Ventricular volume was determined using a computer based sterological approach 

(see Figure 3-8). This technique essentially entails making a prediction about the 3D 

nature of an object based on a representative selection of 2D samples. The aim of 

stereology is to make this prediction as accurately and quickly as possible by avoiding 

the need to take measurements from every single sample and instead extrapolating up 

the results obtained from a representative selection. 

 

We used a Nikon™ Eclipse 80i® with motorised stage, running MBF 

StereoInvestigator® Neurolucida software. The Cavalieri probe with four different 

markers was used to map out the area encompassed by the ventricle and the SVZ. The 

SVZ was defined for the purposes of this analysis as the region of dense cellularity 

surrounding the ventricle; all borders of the ventricle were marked, including the 

medial border. 

 

Care was taken to align the microscope and motorised stage to ensure constant counts 

across sampling borders. Counts were made at 10x magnification. The grid spacing 

was set at 20um and was randomly assigned to the sections. As discussed above the 

sample interval was 10. 
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3.9.2 Methods - Representative sampling of the brain 

Different sampling frequencies (ie 1 in 3, 1 in 4, 1in 5 etc) were trialed to determine 

the most time efficient and accurate method. It was determined that sampling every 

tenth specimen provided a robust and accurate assessment of ventricular and 

subventricular zone volumes. Given that sections were collected at the cryostat in 

groups of 15 slides, this entailed staining three slides for quantitative assessment; for 

example slide 5, 10 and 15 may be used and every tenth section starting from the 

anterior zero slide was quantified. 

 

At P4 sampling was undertaken on coronal sections, stained with Nissl (as previously 

defined in section 3.6) between the anterior zero slide and the posterior zero slide on 

average this required quantitative assessment of 8-9 samples. 

 

At P21 sampling was undertaken on three sagittally orientated samples the zero slide 

(see section 3.6) the Zero +150µm (i.e. lateral) and the Zero - 150µm (i.e. medial). 

3.10 Results – Intraventricular haemorrhage causes 

ventriculomegaly at P4 and P21 
By comparing the total ventricular volume in blood injected versus control pups at P4 

we found that IVH caused significant ventriculomegaly. (Ventricular volume (mm3) -

Control (n=7) 0.05mm3 ± 0.006 IVH (n=5) 0.07mm3 ± 0.005 (*p=0.02)) (see Figure 

3-8). Interestingly the total ventricular volume also showed a trend to increase in the 

Sham needle only group: (Ventricular volume (mm3) - Sham (n=4) 0.06mm3 ± 0.005) 

however this did not reach significance. Further analysis of the results revealed that 

the majority of ventricular enlargement was seen within the ventricle of the injected 

hemisphere with only a moderate increase seen in the non-injected hemisphere. 

Analysis of the subventricular volume at P4 revealed no significant difference 

following GMH: (SVZ volume (mm3) - Control (n=7) 0.12mm3 ± 0.008, IVH (n=5) 

0.11mm3 ± 0.01). 
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Figure	3-8	GMH	causes	ventriculomegaly	at	P4	

A Whole brain picture demonstrating how quantification of ventricular volume is 
undertaken using representative samples in the rostral caudal orientation. B Selection 
of representative screen shots taken from the Stereoinvestigator system 
demonstrating how the Cavalieri probe is used to delinieate areas of interest for 
quantification C Graph showing the results of quantification at P4 for ventricular 
volume using the Cavalieri estimator – GMH is seen to cause significant 
ventriculomegaly at P4 D-F Graphs showing that GMH does not significantly impact 
on: D The volume of the SVZ E The thickness of the cortex F The volume of the 
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corpus callosum G-J Nissl stained sagittally orientated samples from the P4 mouse 
pup G&H Control samples taken around the zero sample I&J Comparative samples 
taken from blood injected pups highlighting the ventriculomegaly seen following 
GMH K-M Nissl stained coronal samples taken from P4 mouse pup showing the 
separation of the corpus callosum along its inferior border – a phenomenon 
commonly encountered following IC blood injection. Separation of the ventricle in 
this way made quantification using the the Cavalieri probe impossible as the 
boundaries of the ventricle could not be defined. 
 

At P21 we found that the ventriculomegaly detected at P4 persisted, with a significant 

increase in ventricular volume seen: (Ventricular volume (mm3) - Control (n=5) 

0.003mm3 ± 0.0004, IVH (n=4) 0.015mm3  ± 0.005 (*p=0.03)) (see Figure 3-9) 

Similarly at P21 no significant difference was seen in either the volume of the cortex 

volume or the corpus callosum: (Cortex Volume (mm3) - Control (n=5) 0.026mm3 ± 

0.004, IVH (n=4) 0.02mm3 ± 0.003) (Corpus Callosum Volume (mm3) Control (n=5) 

0.009mm3 ± 0.001, IVH (n=4) 0.01mm3 ± 0.0008). 
	

 
Figure	3-9	Ventriculomegaly	seen	at	P4	persists	up	to	P21	

A Photo taken of P21 mouse pup displaying classic head doming associated with 
hydrocephalus B&C Macroscopic appearance of P21 brain (following blood 
injection at P0) significantly enlarged CSF spaces seen (black arrow) in association 
with enlarged occipital horns (red arrows) D Graph showing that P0 blood injection 
causes ventriculomegaly at P21 E &F Graphs showing that P0 blood injection does 
not significantly impact on E Cortex volume F Volume of the corpus callosum. 
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3.11 Discussion 

3.11.1 The neonatal mouse as a model of GMH 

The species most commonly used to study the impact of neonatal brain injury include 

rodents(42 131 138-142), rabbits (93 143) and sheep (144-148). Primate studies have also been 

undertaken(149 150) whilst primates have physiology very similar to that of humans, 

experiments in larger animals can be prohibitively expensive and require significant 

technical infrastructure and expertise.  

 

The newborn mouse has often been selected as the optimal model for neonatal brain 

injury, including GMH.  As well as facilitating the application of transgenic models, 

mice provide a high yield, easily bred advantage with high intra-strain homogeneity. 

The P0 mouse has a large, well-characterised GM making it relatively easy to access 

and to study histologically. Early behavioural development in mice has also been 

extensively studied (222).   

 

Throughout the final trimester and during the early postnatal period the SVZ of the 

developing brain is extremely active in gliagenesis and neurogenesis as such in order 

to model how injury impacts on the developing brain it is important to attempt to 

match this degree of activity and unique microenvironment as far as possible with the 

animal species chosen.  

 

To replicate the premature brain environment in an animal there are essentially three 

available options: 

1. Work with non-precocial animals (such as mice) – ie animals which are born 

at an early stage of brain development 

2. Fetal intervention – maternal or fetal interventions can both be undertaken, 

this approach is limited by the fact that brain development continues in a 

uterine environment rather than ex-utero 

3. Premature birth – only some animals are able to tolerate premature birth 

 

Studies of comparative anatomy(151) highlight that different species of animals display 

different temporal patterns of cortical development. For example rodents are referred 
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to as nonprecocial or altricial (requiring nourishment) and are born at an early 

developmental stage. Whilst postnatal neurogenesis has been shown (154), gliogenesis 

is most prevalent in the P0 mouse, this situation is felt to be developmentally 

equivalent to 23-26 week human fetus (98), the peak incidence of GMH and the mouse 

pup at 7-10 days is thought to be at a similar stage of development as the term neonate 

achieves at birth(151) Further it has been shown that the relative proportion of pre-

oligodendrocytes is the same in the newborn mouse as in the 18-27 week fetus (155) 

and the high prevalence of this early oligodendrocyte precursor is thought to play an 

integral role in both the pathogenesis of injury and outcome following the premature 

birth (39). This is in comparison to sheep, which are born at a relatively late 

developmental stage (evidenced by the fact that they are able to walk at birth). 

 

We have shown that our model of stereotactic injection of autologous blood facilitates 

accurate and reproducible lesioning within the SVZ with high rates of intraventricular 

extension and low rates of SDH. We believe that this model differentiates itself from 

others in that the subtle approach models a Papile Grade II/III as opposed to the 

published models which are more representative of Grade IV haemorrhage with 

significant cortical damage a hallmark.  

 

We are encouraged to find that our model recapitulates key features of the human 

condition, namely the failure to thrive at P4 and also the development hydrocephalus 

which is present at P4 and persists up to P21.   

3.11.2 Unable to replicate finding reported by Xue et al 

In our hands we were unable to replicate the degree of accuracy reported by Xue et 

al(98), we found that extraction of 15ul of blood and freehand injection of the neonatal 

pup with a 26 gauge needle was associated with significant mortality and it is the 

authors opinion and experience that reliably and reproducibly targeting the SVZ of 

the neonatal pup, a volume of tissue of approximately 1-2mm3, is not possible using a 

freehand approach.  

 

We found freehand injection to be associated with high variability in the site of 

injection and significant damage to the surrounding cortex. This cortical damage is 
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presumably secondary to micro-movements within the needle tip which are 

impossible to avoid using the freehand technique, this is exacerbated if the injection is 

given over a prolonged period to reduce kinetic bolus force, similarly, if the needle is 

left in situ following injection to reduce bleed back along the injection tract, the risk 

of inadvertent movements in the needle tip increases. 

 

A further confounding outcome following freehand injection is the high rate of 

subdural extension of blood, presumably secondary to tracking of blood along the 

needle tract, which again is larger than necessary due to the micro-movements of the 

needle tip as discussed above. 

3.11.3 Specifics of the model 

The method used to fashion the clay mold was adapted from Merkle et al(177), this 

technique in combination with taping of the nose and thorax facilitates reproducible 

and secure immobilisation of the neonatal mouse pup. By attaching the clay mold to a 

wooden plate, shaped to fit and be secured within the confines of the Narishige frame 

we have successfully immobilised the neonatal mouse pup in three-dimensional space 

in relation to the Narishige stereotactic frame. 

 

The introduction of stereotaxis has increased the accuracy and reproducibility of the 

injection site, reduced the surrounding damage to the cortex, reduced bleed back 

along the needle tract and reduced the incidence of subdural extension whilst 

increasing the rate of intraventricular spread. 

 

The technique used for taping was critical to a successful outcome, taping the nose 

first followed by the torso ensured that the skin around the injection site was taut, this 

is essential to prevent the needle tip from slipping in the loose skin prior to piercing 

the skull. Different needles were trialled (see Figure 3-3 page 96) and the 30 gauge 

1cm point style 4 was found to be optimal: longer needles with higher gauges were 

found to be too flexible and caused variable points of injection, thicker / lower gauge 

needles were found to be associated with high mortality and significant damage to the 

cortex. 
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All experiments were undertaken in a warm room and pups were kept warm by 

surrounding them in bedding from their home cage. Warming lamps and blankets 

were not used, we found that time away from the dam was the most critical factor in 

survival and a brief period of warming in cupped hands was favourable to prolongued 

wamring on a mat or under a lamp.  

 

Injection of 5µl of autologous blood was associated with tissue damage solely in the 

region of the SVZ with rupture into the ventricle and a very low rate of subdural 

extension (see Figure 3-4 page 100) Whilst disruption of the SVZ in the form of a 

cavity and intraventricular blood was seen in all cases analysed the finding of blood 

clot within the SVZ per se was much rarer. This is presumed due to the ‘washout’ 

effect of both the perfusion fixation and the process of frozen sectioning also the 

Microvette CB 300 capillary tube used for blood collection contains the anticlotting 

agent EDTA. Collection without EDTA treated tubes was trialed but it was found that 

the extracted blood clotted immediately and could not subsequently be drawn up into 

the hamilton syringe for injection.  

 

The aim of the stereotactic injection was to target the anterior margin of the SVZ as 

such a forward angulated approach was deemed the most effective as this meant that a 

large amount of the SVZ was traversed, the depth of the injection was also deeper 

reducing the risk of bleed back through the needle tract and it allowed the anterior 

SVZ to be lesioned whilst limiting the risk of inadvertent injury to the eye. 

 

The coordinates used for stereotactic blood injection in this project, give us 

information on the impact of damage within the anterior SVZ, this area was chosen as 

it was felt to most closely recapitulate the human condition however it is plausible 

that damage within different regions of the SVZ may have a different outcome. The 

impact of varying the site of injection bolus has not been trialed however analysis 

from three regions in the rostral caudal extent of the SVZ did not reveal any 

significant difference in the response of the SVZ in a rostralcaudal orientation. 

 

The validity of the mouse model of germinal matrix haemorrhage developed in this 

research project and the quality and replicability of the analysis is entirely beholden 
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upon the quality of tissue. The inherently friable nature of the brain tissue at P4 makes 

meticulous sample preparation all the more prescient and considerable time was 

invested at every stage of sample preparation to achieve the highest quality possible. 

We predict that this inherent friability of the P0 cortex resulted in relatively quick 

rupture of the blood bolus out of the parenchyma and into the ventricle with only 

moderate accumulation of blood within the SVZ, as such we predict that whilst the 

anterior SVZ is undoubtedly damaged by haemorrhage the majority of the impact is 

due to intraventricular spread of blood. To promote bolus accumulation within the 

SVZ a more lateral injection approach was trialed however whilst this was seen to 

increase the probability of achieving a significant blood bolus within the SVZ it also 

significantly increases the risk of cortical damage and subdural extension 

3.11.4 Possible future advancements to the mouse model 

Whilst we are confident that our model facilitates accurate and reproducible lesioning 

with the SVZ we anticipate that certain key modifications may improve our model 

even further: 

• Pulled glass micro-needle rather than custom made Hamilton needle – we 

envisage that a pulled glass micropipette will benefit from the rigidity needed 

to prevent needle slippage whilst reducing the size of the needle and hence 

minimizing cortical damage further. 

• To differentiate the impact of GMH from the impact of IVH we anticipate that 

focusing the injection on the ventricle rather than the parenchyma will be 

beneficial. 

• To further minimize the impact of the bolus injection on ventricular size CSF 

removal first prior to blood injection may be beneficial. 

• To examine what quantity of blood is required to elicit the observed response 

in the lateral ventricle dose response analysis may be performed. 

 

3.11.5 The use of imaging / contrast medium to facilitate lesion 

localisation  

During the development phase of setting up the mouse model we experimented with 

the injection of the contrast medium Iohexol (Omnipaque™), injected at the same 
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time as the blood injection. Whilst this showed the site of injection and degree of 

ventricular extension very well, given that one of the strengths of this mouse model is 

that the injected bolus is autologous, it was felt on balance that the increased 

information on lesion localization facilitated by CT, did not warrant the injection of 

non-autologous material, due to the potentially confounding impact on the NSPC. The 

time taken for imaging the neonatal pup was also significant (>15 minutes) and given 

that survival was improved by limiting time away from the dam this extra time 

needed to perform CT scanning after the significant brain injury already instilled was 

not deemed to be worthwhile. 

 

However as a future development, we are excited by the prospect of using high 

resolution MRI imaging at later stages of development to monitor the evolution of 

hydrocephalus following GMH when time away from the dam will not be critical to 

the outcome. Similarly the use of MRI to explore the impact of GMH on dendritic 

arborisation and tractography in the developing brain could be highly instructive. 

3.11.6 Survival and weight data 

The survival to P4 following stereotactic blood injection is in the order of 80-90%, 

which corresponds with the survival rate seen in human neonates, similarly, whilst 

weight measurements in isolation are a crude measure of outcome, GMH is shown to 

causes a significant failure to thrive at P4 which again correlates with the human 

condition. 

 

Weight at P4 could be impacted by a number of different variables, it is possible that 

the significant weight loss seen in the Sham needle only group is due to the small 

sample size (n=15). Similarly the failure to reach significance in the group which 

developed IVH and SDH could also be due to the small sample size . (n=8)  

 

Failure to thrive was seen most acutely in the group of pups who were found to have 

macroscopic evidence of intraventricular haemorrhage at the time of brain removal 

(see Figure 3-7 page 109) implying that this group of pups were the most affected by 

GMH. By limiting our analysis to the pups with IVH we aim to select out this group 
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of pups that most closely resemble the human condition and prevent erroneous results 

from confounding pathology. 

3.11.7 Hydrocephalus 

Quantification of ventricular volume shows that stereotactic blood injection causes 

significant ventriculomegaly at P4 which persists up to day 21, it is also noteworthy 

that the volume of the SVZ does not change appreciably by P4. This is an important 

finding that can be interpreted as a robust internal control of the protocol used for 

volume measurement, given the short time frame between blood injection at P0 and 

volume assessment at P4 (i.e. 4 days) we would not anticipate a significant change in 

the volume of the SVZ i.e. it would be difficult to understand how a system in which 

a significant number of cells, sufficient to cause a measurable change in the volume of 

the SVZ could be broken down and removed within the course of three days. 

 

The fact that there is no change in the volume of the SVZ also highlights the fact that 

the stereotactic injection model we have developed represents a subtle lesion to the 

developing cortex and does not cause extensive parenchymal damage within the SVZ 

in comparison to the more extensive injury models, which have been previously 

published. 

 

Finally this finding validates the interpretation that GMH causes ventriculomegaly at 

P4 & P21, i.e. the increase is ventricular size is a true finding rather than an apparent 

increase due to periventricular atrophy (hydrocephalus ex vacuo) 

 

We speculate that the hydrocephalus seen in this model is due to physical obstruction 

of CSF drainage and reabsorption. However further analysis is envisaged to determine 

if the changes that we see in the wall of the lateral ventricle following GMH may 

disrupt the ciliated border of ependymal cells(223) which may also play a role in the 

evolution of ventriculomegaly seen in our model (see Chapter 7 Future Studies). 

 

In many analysed cases the blood injected samples show separation of the corpus 

callosum away from the nucleus medialis (Figure 3-8 page 112)(a finding never 

encountered in control or sham needle only samples) whilst this suggests the presence 
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of gross hydrocephalus it also renders the samples unanalyzable as the borders of the 

ventricle cannot be reliably defined making quantitative assessment impossible. As 

such only samples in which the CC remained attached could be analysed further for 

the presence of hydrocephalus, it is likely that this limitation has underestimated the 

degree of hydrocephalus seen and also is possibly masking a biventricular process 

which anecdotally is commonly seen but was not apparent on stereological 

quantitative assessment. Separation of the corpus callosum tends to occur in the more 

caudal specimens as such an analysis of just the rostral specimens (encompassing the 

anterior horn of the ventricle) is envisaged. 

 

Whilst it is debatable as to whether the kinetic impact imparted through blood 

injection is grossly different from that which occurs in the human neonate i.e. a 

bleeding vessel within the GM will exert a degree of kinetic force within the 

parenchyma and ventricle, it is also important to consider that rather than representing 

a secondary evolutional effect due to the intraventricular spread of blood, the finding 

of ventriculomegaly at P4 may be due to distension to the ventricular system 

secondary to the blood bolus. Some groups have argued that this confounds the results 

of blood injection models, as the kinetic effects of distension cannot be separated 

from the effects of haemorrhage(224). This is a valid limitation of the blood injection 

model, as such to negate its impact we inject a small quantity (5ul) of blood over the 

course of one minute.  

 

As discussed above an alternative approach to blood injection is to inject collagenase 

into the SVZ (107 224). The small injection volume does not cause distension rather it 

leads to localized destruction of the basal lamina and brain capillaries leading to the 

evolution of an ‘endogenous’ haemorhage. Whilst the bolus effect is undoubtedly less 

following collagenase injection the confounding effect of injected collagenase, which 

is extremely damaging to all cell types and is likely to elicit a significantly abnormal 

cell response, makes the distinction of changes caused by haemorrhage from those 

caused by collagenase impossible. 

 

The fact that GMH at P0 causes ventriculomegaly that persist up to at least P21 

(Figure 3-9 page 113) adds weight to the theory that IC blood injection causes true 
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hydrocephalus rather than just distension secondary to bolus injection (which would 

be expected to reduce rather than increase over time). 

 

The small increase in ventricular volume seen following sham needle only injection 

appears to be due to the needle tract within the SVZ rather than true hydrocephalus. 

 

To make the distinction between the impact of IVH and the impact of bolus injection 

it will be important to add a further control group in which 5ul of sterile saline is 

injected. To further reduce the bolus impact we envisage that careful CSF removal 

prior to blood injection may be beneficial and development of this technique could be 

trialled in the future 

3.11.8 The importance of developing the Mouse model 

In comparison to the wealth of data garnered from models of ischaemic brain injury, 

research investigating the impact of haemorrhage on the developing cortex is 

relatively sparse and given its potential role in outcome, animal models of GMH 

designed to understand how GMH impacts on the NSPC is of paramount importance. 

 

Transgenic technology has been employed to produce pups with friable intracranial 

blood vessels that are prone to develop spontaneous intracranial haemorrhage, 

however haemorrhage is widespread and to the authors knowledge, no transgenic 

model exists in which haemorrhage is specifically localised to the GM. As such there 

are essentially two recognised animal models of GMH: physiological manipulation 

and injection.  

 

Physiological manipulation has been used extensively by the Ballabh group in New 

York who induced intracranial and intraventricular haemorrhage in rabbit pups via the 

intraperitoneal injection of glycerol. This approach, whilst undoubtedly important, 

models an extensive haemorrhagic lesion to the developing cortex and lacks the 

specificity to explore the intricacies of how IVH impacts on the NSPC. Similarly the 

Zhang group in California used intraventricular injection of collagenase to model 

IVH. Whilst this has the advantage of reducing the size of the injection bolus it has 

been shown to cause widespread destruction to the developing cortex and is also 
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irrecoverably confounded due to the impact of collagenase on the NSPC, i.e. 

disentangling the impact of haemorrhage from the impact of collagenase on the SVZ 

is not possible. 

 

Injection of autologous blood has the advantage of not introducing any foreign / 

exogenous materials into the pup, as such the impact on the SVZ is due entirely to the 

presence of blood within the ventricle. The only caveat to that being the use of EDTA 

to prevent the blood from clotting in the syringe, this is a tiny quantity of EDTA and 

no other feasible preferential alternative method which did not use an anticlotting 

agent could be envisaged. The impact of EDTA on the blood is to precipitate calcium 

as such the autologous blood injected into the SVZ lacks calcium, whilst the impact of 

this is thought to be negligible we cannot exclude the fact that the lack of calcium 

within the injected blood may in some way skew the impact on outcome.  

 

Premature birth remains a significant cause of morbidity and mortality in the 

developed world and despite concerted efforts the incidence shows no signs of 

abating with many predicting a rise in the coming years. The impact of sustaining a 

brain injury secondary to premature birth can be devastating both for the individual 

and their family but also the wider socioeconomic cost in terms of on-going medical 

care and lost productivity need to be considered. It is estimated to cost around 1 

million US dollars to treat and care for each patient with cerebral palsy over the 

course of the patients lifetime(225) 

 

Whilst it is now increasingly recognised that haemorrhage within the ventricle may 

impact on brain development by influencing the behaviour of the neural stem 

progenitor cells within the SVZ, GMH without evidence of venous infarction or 

hydrocephalus is still considered by many Neonatologists to be inconsequential to the 

developing brain. The main argument in favour of this position being that 

developmental assessments carried out in children with a history of isolated GMH are 

thought to be normal, however contradictory reports do exist in the literature. It is 

now increasingly recognised that early assessment at around 2 years may not be 

sufficiently sensitive to highlight impairment and assessments made later, for example 
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in school age children, may be more enlightening in trying to decipher the impact of 

GMH on the developing brain, however again this remains contentious.  

 

As more is learned about brain development in the final trimester, including  the 

critical role that the NSPC within the SVZ play in this tightly orchestrated process, 

the greater the weight of evidence suggesting that IVH in the premature neonate 

impacts on outcome continues to increase. The NSPC within the germinal niche are 

known to be exquisitely sensitive to changes in their microenvironment and given that 

IVH has been shown to release inflammatory mediators including TGFβ into the CSF 

it remains highly plausible and indeed probable that haemorrhage within the ventricle 

impacts on the NSPC within the lateral ventricle. Further to this, evidence from 

volumetric MRI studies have shown that GMH is associated with reduced brain 

volume at term equivalent and MRI tractography in neonates following GMH has 

been shown to exhibit altered synchronisation with changes in the pattern of dendritic 

arborisation as a consequence of GMH postulated to be causative.  

 

In summary this mouse model of Papile Grade II/III haemorrhage offers a unique 

opportunity to explore the impact of GMH/IVH on the developing brain. 
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4 Chapter 4: Impact of GMH on the NSPC and early 

cortical development in wild type and BMI1 

overexpressing mouse pups 

4.1 Overview 

The SVZ is one of the main neurogenic areas of the late embryonic and early 

postnatal brain, coupled with the finding that the behaviour of NSPC within the SVZ 

are exquisitely sensitive to their microenvironment(37), this led us to speculate that 

haemorrhage within the SVZ may affect the behaviour of the NSPC within this 

critical stem cell niche.  Further to this, we hypothesise that disruption of NSPC 

function secondary to GMH/IVH may impact on early cortical development and 

ultimately lead to impairment in functional outcome. 

 

In order to quantify the contribution of the early postnatal NSPC to normal cortical 

development, we have adopted a label retention method based on thymidine 

incorporation into the DNA of cells actively undergoing cell division. By quantifying 

‘normal’ function in this way the impact of pathological processes, (in this case 

GMH) on NSPC driven CNS remodeling can be determined.  

 

Further to this we reasoned that modulation of endogenous NSC properties (rather 

than cell transplantation per se) may hold the key to unlocking the potential 

therapeutic benefit of NSC as such we hypothesized that increased stem cell self-

renewal and increased resistance to oxidative stress may prove to be beneficial 

attributes in the SVZ following GMH. To test this hypothesis we applied the 

autologous blood injection model (described in detail previously) to a transgenic 

mouse line that has been shown to exhibit these properties.  

 

By combining stereotactic injection of autologous blood at P0 with a thymidine 

labeling strategy at P1 we find that GMH/IVH causes an activation of proliferation 

within the wall of the lateral ventricle and significantly increases the number of 

transient amplifying progenitors within the body of the corpus callosum at P4. 
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Similarly, analysis of the cortical architecture at P21 reveals that GMH significantly 

changes the ratio of cell types seen within the frontal neocortex, with an increase in 

the proportion of neurons and a reduction in the proportion of cells of 

oligodendrocytic lineage.  

 

Application of the injection model to transgenic pups overexpressing BMI1 in 

Nestin+ve cells reveals that the reaction to haemorrhage seen at P4 remains very 

similar with increases seen in the number of EdU+ve cells within the SVZ, however at 

P21 we see a reduced impact on cortical development with no drop in Olig2 

expression such as that seen in the WT type, implying that overexpression of BMI1 

may impact on the response to haemorrhage. 
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4.2 Overview of experimental design 

 
Figure	4-1	Schematic	overview	of	the	experimental	protocol	for	analysis	at	P4	
Newborn pups undergo stereotactic intracranial injection of autologous blood on the afternoon of the 
first day of life. At P1 they undergo intraperitoneal injection of the thymidine analogue EdU as per the 
Inta protocol. At P4 the pups are perfusion fixed and the brain is removed and prepared for analysis as 
per standard protocols. Pups undergoing CD133 cell sorting did not undergo intraperitoneal injection of 
EdU. 
 
 

 
Figure	4-2	Schematic	overview	of	the	experimental	protocol	for	analysis	at	P21	
Newborn	pups	undergo	stereotactic	 intracranial	 injection	of	autologous	blood	on	the	afternoon	
of	the	first	day	of	life.	At	P5	they	undergo	intraperitoneal	injection	of	the	thymidine	analogue	EdU	
as	per	the	Inta	protocol.	Daily	behavioural	analysis	 is	performed	from	P2	up	to	P21	and	at	P21	
the	pups	are	perfusion	fixed	and	the	brain	is	removed	and	prepared	for	analysis	as	per	standard	
protocols.	
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4.3 Developing the mouse model to facilitate quantification 

of the impact of GMH on the NSPC and early cortical 

development  

4.3.1 Introduction - Methods used to define cells which have 

undergone postnatal cell division 

Established methods used to identify the cell population undergoing cell division in 

the postnatal period include: 

Viral injection of the Ventricle 

Many groups have shown that virus, injected into the ventricle, is taken up by 

dividing cells in the wall of the lateral ventricle. As the progenitor cell divides the 

virus is passed on to the progeny as such all cells originating from the SVZ can be 

identified through their expression of the incorporated virus (168 171).  

 

There are recognised limitations associated with the intraventricular injection of virus 

not least the variability in labeling, the imprecise nature of viral infection and the fact 

that all cells lining the ventricle will be infected. In our experimental design it was felt 

that intraventricular virus injection would not be reliable, given that blood injection 

causes damage to the lining of the ventricle.  

The use thymidine analogues 

Thymidine analogues incorporate into the DNA of dividing cells during the s-phase of 

the cell cycle(226 227)(see Figure 4-3).  By quantifying and characterizing the cells 

which have incorporated the thymidine analogue an estimation can be made about the 

number, type and behaviour of those cells which have undergone cell division in the 

window following administration. 

Tritiated ([3H])Thymidine 

Early techniques utilised tritiated ([3H])Thymidine autoradiography. This technique 

required the user to handle radioactive material, it was technically difficult and time 

consuming, and could only sample the upper few microns of a tissue sample(49). 
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BrdU (bromodeoxyuridine)  

BrdU is a halopyrimidine used as an antiviral and antineoplastic agent(226). Cytotoxic 

nucleoside analogues and nucleobases were among the first chemotherapeutic agents 

to be introduced for the treatment of cancer.(228) 

 

The halopyrimidines have a chemical structure which can substitute for the 

nucleobase thymidine as such it’s mechanism of action is to destabilise the cell. By 

developing antibodies against BrdU, this property of incorporating into the DNA of 

cells undergoing cell division has been exploited in molecular biology for the 

identification of the cell population proliferating at the time of BrdU administration.   

 

The fact that BrdU incorporation into the DNA can be detected using 

immunohistochemistry rather than radioactivity, makes it a much safer technique, and 

has largely superseded the historical method using tritiated [3H] thymidine 

autoradiography pioneered by Altman and Das(229)(see Figure 4-3). 

EdU (5-ethynyl-2’-deoxyuridine) 

EdU was developed as an alternative to BrdU(230 231). Like BrdU it is a nucleoside 

analogue of thymidine and is incorporated into DNA during active DNA synthesis. 

However, unlike BrdU, EdU does not require the DNA denaturing step. Detection of 

EdU is based on a ‘click reaction’; a copper catalyzed covalent reaction between an 

azide and an alkyne(232). In essence, the EdU incorporated into the DNA of the 

dividing cells, contains an alkyne group and the Alexa Fluor dye contains the azide. 

The comparatively small size of the detection azide allows the use of mild conditions 

to access the EdU incorporated into the DNA (see Figure 4-3) 

Other thymidine analogues 

Other thymidine analogues also exist including 5-Chloro-2′-deoxyuridine (CldU), 5-

hydroxymethyl-2′-deoxyuridine (HmdU) & 5-Iodo-2′-deoxyuridine (IdU) amongst 

others. Using different thymidine analogues in combination is also possible and can 

be applied to highlight the different temporal origins of cells within the cortex. 
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Figure	 4-3	 Identification	 of	 cell	 undergoing	 postnatal	 cell	 division	 using	 the	 thymidine	
analogue	EdU	(5-ethynyl-2’-deoxyuridine)	
A Schematic showing point of intraperitoneal injection B Schematic of the cell cycle showing how 
EdU is incorporated into the DNA during cell division C Schematic showing how thymidine is 
replaced with EdU as the DNA is unzipped D Schematic highlighting the differences between EdU in 
which the fluorophore binds using a Click-iT reaction, and BrdU which relies on antibody binding and 
requires DNA denaturing in order to make the antigen accessible E Schematic showing how the EdU 
signal is inherited in all progeny, as such lineage tracing can be undertaken 
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4.3.2 Methods - Optimisation of thymidine administration and 

detection in the neonatal mouse pup 

In order to fulfill our objective of using thymidine incorporation to monitor postnatal 

cell division the following methodologies were optimised: 

a) Optimal administration method and dosage regime to limit toxicity and 

maximise efficacy, reliability and safety 

b) Optimisation of conditions and pre-treatments required for fluorescence 

molecule binding to thymidine analogue in order to facilitate antigen detection 

c) Confocal optimisation and detection of fluorescence. 

Intraperitoneal injection of thymidine analogue 

Due to the small size of the newborn pup and the thin and friable nature of the skin 

overlying the abdomen, the aim of the intraperitoneal injection was to: 

(1) Ensure a constant injection volume 

(2) Minimise inadvertent damage to the abdominal viscera and optimise survival 

(3)  Limit the degree of leakage from the injection site:  

 

Intraperitoneal injections were performed following the protocol published by Inta et 

al(154). The pup is held in a head down position, by holding the excess skin folds on 

the back. This position allows the abdominal contents to displace downwards, 

reducing the risk of inadvertent injury to the abdominal viscera. 

 

The site of injection is easily identified and lies at the inferior lateral recess of the 

abdomen at the point where the ‘white’ muscle fibres of the leg are in continuity with 

the abdomen. 

 

A customized Hamilton™ 33-gauge needle was used and the site of injection was 

alternated. The needle was sterilised in cleaning fluid and rinsed through with sterile 

saline before gently inserting into the peritoneum. The skin overlying the abdomen is 

translucent as such the depth of insertion can be easily controlled. The needle is 

inserted to a depth of 2-3mm in a superior medial orientation with the tip lying just 

below the skin. 
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The optimal technique for injection was found to be a quick in and out motion with a 

90-degree turn of the needle tip before removing (this helps the injected solution to 

separate from the needle tip). Prolonging the time that the needle was in situ merely 

increased the risk of inadvertent damage to the abdominal viscera and increased the 

incidence of leakage from the injection site. 

Optimal dosing regime and rationale 

In order to limit the potential toxicity related to a high concentration of thymidine 

analogue we used an intraperitoneal injection regime using multiple low dosage 

injections based on the work of Inta et al(154). 

 

Published concentrations of IP BrdU injection vary from 20mg/kg(154) to 50mg/kg(233), 

given that injections were given at P1 i.e. extremely young pups we opted for a lower 

concentration at 20mg/kg. It is recognised that lower doses of EdU are required to 

achieve the same result as BrdU (230) as such we gave 12.5mg/kg. 

 

Weight at P1 was found to be relatively stable at around 1g therefore fixed volumes of 

thymidine analogue were given to each pup: 

 

4ul of BrdU Concentration used 5ug/ul  = final dose 20ug/g (mg/kg) 

5ul of EdU Concentration used 2.5ug/ul = final dose 12.5ug/g (mg/kg) 

 

This injection volume was well tolerated with minimal abdominal distension or 

flashback along the needle tract. Also, this concentration did not appear to cause acute 

toxicity to the P1 pups with good survival seen following injection. 

Methods used to detect sites of thymidine analogue incorporation 

The antibody directed against BrdU is relatively large and as such can only bind to 

single stranded DNA. In order to make the BrdU accessible, the DNA required 

denaturing, which necessitates heat and acid treatment (see protocol). In brief the 

samples are rehydrated with PBS and then placed into 1M HCl followed by 2M HCl 

@ 370C before undergoing permeabilisation, blocking and incubation with primary 

antibody. 
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EdU was developed as an alternative to BrdU and due to its smaller size it can 

detected using Click-IT® techniques. Samples only require permeabilisation and 

blocking prior to a short incubation with the primary antibody / azide marker. 

Detection of fluorazide using confocal laser microscopy 

All images were acquired using either a 510 or a 710 Zeiss Confocal Microscope. In 

brief, confocal microscopy uses a laser light source that is directed through an 

objective lens onto the sample being analysed. Light is reflected back through the 

objective lens and deflected using a mirror towards a detector. Prior to reaching the 

detector it passes through a pinhole, which acts to cut out unfocused light and that 

which is not coming from the focal point. The image is acquired pixel by pixel and 

line by line and in this way the confocal microscope facilitates optical sectioning ie 

images being taken from different focal depths / different Z coordinates (Z-stacking). 

The laser excites fluorphores that subsequently emit light, which can be detected by 

the microscope. 

 

Early experiments using the 510 Zeiss necessitated acquiring single shots of the 

lateral wall, which were then manually overlaid in photoshop to enable counting using 

image J software (see Figure 4-4). 

 

Advances in microscope technology in the 710 Zeiss facilitated the use of the tile scan 

function, such that the entire image was acquired in one sequence, negating the need 

to post process the image by overlaying single shot images. Using the bounding grid 

option within the advanced microscope settings it was possible to trace and record the 

outline of the area being examined. All images for analysis were acquired using 40x 

Oil objective. Optimal gain to prevent overexposure and digital offset to minimise 

background signal were determined at the beginning of acquisition and maintained 

throughout sampling to prevent variability in acquisition parameters. Excellent quality 

images were obtained using a scan format 512x512, line average of 4 repeats, 

acquisition speed 9 and a frame overlap 0.5% (see Figure 4-5 & Figure 4-6). Using 

these settings the acquisition of the tile scans usually takes between 15 & 20 minutes, 

due to the ventricular enlargement and irregularity of the ventricular lining 

encountered, the blood-injected samples tend to take longer to acquire. 
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Figure	4-4	Quality	of	staining	achieved	with	BrdU		
A	 P4	 Coronal	 Mouse	 Brain,	 x20	 magnification	 (GFAP-green,	 PI-red	 BrdU-white),	 example	 of	
composite	image	obtained	by	taking	single	shots	at	the	confocal	microscope	and	aligning	during	
post	processing.	Appropriate	 localisation	of	BrdU	staining	can	be	seen	 in	the	wall	of	 the	 lateral	
ventricle	B	 High	 power	 image	 taken	 from	 the	 wall	 of	 the	 lateral	 ventricle,	 demonstrates	 that	
whilst	 BrdU	 positive	 cells	 can	 be	 seen	 in	 the	 wall	 of	 the	 lateral	 ventricle,	 accurate	 nuclear	
localization	 is	 lost	 due	 to	 the	 pretreatment	 required	 for	 BrdU	 detection	 (white	 arrows).	 The	
tissue	quality	is	also	seen	to	be	affected	by	pretreatment	with	small	areas	of	damage	/	holes	seen	
in	 the	 tissue	 throughout	 (yellow	 arrows)	C	 Graph	 showing	 the	 results	 of	 quantification	 of	 the	
number	of	Brd+ve	cells	within	the	wall	of	the	lateral	ventricle.	Scale	Bar	-	100μm.	 	
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Figure	 4-5	 Quality	 of	 staining	 achieved	 through	 combination	 of	 EdU	 and	 Confocal	 tile	
scanning	
Example of coronally orientated tile scan image acquired from P4 mouse brain following EdU injection 
at P1 (i.e. 3 day pulse-chase). A-C Merge images (DAPI- blue & EdU-green) D-F Single channel EdU 
(green). A&D Tile scanning image acquired at x40 Oil immersion showing the coronal section in its 
entirety, the lateral ventricles can clearly be seen bilaterally (surrounded by the dashed square) with a 
large number of EdU+ve cells seen within the ventricular / subventricular zone; B&E High power image 
taken from the tile scan showing the left lateral ventricle with EdU+ve cells in the lateral wall of the 
SVZ; C&F High power field again taken from the same tile scan demonstrating the quality of EdU 
staining with clear nuclear localisation of signal evident – Scale Bar 100μm unless stated. 
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Figure	 4-6	 Quality	 of	 staining	 achieved	 through	 combination	 of	 EdU	 and	 Confocal	 tile	
scanning	
Example of sagittally orientated tile scan image acquired from P4 mouse brain following EdU injection 
at P1 (i.e. 3 day pulse-chase) A-E Merge images (DAPI-blue, EdU-green) F(i-v) Single channel DAPI 
image G(i-v) Single channel EdU image A,Fi&Gi Tile scanning image acquired at x40 Oil immersion 
showing whole sagittal section – nuclear EdU staining can be seen within the subventricular zone (C) 
passing along the rostral migratory stream to the olfactory bulb (B) positive EdU staining can also be 
seen in the hippocampus and cerebellum which are both postnatally active regions B,Fii & Gii 
Olfactory bulb C,Fiii & Giii Subventricular zone D,Fiv & Giv Hippocampus B,Fv & Gv Cerebellum 
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4.3.3 Results – Administration of the thymidine analogue EdU at P1 

facilitates quantification of cell division within the SVZ at P4 

Intraperitoneal injections were well tolerated with minimal mortality. Along with low 

toxicity the added benefit of this dosing regime(154), is that it maintains systemic BrdU 

/ EdU concentration over a prolonged period thus increasing the probability of 

incorporating BrdU / EdU into a larger proportion of active cells. It is generally 

accepted that BrdU / EdU remains active in the circulation for up to 2 hours after 

which the concentration rapidly drops off. (230 234) 

 

P1 injection of thymidine analogue (ie both BrdU & EdU) followed by detection at P4 

demonstrated good label retention and concentration of signal within the postnatally 

active areas ie the cerebellum, hippocampus & SVZ (see Figure 4-4, Figure 4-5 & 

Figure 4-6). 

 

Quantification of the expression of BrdU in the wall of the lateral ventricle was 

possible and demonstrated a significant increase in the number of BrdU+ve cells 

following GMH (Number of BrdU+ve cells counted in the wall of the lateral ventricle; 

Control 81.33 ± 7.96, Blood 141.5 ± 11.5 p=0.0017**) (see Figure 4-4). However, in 

our hands we found that the degree of DNA denaturation required to detect BrdU, 

also affected the binding of available nuclear markers (i.e. Hoechst, DAPI and 

Propidium Iodide) which bind to double stranded DNA, this consequently made the 

accurate quantification of nuclear staining using BrdU difficult. 

 

Optimisation trials with different nuclear markers were undertaken and we found that 

Propidium Iodide (PI) appeared to be less affected by BrdU pretreatment than other 

nuclear markers. 

 

The heat and acid treatment required for BrdU detection was also found to cause 

significant damage to, and changes in, the cell morphology of the P4 brain. This 

situation was exacerbated in the blood-injected samples. We hypothesise that this may 

be due to the lack of myelination in the P4 pup in association with the relatively 

primitive and underdeveloped nature of the parenchyma.  
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EdU staining was found to be less disruptive to the tissue specimens and also 

facilitated quantification, as the nuclear stain (DAPI, PI, Hoechst) remains unaffected. 

 

The use of the tile scanning functions on the Zeiss 710 confocal significantly reduced 

acquisition times and provided a far superior image for quantification with no risk of 

losing the image at the boundaries of the acquisition field. 

 

By switching thymidine analogues from BrdU to EdU we overcame the difficulty 

associated with DNA denaturation, which was required for BrdU detection. This 

advancement in combination with the strict sample preparation protocol described 

previously facilitated excellent quality tissue from which robust analysis of postnatal 

cell division could be undertaken.  
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4.4 Application of the mouse model to a transgenic mouse 

line overexpressing Bmi1 in Nestin+ve cells 

4.4.1 Introduction 

Bmi1 is member of the Polycomb group of genes (PcG), which collectively are 

known to play an integral role in transcriptional regulation. A moderate increase in 

Bmi1 expression within the NSPC had been shown to increase neural stem cell self-

renewal in vitro(235) and also within the SVZ(236). Whilst a loss of Bmi1 is associated 

with increased free radical formation and susceptibility to oxidative stress(237) (in a 

p53 dependent mechanism), Bmi1 overexpression has been shown to confer an 

increased resistance to oxidative stress(238) this is coupled with an emerging role of 

Bmi1 in repairing DNA double strand breaks(239). Due to these potentially favorable 

attributes, application of the mouse model to a transgenic line overexpressing Bmi1 

was felt to be optimal due to its plausibly beneficial impact on outcome. 

Background / historical perspective 

The Nobel Laureate Edward B Lewis (awarded 1995) reasoned that to make an 

organized body from a cluster of cells, the neuroepithelial cells have to divide by a 

genetically determined body plan, this orchestration of gene function is undertaken by 

a specialized group of genes known as the Homeotic genes in Drosophilia and the 

Hox genes in vertebrates.  

 

Spatial and temporal control of Hox gene expression is achieved in large part through 

the balance of transcriptional activation and repression imposed by the Trithorax and 

Polycomb group genes respectively(240 241). The Polycomb group regulates the 

transcription of multiple genes with more than 100 binding sites for the polycomb 

repressive complex (PRC) known(242) (see below). The term Polycomb is derived 

from the finding that aberrant expression of the homeotic genes leads to multiple sex 

combs on the fly’s legs highlighting the integral role in body patterning played by 

these genes(243 244). 

 

PcG proteins form part of a gene regulatory mechanism that determines cell fate 

during normal and pathogenic development. At least three mammalian PcG proteins 
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Bmi1, Rae28, and Mel 18, are already implicated in the self-renewal of haematopoetic 

and neuronal stem cells (240) and mutations in the PcG genes for example Eed & 

Suz12 results in rapid differentiation, thus supporting a role for the PcG proteins in 

gene repression associated with transition from cellular pluripotency to their lineage 

commitment (245). 

Polycomb repressive complexes – PRC1 & PRC2 

The polycomb proteins exert control over transcriptional repression by organizing 

themselves into complexes, the two best understood and studied examples being; the 

polycomb repressive complex 1 (PRC1) and the polycomb repressive complex 2 

(PRC2)(246).  

 

These complexes are thought to function most effectively in sequential combination 

with PRC2 initiating repression and PRC1 maintaining suppression. To use a visual 

analogy, PRC2 can be thought of as closing the door on transcription whist PRC1 

turns the lock ensuring that the door stays shut. In addition to this sequential 

combinatorial mechanism, recent evidence suggests that whilst not as common or 

efficient as acting in unison, alternative mechanisms of transcriptional repression exist 

in which the PRC exert an effect in isolation(247). 

 

The polycomb repressive complexes do not represent static entities rather they consist 

of a core of proteins and variable peripheral proteins, the combination of which 

contributes to their functionality(248) with disparate and even opposing mechanisms of 

action described(240). In this respect the PRC can be considered to be holoenzymes in 

that they are able to function with just their core proteins but their functionality can 

change exponentially depending on the binding of other peripheral proteins(242 246). 

For example EZH is known to be an integral protein in the PRC2 complex and has 

been shown to confer the methyl transferase activity to the PRC, a property that is 

integrally linked with the function of the PRC. The intensity of the methyl transferase 

activity increases 1000 fold through the binding of other proteins (for example 

SUZ12(242)) demonstrating the importance of the other ‘non-catalytic subunits’. 

 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 141 

Translational studies have shown mammalian homologues of the identified drosophila 

genes have conserved function. Indeed whilst the complexity of the PRC is not 

present in all species, the PcG proteins are conserved broadly across species with the 

specific properties of the polycomb repressive complex preserved. It has also been 

proposed that the complexity of the PRC complex may be proportional to the 

development of the species in question; mammals have been shown to possess more 

copies of the PRC proteins than the Drosophila and the worm was thought not to 

possess the PRC1 but further studies suggest it possesses components / attributes of 

the PRC1(245) 

 
Table	1	-	Proteins	which	make	up	the	PRC	

 

  

Initiation complex (PRC2)(246) 

Drosophila Human Action 

Extra Sex Chromosomes Esc EED The PRC2 multiprotein 

complex is thought to 

Initiate repression 

Enhancer of Zeste E (z) EZH1,  EZH2 

Supressor of Zeste Su (z) 12 SUZ12 

Maintenance complex (PRC1) 

Drosophila Human Action 

Polycomb, Pc 
CBX2/Pc1/M33, CBX/Pc2,  

CBX6,  CBX7,  CBX8/Pc3 

The PRC1 multiprotein 

complex is thought to 

Maintain repression 

Polyhomeotic, Ph 
Rae28/EDR1,  EDR2,  

EDR3 

Sex chromosomes extra Sce 
RING1A/RNF1,  

RING1B/RNF2 

Posterior sex chromosomes, 

Psc 

Bmi1/RNF51,  

RNF110/Mel18,  RNF134, 

NSPC1,  RNF3,  RNF159 
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Mechanism of action 

The mechanism of action through which the PRC exert their effect remains to be 

definitively determined but some important and recurrent observations have been 

made regarding the effect of PRC binding. 

Histone modification secondary to PRC binding 

In order to maintain structural integrity and achieve efficient packing of the 

chromosome, DNA is wound around histones. The complexes thus formed are known 

as chromatin. Chromatin itself is therefore composed of a histone octamer (a H3-H4 

tetramer and two H2A-H2B dimers)(245). 

 

Histones are highly alkaline proteins that act as spools around which the DNA is 

wound, but in addition to this structural / DNA packing role they also have ‘tails’ 

which are susceptible to modification through; Acetylation, Methylation, 

Ubiquitylation, Phosphorylation, Sumoylation. Modification of the histone tail results 

in conformational changes within the chromatin and is thought to modulate 

transcriptional activity. 

 

The DNA of rapidly dividing embryonic stem cells adopts a Euchromatin structure, 

essentially a more unfolded ‘open’ phenotype as opposed to the structure of 

transcriptionally repressed DNA, which has a Heterochromatin structure i.e. a much 

more tightly packed ‘closed’ phenotype. It is hypothesized that the ‘closed’ phenotype 

may reduce the availability and accessibility of binding sites hence regulating 

transcription.  

 

This observation has led to the theory that chromatin modification (for example 

through PRC binding) leads to conformational change in the DNA, shifting the 

phenotype towards heterochromatin, and subsequently modifying the transcriptional 

activity.  

Binding of the PRC complex to DNA 

A conservative estimate is that PRC2 targets represent at least 10% of the genes in 

embryonic stem (ES) cells with >100 binding sites recognized(242). Clearly therefore 

there is a mechanism through which the PRC binds selectively to specific targets. In 
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the Drosophila this has been shown to occur in part via a polycomb response element 

(PRE), and whilst there is interest in the role of Yin and Yang (YY1)(242), a 

mammalian homologue of the PRE has yet to be definitively substantiated. Studies of 

the x-chromosome and inheritance indicate that non-coding RNA (ncRNA) may also 

play a critical role in PRC binding(246). 

 

Binding of the PRC2 complex activates the PRC enzymes leading to deacetylation 

and methylation of the histone H3 (methylation occurs at the lysine residue K27), this 

methylation allows the PRC1 complex to bind which in turn ‘maintains’ the 

repression and has been shown to monoubiquintylate histone 2A. Two mechanisms 

are thought to be possible, either the chromatin modification directly causes 

conformational change (Cis), or possibly it allows other molecules to bind, which 

subsequently cause a change in gene expression (Trans). 

4.4.2 The role of BMI1 in controlling NSC self renewal and 

proliferation 

Background 

The PcG gene Bmi1 (B cell-specific Moloney Murine Leukaemia Virus integration 

site 1) is recognized as a key regulator of stem cell self-renewal. Early studies 

indicated that knockout of Bmi1 caused a wide range of abnormalities involving the 

haematopoetic, neurological and skeletal systems (249). Initially this was thought to be 

due to an increase in apoptosis however it is now understood that Bmi1 knockdown 

exerts its effect through a reduction in stem cell self renewal causing postnatal 

depletion in vivo, with normal proliferation and survival of committed progenitors 

cells (236 250).  

Bmi1 Structure 

The Bmi1 gene localizes on chromosome 10 (10p11.23) and encodes for a 37 kDa 

protein composed of 326 amino acids (251) The functionality of the Bmi1 protein is 

primarily characterized by three regions:  

1. Central helix-turn-helix (HTH) domain 

2. Conserved RING finger domain at the N-terminal end  

3. Carboxyl-terminal PEST-like domain  
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Mechanism of action 

As a polycomb group (PcG) protein, Bmi1 associates with other PcG partners to 

function as an epigenetic repressor, remodeling chromatin through histone 2A (H2A) 

monoubiquitination and subsequent methylation at histones (251). Bmi1 exerts its 

control over the balance between stem cell self-renewal and differentiation, at least in 

part through modulation of the Ink4a/ARF locus (240).  

 

The Ink4A/ARF locus is responsible for the production of the murine tumour 

suppressor proteins p16Ink4a and p19Arf  (P16INK4A and P14ARF in humans). The p16Ink4a 

protein inhibits binding of Cyclin D to CDK4/6, resulting in the suppression of 

retinoblastoma (Rb) activity and induction of cell cycle arrest whilst p19Arf induces 

p53 and causes cell cycle arrest (251) as such, Bmi-1 promotes CDK4 and CDK6 

activity by repressing the Ink4a/Arf locus (251)  

 

Up-regulation of Bmi1 leads to increased repression of the Ink4A/ARF locus resulting 

in a downregulation of p16Ink4a and p19arf, which consequently promotes CDK4 and 

CDK6 activity thus lifting  the repression of the cell cycle and increasing proliferation 

with implications also for self-renewal  Conversely, down regulation of Bmi1 causes 

increased expression of the Ink4a/Arf locus with increased production of P16Ink4a & 

P19arf  resulting in cell cycle arrest and senescence, hence also contributing to the 

reduction in the stem cell pool.  
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Figure	 4-7	 Schematic	 demonstrating	 how	 Bmi1	 is	 thought	 to	 exert	 control	 over	
transcriptional	regulation	(adapted	from	Park	et	al	2004(252))	
P16Ink4a – inhibits the cyclin dependent kinase inhibitor (Cyclin D1 Cdk4) which in turn prevents the 
phosphorylation of retinoblastoma protein (pRb). In its phosphorylated form Rb facilitates the 
migration E2F, which are increasingly recognized as an important family of transcription factors 
involved in cell cycle progression. 
P19arf – induces the P53 pathway through the inhibition of Mdm2 function and promotes cell cycle 
arrest and apoptosis.  
 

The INK4a/ARF locus is a frequent target for mutations, deletions, and epigenetic 

silencing in a wide spectrum of human tumours (240), its role as a downstream target of 

Bmi1 has been confirmed in Bmi1 knockout models in which the defects in skeletal 

patterning, haematopoesis and neurological function are partly corrected through 

ablation of the Ink4A/ARF locus (244). 

 

Along with the well characterized mechanisms as above there is also regulation of the 

Cdkn1a locus (p21(Waf1/Cip1)) with reduction of P21 (253) and there is emerging 

evidence of a ink4a/Arf-independent regulation of gene expression by Bmi1. 
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The role of Bmi1 in resistance to oxidative stress 

By inhibiting ROS induced oxidative DNA damage along with facilitating DDR, 

Bmi1 contributes to maintaining genome integrity and resistance to genotoxic 

therapeutic reagents. (251) In Bmi1 knockout mice an increase in the concentration of 

oxidative species(254) has been demonstrated to enhance the response to 

chemotherapy(255) and similarly overexpression confers a resistance to oxidative 

stress(237 254). Bmi1 has been shown to be a key component in the DNA Damage 

Response (DDR), as it is required and sufficient to recruit the DDR machinery to 

DNA double-strand break (DSB) sites in response to radiation and can prolong NSC 

survival (239) 

4.4.3 Transgenic technology 

Background / development of the knockout mouse 

Transgenic technology in mice developed through the amalgamation of two 

technologies: embryonal stem cell work and gene manipulation / targeted therapy. 

 

Early developments in this field evolved from the observation that teratoma cells were 

able to self-replicate and had the ability to differentiate into all tissues / cells in the 

body. This work lead to attempts to separate embryonic stem cells from the 

developing blastocyst of the mouse embryo and subsequently injection of the derived 

embryonic stem cells with retroviral DNA was shown to cause incorporation of gene 

sequences into the stem cell DNA. 

 

Reimplantation of the retrovirally mutated stem cell into another developing 

blastocyst resulted in the manufacture of a chimeric mouse which harbored the 

genetic mutation (i.e. embryonic stem cell from a white mouse injected into a grey 

mouse). Through interbreeding between the chimeric mice, persistence of the 

mutation into the germline can be established and a colony of transgenic mice raised 

which all harbor the desired mutation. 

 

In parallel to the work on embryonic stem cells, homologous recombination was also 

developed by geneticists to target specific sequences within the host genome. 
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Constitutive versus conditional knockout model 

Genetically engineered mice that inherit a germline mutation are referred to, as 

constitutive knockout i.e. the mutation is present throughout development in all cells 

of the developing fetus. A significant refinement of the technique was made possible 

through the inclusion of the Cre-LoxP system. This targeted approach facilitated the 

conditional manipulation of transgene expression which could be modulated both 

spatially and temporally. 

Cre-LoxP 

Cyclization recombination (Cre) is a site-specific DNA recombinase, which consists 

of a 38 base pair sequence derived from the bacteriophage P1. It specifically 

recognizes a 34 base pair (bp) site on the P1 genome called LoxP, this region consists 

of two 13bp sequences (inverted repeats) which flank an 8 bp nonpalindromic core 

that confers directionality (256).  

 

In essence, the sequence of DNA between the Lox P sites is cleaved and this property 

can be exploited to allow the targeted cleavage of specific gene sequences controlled 

by the spatial and temporal expression of Cre Recombinase. For example a ‘stop 

cassette’ can be flanked by Lox P sites and placed in between a promoter and a gene 

of interest, on addition of Cre the stop cassette is cleaved and the promoter is brought 

into the proximity of the gene of interest facilitating its transcription. 

Spatial control of gene expression 

Using homologous recombination, Cre expression can be restricted to the cells of 

interest , for example the Nestin or GFAP promoters can be exploited to obtain the 

expression of Cre in Nestin+ve or GFAP+ve cells respectively (NestinCre / GFAPCre). 

By limiting Cre expression to specific cell types of interest, cleavage of the LoxP site 

is similarly restricted i.e. the mutation is spatially restricted to certain cells. 

Temporal control of gene expression 

Using a CreER system, the conditional model can be further modified to become 

‘inducible conditional’ and only becomes active when activated by the addition of an 

exogenous substance (eg tamoxifen). ER corresponds to the Oestrogen Receptor, 

which is insensitive to endogenous oestrogen but upon activation by exogenous 
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tamoxifen, facilitates Cre access to the nucleus resulting in cleavage of the LoxP sites 

i.e. the mutation is temporally restricted in response to addition of exogenous 

tamoxifen (or alternative activator). 

4.4.4 STOPFloxBmi1 / pCCALL2-Bmi1 gene sequence 

The STOPFloxBmi1 mouse line allows to conditionally overexpress 
Bmi1 in the cells of interest (236) 

Cell specific Bmi1 overexpression has been achieved and well characterized in the 

Marino lab(236). In brief the STOPFloxBmi1 mouse was produced by electroporating 

the gene construct pCCALL2-Bmi1 into an embryonic stem cell using a random 

insertion protocol(257).  

 

 
Figure	 4-8	 Schematic	 demonstrating	 the	 pCCALL2-Bmi1	 construct	 and	 crossing	 with	
Nestin	Cre	
Conditional	deletion	of	the	βgeo	pA	(flanked	by	the	loxP	sites)	in	Nestin+ve	cells	activates	BMI1	
expression	by	the	β-actin	promoter.	
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Components of pCCALL2-Bmi1 gene sequence 

The pCCALL2 construct is composed of: 

Promoter 

 A combination of Cytomegalovirus (CMV) enhancer and the Chick β-actin promoter 

were used. In this context, the CMV is used to stabilize, strengthen and boost the 

promoter sequence. 

βgeo fusion gene (LacZ and Neomycin) 

LacZ is an enzyme, which catalyzes the breakdown of X-gal and stains blue. 

Neomycin is an antibiotic as such incorporation of the gene sequence confers 

resistance to antibiotic treatment, facilitating cell selection based on neomycin 

resistance. 

Poly A repeat  

The SV40 polyA repeat acts as a stop signal to RNA translation into protein. The 

PolyA repeat and βgeo fusion gene were flanked by the LoxP sites, such that cleavage 

of this cassette would both approximate the promoter with the Bmi1 DNA, and could 

be recognised through the loss of LacZ activity. 

Bmi1 gene construct 

The full length of murine Bmi1 cDNA was inserted after the second LoxP site in front 

of an IRES-eGFP (enhanced green fluorescent protein).  

IRES eGFP 

The internal ribosome entry site (IRES), allows the initiation of translation to begin at 

the midpoint of the mRNA rather than at the 5’ end. It is otherwise known as internal 

translation and is thought to have been used by viruses during evolution to allow 

translation independently from the host-specific one. . Given that this is a single gene 

construct, enhancement through antibody detection is required to visualize GFP(258), 

however the presence of eGFP can be exploited to facilitate genotyping (see later). 

Positive / negative sorting used to engineer the STOPFloxBmi1 

As discussed above, the pCCALL2-Bmi1 construct was electroporated into TC-1 

mouse embryonic stem cell line. . Cells which had integrated the construct into their 

DNA were selected through neomycin resistance and targeted clones were 
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recombined with an adenoCre virus in vitro. The resulting loss of lacZ expression in 

association with increased levels of Bmi1 expression were taken as markers of 

successful cleavage of the loxP sites. This procedure revealed two promising clones, 

IB5 and IE1, which, on activation with Cre were LacZ negative and had moderately 

increased expression of Bmi1 (259). 

 

The successful clones were then each injected into the blastocyst and germline 

transmission was achieved for the clone IB5, named  STOPFloxBmi1 mouse (236). 

Cell specific Bmi1 overexpression using Nestin Cre 

Nestin is an intermediate filament protein expressed by the radial glia and postnatally 

by the NSC. To achieve overexpression of Bmi1 in Nestin positive cells the 

STOPFloxBmi line is crossed with a NestinCre line.  In double transgenic offspring 

the STOPflox cassette is cleaved in Nestin+ve cells bringing the beta-actin promoter 

into approximation with the Bmi1 gene leading to the overexpression of Bmi1 in 

Nestin+ve cells and in their progeny.  
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4.4.5 Methods 

Breeding pairs were maintained consisting of female STOPFloxBmi1 and male 

NestinCre, where possible a ratio of 1:1 was maintained where this was not possible a 

ratio of 2 females (STOPFloxBmi1) to 1 male was employed. 

 

All litters underwent the same battery of tests as those previously described for the 

wild type / non-transgenic pups, in brief;  

1. Control, sham needle or blood injection at P0 

2. All pups tail tipped for genotyping (as discussed below)  

3. IP injection of EdU at P1 followed by perfusion fixation at P4 – with coronal 

and sagittal analysis 

4. CD133 MACs sorting followed by RNA extraction, amplification and analysis 

5. Daily behavioural analysis 

6. P21 analysis 

Genotyping transgenic litters 

All pups were tail tipped at P0 and marked with indelible marker for identification. 

Pups that were reared past P8 were also ear notched to aid in identification. In brief, 

tail tips were digested in lysis buffer and following centrifugation the DNA was 

precipitated using isopropanol followed by 70% ethanol. 

 

PCR was set up using forward and reverse primers for Cre and EGFP; 

 

Cre 
Forward: CTATCCAGCAACATTTGGGCCAGC 

Reverse: CCAGGTTACGGATATAGTTCATGAC 

eGFP 
Forward: CCTACGGCGTGCAGTGCTTCAGC 

Reverse: CGGCGAGCTGCACGCTGCGTCCTC 
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 Due to the endogenous expression of Bmi1 the STOPFloxBmi1 gene construct is 

identified using the eGFP primer to detect the presence of the GFP tag on the gene 

construct. The resulting product was then loaded into 1.2% agarose gel containing 

ethidium bromide for identification of the bands. 

 
Figure	4-9	Example	of	genotyping	
A Negative exposure from a fluorescence photograph taken of the agarose plate demonstrating 
genotyping on 9 pups, L27 corresponds to litter 27. Cre is seen at the top of the image with IB5 / EGFP 
seen at the bottom the ladder can be seen to the left of the figure (+ positive control – negative control 
W water) B Summary of genotyping results for litter 27 
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4.4.1 BMI1 overexpression in Nestin+ve cells causes a significant 

reduction in weight gain at P4, reduces survival following 

GMH and causes ventriculomegaly at P21 
Analysis of the weight data demonstrates that overexpression of BMI1 in Nestin+ve 

cells is associated with a significantly reduced weight at P4 (Control WT 3.1g ±	0.06,	

Control	 DT	 2g ± 0.11 ***p<0.001) (See Figure 4-10A). Intriguingly we see that 

contrary to the effect of blood injection in the wild type (WT) pups (i.e. a significant 

failure to thrive), in the double transgenic (DT) no equivalent failure in weight gain is 

seen, in fact a trend for an increase in weight is demonstrated (Control DT 2g ± 0.06, 

GMH DT 2.35g ±	0.37).	The reduced weight gain of the double transgenic pups in the 

control setting is seen to persist up to P21 (Control WT 7.52g ± 0.35, Control DT 

5.12g ±	0.71	*p=0.01)	(see	Figure 4-10B). 

 

Stereological assessment of volume at P21 indicates that the overexpression of BMI 

in Nestin+ve cells leads to significant ventriculomegaly when compared with the wild 

type control (Control WT 0.003mm3 ±	 0.0004,	 Control	 DT	 0.01 mm3 ±	 0.001	

**p=0.0003).	 In	 contrast,	 the volume of the cortex and corpus callosum is not 

impacted by BMI1 overexpression (see Figure 4-10C). 

 

In comparison with the wild type in which overall survival was around 90% following 

GMH (5 deaths from 67 injections) survival in the DT pups was reduced to around 

65% (6 deaths from 17 injections) (see Figure 4-10D). 
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Figure	4-10	Double	 transgenic	pups	exhibit	 reduced	weight	gain	at	P4	which	persists	 to	
P21,	ventriculomegaly	at	p21	and	reduced	survival	following	GMH	
A Graph showing the distribution of weights at P4 – both GMH and overexpression of Bmi1 are seen 
to significantly reduce weight gain at P4 – in the DT pup GMH does not significantly reduce weight as 
is seen in the WT B  Failure in weight gain is seen to persist upto P21 in the DT Control pups C Graph 
showing results of stereological assessment at P21 – Bmi1 overexpression is seen to cause 
ventriculomegaly without evidence of change in the volume of the cortex or corpus callosum. D GMH 
is seen to cause a significantly higher mortality rate in the DT pups when compared with the WT. 
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4.5 Quantification of postnatal cell division in the 

subventricular zone using the thymidine analogue EdU 

The SVZ is formed early in the development of the CNS from asymmetric cell 

division within the ventricular zone and represents one of the main neurogenic niches 

of the late embryonic and early postnatal brain(152). At the peak incidence of 

premature birth (23-28 weeks) the SVZ has been shown to be highly active, indeed it 

is postulated that this high metabolic demand and activity may in part underlie the 

genesis of GMH/IVH. Due to the critical nature of this developmental window(39) we 

hypothesise that the poor neurological outcomes and abnormal cortical development 

seen following premature birth are in part caused by changes in the behaviour of the 

NSPC within the SVZ.  

 

In an attempt to quantify the effect of GMH on the NSPC we have used  the 

thymidine analogue EdU as a marker of postnatal cell division within the SVZ. The 

number of cells expressing EdU within the SVZ gives an indication of both the 

number of cells that were undergoing cell division at the time of EdU administration 

and also the number of progeny produced. 

 

As such the number of EdU positive cells is proportional to the amount of cell 

division that has taken place and by comparing the number of EdU+ve cells seen 

within the SVZ of control samples with the number of EdU+ve cells seen in the SVZ 

of blood injected samples we are able to infer how IC blood injection has affected cell 

division within the SVZ.  

 

The aim of counting EdU+ve cells within the SVZ of the P4 mouse pup is to gain 

insight into the immediate / early effects of haemorrhage on the NSPC that reside 

within the wall of the lateral ventricle. Using this methodology we aim to quantify the 

effect of IC blood injection on the behaviour of cells actively undergoing cell division 

in the early post natal period. 
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4.5.1 Methods 

The SVZ is best visualized on coronal section, as such, following IC blood injection 

on the first day of life (P0) and IP injection of EdU on day 1(P1) (as previously 

discussed) we analysed serial coronal sections from day 4 (P4) pups.  

 

Three coronal sections were analysed from each brain sample: anterior, middle and 

posterior. The anterior section was determined by the zero slide Z, with the middle 

and posterior sections being at Z+150μm & Z+300μm respectfully (see Figure 4-11). 

 

As discussed previously, the left lateral (injected hemisphere) periventricular region 

was visualised using the 40x oil lens of the Zeiss LSM 710 confocal laser-scanning 

microscope. The bounding grid function within the ZEN software was employed to 

construct tile-scans of lateral ventricle (overlap 0.5%, 512 acquisition, 4 reads, speed 

7, bit size 12), using these settings acquisition took around 10-12 minutes per 

specimen. 

 

All EdU+ve cells which resided in the lateral and superior walls of the lateral ventricle 

were counted. Early counting (EdU, GFAP colocalisation) was undertaken using the 

cell counter function within image J, later counting (MASH1 & NG2) was undertaken 

at the microscope using neurolucida. For the purposes of quantification the SVZ was 

defined anatomically as the immediate periventricular region that displayed a high 

density of tightly arranged cells. All cells within the SVZ were counted whilst those 

which had detached from the region of high density were excluded.  
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4.5.2 Results – GMH significantly increases the number of EdU+ve 

cells counted in the SVZ in both the wild type (WT) and 

NestinCre:StopFloxBMI1 (DT) pups 

To aid in the presentation of the data the NestinCre;STOPFloxBmi mice will from 

here on be referred to as the double transgenic or DT pup, to differentiate it from the 

wild-type or WT pup. 

 

EdU staining was tightly confined to DAPI+ve nuclei, however any staining which was 

not clearly nuclear was not counted. No picnotic cells were seen in the wall of the 

lateral ventricle. 

 

GMH caused a significant increase in the number of EdU+ve cells within the wall of 

the lateral ventricle of the WT pup (Control WT 59.73 ± 5.53, Sham 84.64 ± 6.5 

GMH WT 160.1 ± 15.18, p=<0.0001 (ANNOVA) (n=4 for all groups). Importantly, 

no significant increase in the number of EdU+ve cells was noted in the Sham controls 

(see Figure 4-12). Similarly in the DT pups we see a significant increase in the 

number of EdU+ve cells within the wall of the lateral ventricle (Control DT 66.45 ± 

6.9, Sham DT 67 ± 7.7, GMH DT 156.4 ± 9.52 , p=<0.0001 (ANNOVA) (n=4 for all 

groups) 

 

Next, we set out to assess whether the increase in EdU+ cells was specific to a 

particular region of the SVZ. To this end, the wall of the lateral ventricle was divided 

into three regions (see Figure 4-11) and the number of EdU+ cells broken down per 

region. This analysis revealed that the increase in the number of EdU+ve cells occurred 

in all areas of the SVZ (see Figure 4-12). 

 

Comparison of the number of EdU+ve  cells counted in the WT compared to the DT 

revealed no significant differences in either the Control, Sham or GMH conditions.  
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Figure	 4-11	 Quantification	 of	 the	 number	 of	 EdU+ve	 cells	 within	 the	 wall	 of	 the	 lateral	
ventricle	
Example of coronally orientated tile scan images acquired from P4 mouse brain following EdU 
injection at P1 (i.e. 3 day pulse-chase) A Macroscopic picture demonstrating the position of the three 
specimens in a rostral-caudal orientation – Zero slide (defined as the first appearance of the corpus 
callosum in continuity), Zero +150µm, Zero +300µm B Schematic of coronal specimen showing the 
position of the SVZ from which quantification is made C Higher power view of the lateral ventricle 
dividing the SVZ into three counting zones – Area A: Ventral SVZ, prior to dorsal expansion Area B: 
Dorsal SVZ, lateral wall Area B: Callosal border of the SVZ, roof of the ventricle D (i-vi) Confocal tile 
scan images, x40 oil lens, acquired from the SVZ of the 4 day old mouse pup – whole tile scan of the 
lateral ventricle shown on the left with single channel EdU image shown on the right to demonstrate 
both the number of EdU+ve cells counted and the intensity of EdU staining within the EdU positive 
cells (i,iii & v) Zero, Z+150µm & Z+300µm respectively: Images acquired from control (un-injected) 
mouse (ii, iv & vi) Zero, Z+150µm & Z+300µm respectively: Images acquired from blood injected / 
GMH mouse. The single channel EdU images demonstrate that whilst GMH increases the number of 
EdU positive cells within the wall of the lateral ventricle it also reduces the staining the staining 
intensity of the positively stained cells (see Figure 4-12 for more discussion)  
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Figure	4-12	Quantification	of	the	number	of	EdU+ve	cells	in	the	wall	of	the	lateral	ventricle,	
following	a	three	day	pulse	chase	(P1	to	P4)	
A Graph showing that GMH significantly increases the number of EdU+ve cells within the lateral 
ventricle in both the WT (blue dots) and DT (red squares) pups. In the WT pups a small non-significant 
rise is seen following sham (needle-only) injection, similarly in the DT pups sham needle injection 
causes a small non-significant rise in the number of EdU+ve cells indicating that whilst needle injection 
may impact on the SVZ the main driver causing the increase in the number of EdU+ve in the SVZ is the 
presence of autologous blood within the SVZ and ventricle. We can also see that there is no significant 
difference in the number of EdU+ve cells counted in the wall of the lateral ventricle of the WT compared 
to DT in either the control, sham or GMH conditions  B To determine if the increase in the number of 
EdU+ve cells was limited to one specific region within the wall of the lateral ventricle, the SVZ was 
divided into three areas: (as shown above in Figure 4-11) A- inferior to dorsal expansion of SVZ; B- 
dorsal exapansion of the SVZ; superior / Callosal border of the SVZ). As shown in graph significant 
increases in the number of EdU+ve cells are seen in all three counting areas, indicating that activation of 
the SVZ was not limited to one specific area rather the whole margin of the SVZ was impacted by 
GMH.   
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4.6 Analysis of EdU staining intensity in the cells of the SVZ   

The intensity of EdU / BrdU staining within the nucleus can be used to gain 

information on the proliferative activity of a given cell(260-263). In essence each cycle 

of cell division dilutes the quantity of EdU within the nucleus and thus reduces the 

intensity of EdU staining. Slowly dividing cells which have undergone fewer cycles 

of cell division are therefore thought to retain a high intensity of staining and are 

referred to as label retaining cells (171) whereas rapidly proliferating cells which have 

undergone multiple cycles of cell division are thought to dilute their intensity of 

staining and are hence referred to as highly proliferative cells. 

 

Neural stem cells within the SVZ divide more slowly than the progenitor cells, as 

such have been shown to retain high signal intensity labelling, in contrast, the low 

intensity highly proliferative cells are more likely to represent a mixed pool of 

progenitor and migratory cells. By measuring the intensity of EdU staining and 

grouping the cells into high intensity label retaining, moderate staining intensity and 

low intensity highly proliferative cells we therefore can gain insight into the relative 

proportions of NSC, early progenitors and migratory cells respectively(171). 

4.6.1 Methods – Extraction of high power fields from the wall of the 

lateral ventricle and threshold analysis using image J 

The same set of tile scan images captured from the wall of the lateral ventricle and 

analysed in the quantification experiment (as discussed above) were used for 

threshold analysis. At the time of acquisition care was taken to ensure that all tile 

scans were acquired, and saved, using identical settings at the confocal, as such all 

samples are optimally matched reducing the potential for artefactual differences in 

staining intensities due to differences imposed by acquisition. Further to this all 

staining used for comparison was undertaken at the same time to limit any variability 

due to differences in staining efficacy. 

 

Adobe photoshop™ software was used to extract three equally sized high power fields 

(300x100 pixels) from the wall of the lateral ventricle, denoted superior, middle and 

inferior (as shown in Figure 4-13) 
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The size of the counting frame, 300x100 pixels, was chosen on the basis that it 

covered a representative strip of the SVZ without extending over the boundary of the 

highly dense periventricular region. Given the degree of ventriculomegaly seen in the 

GMH samples true blinding was not possible during the placement of the high power 

fields, however to limit bias the HPF were allocated using the DAPI channel in 

isolation. Once the HPF had been allocated threshold analysis was undertaken on the 

Green channel. 

 

In brief the multichannel tile scan images were split into individual channels with the 

green (EdU) channel used for further analysis. Thresholds were set at a minimum 

value of 75 and a maximum of 255, using these values encompassed the majority of 

positively stained cells whilst reducing the interference from background noise. The 

size of the particle cluster needed to register was set at 10 pixels to infinity again as 

this provided the optimal signal to noise ratio. The integrated densities of all positive 

cells within the high power field (superior, middle, inferior) were recorded and the 

proportion of cells with low, moderate and high staining intensity was determined for 

each high power field (see Figure 4-13).  
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Figure	4-13	Method	used	to	extract	counting	fields	from	the	wall	of	the	lateral	ventricle	for	
threshold	analysis	of	EdU	staining	intensity	following	a	three	day	pulse	chase	(P1	to	P4).	
As described in the previous section, GMH increases the number of EdU+ve cells in the wall of the 
lateral ventricle however to determine if GMH impacted on the staining intensity of the EdU+ve cells 
threshold analysis was undertaken from three representative counting frames extracted from the wall of 
the lateral ventricle – Superior, Middle and Inferior.  A(i) Representative example of a x40 oil tile scan 
of the lateral ventricle taken from a P4 Mouse pup (Dapi-Blue, EdU-Green) -  Adobe photoshop 
software was used to position 3 equally sized (300x100pixels) high power fields over the wall of the 
lateral ventricle as shown (ii&v) Superior (iii&vi) Middle  (iv&vii) Inferior. In order to facilitate 
quantification of the threshold intensity the original single channel green (EdU) fluorescent images i.e. 
(ii, iii&iv) were converted into ‘grey-scale’ images (using Adobe Photoshop), and these images were 
then inverted as shown in (v, vi&vii), such that the ‘darkness’ or ‘blackness’ of the cells was 
proportional to the original staining intensity; for example the red arrows show cells with high signal 
intensity, whilst the blue arrows indicate cells with reduced staining intensity. The threshold analysis 
function within image-J was used to quantify the distribution of staining intensities within the high 
power field as described in the text above.  
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4.6.2 Results – GMH reduces the intensity of staining seen within 

EdU+ve cells present in the SVZ 

The percentage of cells within each HPF which demonstrate high pixel intensity i.e. 

>20 internal density, medium pixel intensity i.e. internal density 10-20,  and low pixel 

intensity i.e. internal density <10 pi, was assessed in the control, sham & blood 

injected conditions (n=4 for all groups). No difference is seen in the distribution of 

staining intensities between the control and sham conditions whilst following GMH 

the proportion of cells with high signal intensity is seen to reduce significantly from 

21.97% ± 2.68 in the control setting to 12.4% ± 2.112 following IVH (**p=0.006) (t-

test) (see Figure 4-14 & Figure 4-24). GMH in the DT pup causes a remarkably 

similar and highly significant drop in the proportion of cells with high signal intensity 

(Control DT 30.5% ± 2.29 GMH DT 12.45 ± 2.86 ***p<0.0001 (t-test)) (see Figure 

4-14 B&D).  

 

In the WT pups the reduction in the proportion of label retaining cells is 

predominantly compensated for by a rise in the proportion of cells with moderate 

staining intensity i.e. 10-20 pixel units (Control WT 14.22% ± 2.25 GMH WT 21.86 

± 4.19 *p=0.02 (t-test)) (see Figure 4-14 A&C) with no difference seen in the highly 

proliferative group. However in the DT pups the same reduction in the proportion of 

high signal intensity cells is accounted for by a significant rise in the proportion of 

cells with low signal intensity i.e. <10 pixel units  (Control DT 55.35% ± 2.95 GMH 

DT 73.98% ± 4.94 **p=0.0015 (t-test)) (see Figure 4-14 B&D). 
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Figure	 4-14	 GMH	 in	 both	 the	 WT	 and	 DT	 pups	 causes	 a	 significant	 reduction	 in	 the	
proportion	of	cells	with	high	staining	intensity	(analysis	at	P4	following	a	three	day	pulse	
chase	P1-P4)	
Using image J software, quantification of the distribution of staining intensities within the high power 
fields extracted from the wall of the lateral ventricle (as shown in Figure 4-13) revealed that GMH 
caused a significant reduction in the proportion of EdU+ve cells which exhibited high staining intensity 
i.e. with an internal density of >20 pixel units). This finding was replicated in the both the wild type 
(A&C) and the double transgenic pups (B&D). Interestingly, in the WT pups we see that this reduction 
in the proportion of high staining intensity cells is compensated by a significant increase in the 
proportion of cells with moderate staining intensity (internal density 10-20 pixel units) (C) whilst in the 
DT pups we see a compensatory significant increase in the proportion of cells with low staining 
intensity (internal density <10 pixel units) (D). 
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Figure	 4-15	 Representative	 photomicrograph	 demonstrating	 the	 change	 in	 staining	
intensity	secondary	to	haemorrhage	(analysis	at	P4	following	a	three	day	pulse	chase	P1-
P4)	
Representative high power fields taken from the wall of the lateral ventricle of the P4 pup as described 
in Figure 4-13 page 162. The upper panel A demonstrates a limited number of cells which exhibit 
EdU+ve signal at high staining intensity (white arrow heads) B in the lower panel we see that following 
GMH the number of cells expressing EdU has considerably increased, cells with high signal intensity 
are seen (white arrow heads) but the majority of the positive cells exhibit patchy staining with reduced 
signal intensity (yellow arrow heads). 

 

4.7 GMH / IVH increases the number of EdU+ve cells within 

the Corpus Callosum 

The corpus callosum (CC) is a large white matter tract that anatomically lies dorsally 

to the ventricle (see Figure 4-16). It extends laterally to envelop the subventricular 

region and striatum and rostrocaudally from the frontal to the occipital pole. Because 

of this configuration cells generated in the SVZ have to either migrate along a 

tortuous course around the rostrocaudal or lateral borders of the corpus callosum or 

have to adopt a direct transcallosal approach to enter / access the neocortex. 

 

The corpus callosum lies at the interface of the rostral migratory stream inferiorly and 

the cortex superiorly. It is populated by postnatally generated cells which integrate 

within it, although, it has also been shown to act as a conduit for the migration of cells 

to other brain regions including the cortex(154). Evidence for transcallosal migration of 

postnatally generated cells comes from the work of Suzuki et al(168) who used 

intraventricular retroviral labelling to demonstrate robust transcallosal migration of 
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postnatally generated cells (see Figure 4-16). Costaining revealed that these cells were 

mostly of oligodendrocytic and astrocytic lineage. Similarly Inta et al(154) have 

suggested that postnatally developed cells separate away from the RMS and undertake 

transcallosal migration.  

 
Figure	4-16	Transcallosal	migratory	pathways	discussed	Suzuki	et	al(168))	
The corpus callosum envelops the subventricular zone throughout development as such to access the 
developing neocortex cells developed in the SVZ can either embark on a tortuous course around the 
margins of the CC or undertake transcallosal migration. Using intraventricular injection of retrovirus, 
Suzuki et al demonstrated robust transcallosal migration schematic versions of which are shown in A 
Coronal and B Sagittal orientation. Transcallosal migration of cells of predominantly glial lineage are 
shown in yellow and orange, whilst neural migration via chain migration through the rostral migratory 
stream is shown in green. 
 

Given the integral role that the oligodendrocytic lineage has been shown to play in the 

brain injury associated with premature birth (41), we hypothesised that this 

transcallosal migratory pathway may herald important insight into how GMH affects 

postnatal cortical development. 

 

As such we endeavoured to quantify the number and identity of postnatally generated 

cells within the CC under the premise that the number of EdU+ve cells identified will 

give an indication of the number of cells, originating in the SVZ, which were using 

the CC as a conduit to migrate to their final resting place whether that be the 

neocortex, the corpus callosum or another alternative brain region. The time window 

of three days, allows sufficient time, for the NSPC within the SVZ, to undergo 

asymmetric cell division and the population of cells generated to access the CC on 

route to their final destination.  
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4.8 Methods  - Quantification of cell number within the 

Transcallosal Pathway 

4.8.1 Z-slide used for reproducibility 

To ensure that the area analysed was consistent between specimens, the sagittal ‘zero 

sample’ was used for analysis i.e. the first appearance of striations of the striatum 

within the rostral migratory stream (see chapter 1 for discussion of ‘zero slide 

analysis’).  

 

The two samples medial to the zero sample were also analysed. At the cryostat 

samples were cut from the medial face (mid-sagittal plane) to lateral. Therefore the 

three samples analysed per mouse brain were the zero slide Z, Z - 150μm and Z - 

300μm (i.e. 150μm and 300μm medial to the Z respectively). 

4.8.2 Confocal acquisition of tile scan images 

The Zeiss 710 confocal microscope was used for all image acquisition. In brief the 

area encompassing the hippocampus, frontal neocortex, rostral migratory stream, 

olfactory bulb and ventricle was demarcated using the ‘bounding grid’ function 

available in the advanced tile scan settings.  

 

Focus was acquired at the centre of the specimen around the area where the RMS 

deviates from a horizontal to a vertical course. Focus across the specimen was 

checked particularly within the length of the corpus callosum and tile scan images 

were acquired using at x40 Oil magnification. All images were acquired at 512 X 512 

with 4 line repeats. Speed 7 Overlap 0.5%. 

 

The digital gain and offset values were documented and maintained throughout the 

image acquisition on all specimens to limit any potential variation caused by 

acquisition settings. 

 
Tile scan images were automatically stitched together at the confocal resulting in a 

single .lsm file which could then be converted into .tiff for further image manipulation 

using Adobe Photoshop™. 
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4.8.3 Methods - Acquisition of high power fields for cell counting 

To quantify the number of EdU+ve cells within the corpus callosum three counting 

frames were extracted using Adobe Photoshop software (see Figure 4-17 A&B & 

Figure 4-20). In brief, the .lsm files were converted to .tiff files and were loaded into 

Photoshop. The selection frame size was fixed at 300 X 800 pixels. 

 

The distortion of the brain anatomy due to the development of hydrocephalus in the 

blood-injected pups precludes the use of the ventricular anatomy in positioning the 

counting frames, as such to ensure that the counting frames were placed at equivalent 

positions on the rostrocaudal axis, a perpendicular line is taken from the anterior 

border of the hippocampus through the cortex; immediately anterior to this line is 

denoted as Area 1 the Caudal Corpus Callosum.  

 

Area 3 lies at the anterior margin of the Genu of the Corpus Callosum, this point is 

easily identified on the sagittal specimen as the RMS goes through a 90 degree turn 

from horizontal to vertical. The counting frame for area 3 connects this ‘elbow’ 

region of the RMS with the anterior superior tip of the cortex again an easily 

recognizable anatomical landmark. Finally Area 2 is placed at the midpoint of area 

1&3 encompassing the Central Corpus Callosum and the cortex.  

 

The transform selection tool was used to align the selection window such that its base 

was in line with the superior wall of the ventricle. To limit any potential bias due to 

positioning of the counting frames, this was done using the single channel DAPI / 

Nuclear stained image. 

 

All 3 counting frames were extracted and orientated onto a separate sheet. The 

boundaries of the subventricular zone, the corpus callosum, the subcortical white 

matter, and the cortex were then superimposed over the images, again this was done 

using the DAPI single channel image to prevent any potential bias in border 

placement (see Figure 4-17 & Figure 4-20). 

 

The transition between the upper border of the SCWM and the lower border of the 

cortex is recognized due to a change in the morphology of the cell nuclei. Within the 
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SCWM the nuclei are small, elongated and are randomly orientated through the tissue 

whereas the nuclei of the lower border of the cortex are larger, rounded and evenly 

distributed in layers (see Figure 4-17 E,F&G). Similarly the transition between the 

CC and SCWM can easily be distinguished due to the change in the morphology of 

the nuclei and further to this the boundary is immediately apparent upon staining for 

Myelin Basic Protein (MBP) which highlights the white matter tracts (see Figure 4-17 

H,I&J) the transition between the rostral caudal orientation of the SCWM in 

comparison to the medial to lateral orientation of the CC is clearly seen. 
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Figure	4-17	Quantification	of	the	number	of	EdU+ve	cells	within	the	corpus	callosum	
In	 order	 to	 quantify	 the	 number	 of	 EdU+ve	 cells	 within	 the	 CC,	 three	 counting	 frames	 were	
positioned	 through	 the	 cortex	which	 stretched	 from	 the	 ventricle	 /	 SVZ	 to	 the	 outer	 cortex	 /	
meninges	(A&B)	Representative	 tile	 scan	 images	of	 sagittal	P4	mouse	brain	 taken	at	 the	 ‘zero’	
slide	(see	text	for	description),	single	channel	DAPI	images,	demonstrating	the	positioning	of	the	
counting	frames	in	the	rostral	caudal	axis	Area	1	 is	taken	anterior	to	a	perpendicular	 line	from	
the	anterior	border	of	the	hippocampus	Area	3	is	taken	at	the	genu	of	the	CC	&	Area		2	lies	at	the	
midpoint	of	Area	1&3	in	the	‘mid-body’	of	the	CC	A	Control	B	GMH.	Within	the	counting	frame	(as	
described	above)	counting	was	undertaken	within	the	Corpus	Callosum	(CC)	and	the	Subcortical	
White	Matter	(SCWM),	defining	these	anatomical	landmarks	was	possible	due	to	a	change	in	the	
morphology	of	the	cell	nuclei	in	the	transition	between	layers	as	shown	(C–G)	within	the	cortex	
large	nuclei	arranged	in	regular	layers	are	seen	(E)	within	the	SCWM	the	nuclei	are	smaller	and	
more	tightly	packed	and	arranged	in	a	random	orientation	(F)	within	the	CC	the	nuclei	are	larger	
with	a	significant	increase	in	cell	density.	An	alternative	approach	(H-J)	to	defining	the	counting	
regions	 is	 to	 stain	 for	 Myelin	 Basic	 Protein	 (MBP)	 which	 clearly	 delineates	 the	 change	 in	
orientation	 in	 the	 white	 matter	 tracts	 between	 the	 rostrocaudal	 orientation	 of	 the	 SCWM	 in	
comparison	to	the	medial-lateral	orientation	of	the	CC.	
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4.8.4 Methods – quantification of cell number using ImageJ® cell 

counter 

With the images arranged and borders superimposed as discussed above, the number 

of EdU+ve cells was counted within the corpus callosum and the SCWM using the cell 

counter function of ImageJ. Counts were made using the single channel green image 

with nuclear staining confirmed by cross-referencing with the DAPI image. 

4.9 Results – The Genu of the CC tapers out caudally to 

Area 3 

In contrast to Areas 1&2, Area 3 which had been chosen to represent the genu of the 

CC, did not display a distinction between the CC and SCWM. The reason for this 

finding is that in the region chosen for the analysis i.e. Area 3, the genu of the CC was 

tapering out with only a small amount of CC present.  

 

In light of this finding and in order to focus the analysis specifically on changes 

within the corpus callosum, Area 3 which consisted of SCWM was analysed 

separately to Area 1 & 2 which was considered to contain both CC and SCWM. 

4.10 Results – No significant difference in the number of 

EdU+ve cells counted in the CC or SCWM of WT 

Control and DT Control 

Quantification of the number of EdU+ve cells within the CC and SCWM of the WT 

Control and DT Control revealed no significant differences between the two 

genotypes. 
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Figure	 4-18	 Comparison	 of	 the	 number	 of	 EdU+ve	cells	 counted	 in	 the	WT	 Control	 vs	DT	
Control	
Comparison of the WT Control with DT Control revealed no significant differences in the number of 

EdU+ve cells counted in either the corpus callosum (A) or SCWM (B). A trend for a reduction in the 

number of EdU+ve cells was seen within the CC of the DT control however this failed to reach 

significance. 

4.11 Results - GMH causes significant morphological 

changes in the corpus callosum 

Observational analysis of the distribution of nuclear staining within the corpus 

callosum of the sagittal specimens (using both Nissl stained and single channel DAPI 

images) revealed that the cellular morphology appeared significantly different 

following GMH (see Figure 4-19). In the control setting there is a relatively 

homogenous distribution of cells throughout the CC with cells orientated in ‘chain-

like’ structures perpendicular to the RMS. Following IC blood injection the CC 

becomes highly cellular and cells adopt a more ‘squashed’ appearance orientated 

parallel to the RMS. The normal perpendicular arrangement of cells is replaced by a 

markedly hypercellular and disordered pattern (see Figure 4-19 B&E). This change in 

morphology is limited to the CC with no similar disturbance seen within the SCWM. 

 

Interestingly, this change in morphology within the CC was only seen in Areas 1 & 2 

i.e. the caudal and rostral trunk of the corpus callosum respectively. This distinction 

was not present in Area 3 (anterior to the genu of the CC) (see Figure 4-20). Implying 
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that the change in morphology was a true phenomenon within  the CC rather than 

simply a periventricular reaction to haemorrhage. 

 

 
Figure	4-19 GMH alters the morphology within the CC and leads to an increase in the number 
of EdU+ve cells. 
x40	Oil	 Tile	 scans	 through	 the	 caudal	 transcallosal	 pathway:	 P4	 Sagittal	A-C	 Control	D-F	GMH	
A&D	Merged	 image	 demonstrating	 high	 power	 field	 of	 transcallosal	 pathway	Dapi	 (Blue)	 EdU	
(Green)	B&E	Single	channel	grey	scale	image	demonstrating	the	nuclear	architecture	within	the	
transcallosal	 pathway	 -	 highlighting	 the	 change	 in	 morphology	 caused	 by	 GMH	 C&F	 Single	
channel	 green	 image	 demonstrating	 the	 distribution	 and	 quantity	 of	 EdU+ve	 	 cells	 within	 the	
transcallosal	 pathway	 -	 highlighting	 the	 increased	 number	 of	 EdU+ve	 	 cells	 seen	 in	 the	
transcallosal	pathway	following	GMH	
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4.12 Results - GMH significantly increases the number of 

EdU+ve cells within the corpus callosum but not the 

subcortical white matter. 

Significant increases in the number of EdU+ve cells were seen following GMH in 

areas 1&2 i.e. the Caudal and Central Corpus callosum: 

 

Area 1 – Caudal CC: Control 32.73 ± 1.38, Sham 27.47 ± 4.59 IVH 49.59 ± 4.744 

(**p=0.003 ANNOVA) 

Area 2 – Central CC: Control 21.23 ± 1.551, Sham 20.56 ± 4.583 IVH 36.84 ± 3.412 

(***p=0.0003 ANNOVA) 

 

In contrast whilst a trend for a reduction in the number of EdU+ve cells was seen in all 

three areas, no significant differences were encountered in the subcortical white 

matter: 

 

Area 1 – Caudal SCWM: Control 17.96 ± 1.37, Sham 12.22 ± 0.6 IVH 16.44 ± 1.14  

Area 2 – Central SCWM: Control 17.38 ± 1.099, Sham 12.39 ± 1.24 IVH 15.16 ± 

0.85 

Area 3 – Rostral SCWM: Control 32.33 ± 2.189, Sham 24.39 ± 1.89 IVH 21.49 ± 3.4 
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Figure	4-20	GMH	 leads	 to	 a	 significant	 increase	 in	 the	number	of	 EdU+ve	cells	within	 the	
Corpus	Callosum	(CC)	with	no	significant	differences	seen	in	the	Subcortical	White	Matter	
(SCWM)	
Quantification of the number of EdU+ve cells was undertaken in the CC and SCWM as discussed in 
Figure 4-17 in an attempt to extrapolate how GMH impacts on transcallosal migration as discussed 
in Figure 4-16 (analysis at P4 following a three day pulse chase P1-P4) A&B Show representative 
high power fields (HPF) (300 X 800 pixels) taken perpendicular through the Cortex stretching from the 
SVZ inferiorly to the outer cortex and meninges superiorly A Control and B GMH pups. The position 
of the counting frames i.e. Areas 1,2&3 is dictated as described in Figure 4-17. The HPF is then 
divided into the Cortex, SCWM, CC and SVZ as shown. Each HPF shows the DAPI single channel on 
the left and the Green EdU channel on the right to facilitate quantification of the number of EdU+ve 

cells within each region. We see that GMH causes a significant increase in the number of EdU+ve cells 
counted within the CC in both Area 1 C and in Area 2 D. Conversely quantification in the SCWM 
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shows no significant impact of GMH in the SCWM – interestingly there is a trend for reduced numbers 
of EdU+ve cells seen in all areas most markedly in Area 3 (rostral to the genu of the CC) however this 
does not reach significance.  

4.13 Section 3 – GMH / IVH increases the expression of 

markers of transient amplifying cells in both the SVZ 

and transcallosal pathway 

We have shown that GMH causes an increase in the number of cells that incorporate 

EdU in both the wall of the lateral ventricle and within the transcallosal pathway.  

 

Whilst this is extremely interesting and implies that GMH / IVH does have an impact 

on cells within the SVZ which are undergoing postnatal DNA replication, in isolation 

this data does not give us insight into the cell population responsible for this finding.  

 

In theory the increase in the number of EdU+ve cells could be explained in a number of 

different ways: 

1. ‘Inward’ migration of inflammatory migratory cells. It is well recognised that 

brain injury in the premature infant is associated with a significant activation 

of microglial cells, indeed this is thought to play a pivotal role in outcome (31 

264). If during the process of ‘activation’ microglial cells take up EdU, then the 

increased number of EdU+ve cells within the SVZ could be explained by an 

influx of EdU+ve microglial cells. 

2. Dying cells / death cycling cells. Cells undertaking an apoptotic cycle are 

known to take up EdU, as such if there was a significant accumulation of dead 

/ dying cells this could explain the EdU findings.  

3. Failure of migration out of the SVZ. Cells originating in the SVZ migrate out 

to all regions of the developing brain, in particular the olfactory bulb and 

neocortex. If GMH were to interfere with this migratory behavior again this 

could explain the accumulation of EdU+ve cells within the SVZ.  

4. Activation / recruitment of NSPC. Ischaemic models of the brain injury 

associated with premature birth clearly demonstrate that hypoxia/ischaemia 

cause an activation of proliferation in the wall of the lateral ventricle (131 191). 

Whilst a similar activation has never been shown following haemorrhage 
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given that ischaemia and haemorrhage commonly occur synchronously in the 

premature neonate, it is plausible that the haemorrhage may activate the same 

cascade in the developing brain as that seen following ischaemia suggesting a 

possible final common pathway through which the neonatal SVZ reacts to 

injury.  

5. Counting bias / artifact. It is not possible to completely blind the counting due 

to the damage that is seen following blood injection. Every attempt was made 

to limit potential bias and blind analysis where possible, 3 samples were 

analysed from each mouse and the number of biological replicates was high. 
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Figure	4-21	Schematic	showing	the	potential	mechanisms	through	which	GMH	might	cause	
an	 increase	 in	 the	number	of	EdU+ve	cells	within	 the	wall	of	 the	 lateral	ventricle	and	 the	
transcallosal	pathway	
A Schematic showing the morphological changes seen at P4 following IC blood injection at P0: 
namely ventriculomegaly associated with an increase in the number of EdU+ve cells with low staining 
intensity B Schematic of the wall of the lateral ventricle in the control setting: E-ependymal cell 
multiciliated cells lining the wall of the lateral ventricle Q-quiescent neural stem cell A-activated 
neural stem cell, apical-basal polarity is shown with single apical cilium contacting the ventricular 
surface and basal process contacting the endothelial cells and meninges, m-migratory lineage specific 
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cell, using the basal process of the neural stem cell to migrated through the cortex C Upon IP injection 
of EdU the active (A) NSC are seen to take up EdU and stain green with IHC, similarly the migratory 
cell (daughter of the labelled NSC) is subsequently labelled with EdU D Influx of EdU labelled 
microglia is the cause of the increased EdU signal within the SVZ E Cells undergoing apoptosis / death 
cycling take up EdU and are responsible for the increased EdU signal within the SVZ F GMH causes 
the active NSC to proliferate more avidly producing more EdU+ve daughter cells G GMH causes 
recruitment of quiescent NSC such that more NSC within the wall of the lateral ventricle become 
activated thus increasing the number of EdU+ve cells produced. H GMH causes a failure of migration 
out of the SVZ leading to an accumulation of migratory / EdU+ve daughter cells within the SVZ. 
 

4.14 GMH elicits an inflammatory / microglial reaction in 

the SVZ but this does not account for the increase in 

EdU+ve cells 

Microglia are the immune cells within the brain, they are derived from the bone 

marrow and under normal circumstances lie in a dormant condition within the 

parenchyma, upon activation they undergo conformational change and migrate to the 

site of injury. 

 

Several animal studies have shown that microglial activation is commonly seen 

following premature birth and that outcome is integrally associated with the degree of 

microglial activation (31 264).  

 

In addition to causing damage and distension to the wall of the lateral ventricle, which 

is likely to cause a localised inflammatory response, CSF analysis indicates that 

GMH/IVH causes the release of inflammatory mediators including TGFβ and IL6 (104) 

along with a range of other inflammatory cytokines. This combination of 

inflammatory mediators is thought to play an important role in the development of 

subependymal gliosis, an antecedent to post haemorrhagic hydrocephalus(88 265).   

 

As such we would anticipate our mouse model to elicit an influx of activated 

microglia, hence we set out to assess whether this explains the EdU findings.. 

4.14.1 Methods –Quantification of microglial activity following GMH 

We recognize that at 3 days post injury we would not expect to see a florid microglial 

reaction, however we felt it was important to determine if microglial infiltration and 

migration from the surrounding parenchyma could account for the increased number 
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of EdU+ve cells found in the wall of the lateral ventricle and transcallosal pathway 

following IVH. 

 

To test this hypothesis we used colocalisation analysis using the pan-microglial 

marker Iba1(ionizing calcium-binding adaptor molecule 1). Rabbit anti-Iba1 (Wako™) 

1:500 concentration.  

 

Staining was undertaken using the antigen retrieval and TSA amplification technique 

described in full in the protocols section, and the 710 confocal was used to acquire 

40x oil tile scans from the wall of the lateral ventricle. All EdU+ve and Iba1+ve cells 

within the wall of the lateral ventricle were counted as discussed previously. 

4.14.2 Results – GMH elicits an inflammatory response in the wall of 

the lateral ventricle but this does not account for the large 

increase in EdU+ve cells. 

We found that IC blood injection causes an increase in the number of microglial cells 

counted within the wall of the lateral ventricle. The Iba1+ve count was found to 

roughly double from a mean count of around 14 positive cells to 30 Iba1+ve cells  

(control 14 ± 2.35, blood injected 30.8 ± 5.1 p=0.02 (n=4 all groups)). Colocalisation 

with EdU demonstrated that this increase is made up predominantly of Iba1+ve / EdU-

ve cells, there is a trend for an increase in the number of Iba1+ve / EdU+ve cells however 

this does not reach significance. Most strikingly it was apparent that there was a large 

increase in the Iba1-ve / EdU+ve. (see Figure 4-22) 

 

The results show that the significant increase in the number of EdU+ve cells seen in the 

wall of lateral ventricle is not due to Iba1 microglial infiltration. 
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Figure	4-22	GMH	causes	an	influx	of	Iba1+ve	microglia	into	the	wall	of	the	lateral	ventricle	

A Confocal tile scan images comparing (i-ii) Control and (iii-iv) GMH (x40 Oil Blue-DAPI, 
Green-EdU, Red-Iba1) (analysis at P4 following a three day pulse chase P1-P4) (i&iii) show 
composite tile scans of the left lateral ventricle (ii&iv) show high power fields taken from the 
wall of the lateral ventricle as shown. GMH clearly increases the number of EdU+ve cells and 
similarly increased numbers of Iba1+ve cells are also seen. Whilst some Iba1+ve  cells 
colocalise with EdU (yellow arrow heads) the majority do not (white arrow heads) B Graph 
showing the result of quantification of Iba1 & EdU in the wall of the lateral ventricle. Whilst 
GMH clearly increases microglial infiltration the majority of the Iba1+ve cells are EdU-ve 
indicating that microglial infiltration is robust following GMH however it does not explain 
the massive increase in EdU+ve cells within the wall of the lateral ventricle. (scale bar 100μm)  
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4.15 Results – GMH does not increase apoptotic cells or cell 

debris in the wall of the lateral ventricle.  

By allowing a three day window after EdU administration before analysing the 

distribution of EdU within the tissue we are limiting the potentially confounding 

effect of labelling apoptotic cells in the SVZ (227) as by this time we would anticipate 

that these apoptotic cells would have been broken down and removed, whilst the cells 

which have undergone true cell division (which have taken up EdU) will still display 

positivity due to the limited amount of dilution in this time frame. 

 

Acquiring the images for analysis using a 40x oil objective, in combination with the 

meticulous sample preparation as previously described allows excellent identification 

of the cell nucleus, including assessment of its morphology.  Picnotic nuclei or 

nuclear fragmentation were not observed during counting suggesting that these cells 

have indeed been broken down and removed from the SVZ by day 4. 

4.16 Results – GMH causes activation of proliferation / 

recruitment of NSPC in the wall of the lateral ventricle. 

The finding of increased EdU+ve cells with reduced staining intensity could be 

explained by a mechanism in which GMH activates proliferation in the wall of the 

lateral ventricle.  

 

To investigate this theory further and determine if the increase in the number of 

EdU+ve cells could be explained by an activation of proliferation within the wall of the 

lateral ventricle, we resolved to find out what effect GMH had on the number of 

transient amplifying cells within the SVZ: 

 

No single marker of transient amplifying cells is known as such we opted to use: 

1. Mouse anti-MASH1 1:200 (BD Biosciences™)– nuclear marker know to be 

expressed by transient amplifying cells 
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2. Rabbit anti-GFAP 1:400 (Dako™) – marker of NSC within the SVZ and cells 

of an astroglial lineage 

4.16.1 MASH1  

MASH1 (Mammalian achaete scute homolog1 ) is a nuclear marker expressed by 

transient amplifying cells which belongs to the basic helix loop helix family of 

transcriptional factors(266 267). It plays an important role in regulating cell proliferation 

in the wall of the lateral ventricle with expression of MASH1 known to promote 

Notch signalling thus promoting self renewal within the stem cell niche and 

preventing further neuronal differentiation, in this way MASH1 plays an integral role 

in preventing an over abundance of proliferation and maintains the NSC pool(266). 

 

In the coronal plane, analysis using the nuclear marker MASH1 demonstrated a 

significant increase in the number of cells expressing MASH1 within the wall of the 

lateral ventricle (control 67 ± 10.24, GMH 178 ± 27.84 p=**0.004 (n=4 all groups)) 

(see Figure 4-23). Following a three day pulse chase (i.e. P1 to P4) we also see a 

significant increase in the number of cells which co-express EdU and MASH1 

(control 9 ± 2.97, GMH 29.5 ± 4.66 *p=0.01). Interestingly we also see a significant 

rise is in the MASH1+ve EdU-ve cell population (control 51 ± 6.66, GMH 168.33 ± 

19.88 **p=0.005).  
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Figure	4-23	GMH	causes	an	increase	in	the	number	of	MASH1+ve	cells	within	the	wall	of	the	
lateral	ventricle	

A Confocal tile scan images comparing (i-ii) Control and (iii-iv) GMH (x40 Oil Blue-DAPI, 
Red-MASH1) (analysis at P4 following a three day pulse chase P1-P4) (i&iii) show 
composite tile scans of the left lateral ventricle (ii&iv) show high power fields taken from the 
wall of the lateral ventricle as shown. GMH clearly increases the number of MASH1+ve cells 
B Graph showing the results of quantification GMH causes a large increase in both the 
number of EdU+ve and MASH1+ve (after a 3 day pulse-chase i.e. P1 to P4) cells indicating that 
GMH increased the number of transient amplifying cells within the wall of the lateral 
ventricle (scale bar 100μm) 

 

4.16.2 GFAP  

Glial Fibrillary acidic protein is an intermediate filament protein commonly used as a 

cytoplasmic marker of astrocytic lineage(268). It has also been shown to be expressed 

by radial glial cells however no specific markers exist to differentiate the astrocyte 

restricted progenitors from their parent glial cells and mature astrocytes(269). 
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Immunostaining for GFAP revealed increased number of cells expressing GFAP in 

the wall of the lateral ventricle, approximately two and a half fold following GMH 

(Control 99.4 ± 10.6, Sham 159.7 ± 12.74, GMH 260.5 ± 29.5 p***< 0.0001 

ANNOVA (n=6 all groups)) (see Figure 4-24). Significant increases are also seen in 

the number of cells that co-express GFAP and EdU (after a 3 day pulse chase P1 to 

P4) (Control 33.5 ± 3.7, Sham 48.39 ± 3.5, GMH 98.5 ± 12.9 p***<0.0001 

ANNOVA (n=6 all groups)) and also in the number of cells which express EdU but 

not GFAP (i.e EdU+ve GFAP-ve) (Control 26.2 ± 2.6, Sham 33.3  ± 3.27, GMH 61.5 ± 

6.4 p***<0.0001). In the control setting approximately 56% of the EdU+ve cells 

express GFAP, following GMH this proportion increases to around 62%, this 

indicates that whilst the increase in the number of EdU+ve GFAP+ve cells plays a 

significant role in explaining the EdU findings in the wall of the lateral ventricle it is 

clearly not the entire picture as around 38% of the EdU+ve cells do not express GFAP. 

 

Comparison of the findings in the WT to those in the DT revealed a very similar 

pattern of expression with significant increases seen in GFAP expression seen 

following GMH (Control 121.27 ± 10.2, Sham 141.67 ± 19.6, GMH 282.67 ± 22.54 

p***< 0.0001 ANNOVA) (see Figure 4-24) similarly significant increases were also 

seen in the number of cells that co-express GFAP and EdU (Control 42.73 ± 4.83, 

Sham 37.5 ± 6.5, GMH 112 ± 9.67 p***<0.0001 ANNOVA (n=6 all groups)) and 

also in the number of cells which express EdU but not GFAP (i.e EdU+ve GFAP-ve) 

(Control 23.7 ± 2.96, Sham 29.5  ± 3.86, GMH 44.42 ± 4.55 p***<0.0001 (n=6 all 

groups)) . No significant differences were seen between the WT and DT in the 

Control, Sham or GMH conditions. 

 

Of note, colocalisation analysis revealed that the overexpression of Bmi1 in Nestin+ve 

cells significantly increases the proportion of the total EdU+ve population which 

colocalises with GFAP, this result is seen in both the Control (Control WT 55.58% ±	

2.36	 Control	 DT	 64.72%	 ±	 2,48	 *p=0.01 (t-test)) and Blood injected (GMH WT 

59.41% ± 4.49 GMH DT 70.86 ± 3.2 *p=0.02 (t-test)) settings. 
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Figure	4-24	GMH	 causes	 a	 significant	 increase	 in	 the	number	 of	GFAP+ve	cells	within	 the	
wall	of	the	lateral	ventricle	in	both	the	WT	&	DT	pups.	

Quantification of the number of the number of GFAP positive cells within the wall of the 
lateral ventricle revealed that GMH caused a significant increase in the number of GFAP 
positive cells in both the WT and DT pups (analysis at P4 following a three day pulse chase 
P1-P4) A-D Representative confocal tile scan images taken from Coronal P4 pup A&B 
Control C&D GMH (x40 Oil Blue-DAPI, Green-EdU, Red- GFAP) – highlighting the 
significant increase in GFAP expression following GMH. It is also clearly evident that GMH 
increases the number of EdU+ve cells within the wall of the lateral ventricle and further that 
the EdU+ve cells following GMH display reduced staining intensity in comparison to those 
seen in the control setting (white arrow heads). E Graph showing the results of quantification 
in the wall of the lateral ventricle, GMH is seen to significantly increase the number of 
GFAP+ve positive cells whilst no significant increase is seen in the sham condition. Both the 
WT and DT pups are seen to behave in very similar fashion with no significant differences 
detected between ithe WT & DT pups in the Control, Sham or GMH settings (scale bar 
100μm). 
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Figure	4-25	GMH	causes	an	 increase	 in	EdU+ve	GFAP+ve,	EdU-ve	GFAP+ve	&	EdU+ve	GFAP-ve,	 in	
both	the	WT	and	DT	genotypes.	
Quantification of the number of cells colocalising EdU and GFAP in the Control, Sham and GMH 
settings revealed that GMH causes a significant increase EdU+ve GFAP+ve (analysis at P4 following a 
three day pulse chase P1-P4) A, EdU-ve GFAP+ve B & EdU+ve GFAP-ve C, in both the WT and DT 
genotypes (n=6 for all groups). Interestingly we see that the overexpression of BMI1 in Nestin+ve cells 
(i.e. in the DT pup) that a significantly larger proportion of the EdU+ve cells colocalised with GFAP in 
comparison to the WT pups D this was seen in both the Control and GMH settings E Table 
summarising the impact of GMH on the expression profile in the wall of the lateral ventricle.  
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4.17 GMH increases the number of transient amplifying 

progenitors within the transcallosal pathway 

In addition to finding an increase in the number of EdU+ve cells within the wall of the 

lateral ventricle, we also found a significant increase in the number of EdU+ve cells 

within the caudal and mid-body region of the transcallosal pathway (i.e. Area 1 & 2 – 

please see Figure 4-17 for description of quantification areas within the CC), as 

discussed section 4.8.3 

 

This is an interesting finding which may indicate an increase in the number of 

postnatally generated cells that are migrating out of the SVZ into the CC. Given that 

this would add weight to the suggestion that GMH is causing an activation of 

proliferation in the wall of the lateral ventricle, we resolved to determine the identity 

of this group of cells. 

 

Colocalisation with markers of transient amplifying cells was used to determine the 

identity of this cell population within the transcallosal pathway: 

1. Rabbit anti-GFAP 1:400 (Dako™) – marker of NSC within the SVZ and cells 

of an astroglial lineage 

2. Rabbit anti-NG2 (Millipore™) - Expressed by oligodendrocyte precursors and 

may also be responsible for neuron production. Recognised as a marker of first 

response to cortical injury. 

3. Guinea Pig anti-DCX 1:2000 (MerckMillipore™) – marker of immature 

neurons 

4.17.1 In the control setting the WT and DT pups exhibit remarkably 

similar expression profiles within the CC 

Quantification of colocalisation within the CC revealed that in the control setting the 

WT and DT pups exhibited remarkably similar expression profiles. 
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Figure	 4-26	 In	 the	 control	 setting	 colocalisation	 analysis	within	 the	 CC	 revealed	 similar	
expression	profiles	in	the	WT	and	DT	genotypes	
As previously discussed in Section 4.9, analysis of the expression profile within the CC was only 
possible within Areas 1 & 2 (see Figure 4-17 for description of placement of counting frames) 
(analysis at P4 following a three day pulse chase P1-P4) Quantification of the number of cells 
colocalising EdU/GFAP A EdU/NG2 B and  EdU/DCX revealed remarkably similar expression profiles 
within the CC of the WT and the DT genotypes in the control setting. 

4.17.2 GFAP 

GFAP immunostaining in the transcallosal pathway revealed a significant increase in 

the expression of GFAP following GMH (see Figure 4-27D). Colocalisation analysis 

showed a significant increase in the number of EdU+ve GFAP+ve cells (Control 14.8 ± 

1.9, GMH 23.6 ±	 3.6	 p*=0.04	 (n=6	 all	 groups)).	 A	 trend	 was	 also	 seen	 for	 an	

increase	in	the	number	of	EdU+ve	GFAP-ve	cells	(Control 13.4 ± 2.13, GMH 23.8 ±	

4.8	p=0.06).	

	

Interestingly	 in	 the	 Control	 pups	 on	 average	 52.4%	of	 the	 EdU+ve	cells	 express	

GFAP	 (i.e.	 average	 total	 number	 of	 EdU+ve	 cells	 counted	 Control	 =	 28.1	 ±	 3.2;	

average	total	number	of	EdU+ve	GFAP+ve	=	14.78	±		1.89).	 	Following	GMH	whilst	

the	number	of	EdU+ve	/	GFAP+ve	cells	increases	(as	shown	above)	the	proportion	

of	 EdU+ve	which	 express	 EdU	 remains	 remarkably	 stable	 at	 48.8%	 (i.e.	 average	

total	number	of	EdU+ve	cells	counted	GMH	=	47.36	±	5.98;	average	total	number	

of	EdU+ve	GFAP+ve	=	23.58	±		3.56).			
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Figure	4-27	GMH	increases	the	number	of	EdU+ve	GFAP+ve	cells	within	the	corpus	callosum	
(analysis	at	P4	following	a	three	day	pulse	chase	P1-P4)	

A Sagittal schematic showing the placement of the high power counting fields Area 1 is 
placed rostral to a line drawn perpendicular to the anterior border of the hippocampus Area 3 
is placed at the genu of the corpus callosum and Area 2 is placed at the midpoint of Area 1&3 
(for more details see previous section) B Confocal images taken from a sagittal section 
highlighting the GFAP+ve radial fibres emanating from the SVZ through the corpus callosum 
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and into the cortex (i) X20 magnification (ii) X40 magnification: Blue-DAPI, Green-GFAP, 
Red-EdU C Composite z-stack image taken through the ventral transcallosal pathway – 
EdU+ve cells are seen to colocalise with GFAP (red arrow heads) whilst other cells are seen to 
be EdU+ve GFAP-ve (white arrow heads) D Representative high power fields taken from 
confocal tile scan images (x40 oil) Area 1 (i-ii & vii-viii) Area 2 (iii-iv & ix-x) and Area 3 
(v-vi & xi-xii) as described above (i-vi) Control (vii-xii) GMH – (i,iii,v & vii,ix,xi) show 
single channel DAPI images used to demonstrate the anatomy of the transcallosal pathway. 
Using the DAPI channel the transcallosal pathway can be divided into different regions as 
shown in (i) i.e. Cortex, Subcortical White Matter (SCWM) & Corpus Callosum (CC) 
(described in more detail in the previous section) (ii,iv,vi & vii,x,xii) merged images Green-
EdU Red-GFAP – the increase in the number of EdU+ve cells is clearly seen within the corpus 
callosum and similarly the increase in GFAP is also evident. 

 

 
Figure	4-28	GMH	increases	the	number	of	EdU+ve	GFAP+ve	cells	within	the	Corpus	Callosum	
(analysis	at	P4	following	a	three	day	pulse	chase	P1-P4)	
Quantification of the number of cells colocalising EdU & GFAP within the corpus callosum revealed 
that GMH causes a significant increase in the number of EdU+ve GFAP+ve cells, a similar rise is seen in 
the EdU+ve GFAP-ve cell fraction but this just fails to show significance (p=0.06) 
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4.17.3 NG2 

NG2 or neural/glial antigen 2 is a cytoplasmic molecule commonly recognised as a 

marker of oligodendrocytic lineage (although it has also been suggested to be a 

marker of neuronal lineage(46)). Oligodendrocyte progenitor cells (generally referred 

to as OPCs) are NG2-expressing proliferating cells distributed throughout the brain 
(163). Labeling of neonatal RG on the lateral ventricular wall results in labeled 

oligodendrocytes that migrate into the corpus callosum and other white matter tracts 
(163). Cells positive for NG2 are thought to play a role as early responders to injury and 

have been seen to migrate to sites of injury, where it is postulated that they may play a 

role in gliosis following injury(200) . 

 

Similarly to GFAP, GMH causes a significant increase in NG2 expression throughout 

the transcallosal region (see Figure 4-29E). Quantification of colocalisation shows 

that GMH leads to a significant increase in the number of EdU+ve NG2+ve cells within 

the ventral margin of the transcallosal pathway (Control 15.1 ± 2, GMH 22.4 ± 1.3 

p**=0.006). A significant increase is also seen in the EdU+ve NG2-ve population 

(Control 13.04 ± 2.38, GMH 21.22 ± 2.61 *p=0.03). Analysis at the genu of the 

transcallosal pathway again revealed no significant impact of GMH (see Figure 

4-29D). 

 

Again it is interesting to note that in the control setting 53.8% of the EdU+ve cells 

within the corpus callosum coexpress NG2 and this ratio is roughly maintained 

following GMH with 51.5% of the EdU+ve cells expressing NG2. 
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Figure	 4-29	 GMH	 increases	 the	 number	 of	 EdU+ve	NG2+ve	 cells	 within	 Corpus	 Callosum	
(analysis	at	P4	following	a	three	day	pulse	chase	P1-P4)	
A Sagittal schematic showing the placement of the high power counting fields Area 1 is placed rostral 
to a line drawn perpendicular to the anterior border of the hippocampus Area 3 is placed at the genu of 
the corpus callosum and Area 2 is placed at the midpoint of Area 1&3 (for more details see previous 
section) B Composite z-stack image taken through the ventral transcallosal pathway – EdU+ve cells are 
seen to colocalise with NG2 (white arrow heads) C Graph showing the results of quantification of cell 
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number within the corpus callosum, GMH is seen to cause a significant increase in both the number of 
EdU+ve cells, the number of EdU+ve NG2+ve cells and also the number of EdU+ve NG2-ve cells. D 
Representative high power fields taken from confocal tile scan images (x40 oil) Area 1 (i-ii & vii-viii) 
Area 2 (iii-iv & ix-x) and Area 3 (v-vi & xi-xii) acquired as described above (i-vi) Control (vii-xii) 
GMH (i,iii,v & vii,ix,xi) show single channel DAPI images used to demonstrate the anatomy of the 
transcallosal pathway. Using the DAPI channel the transcallosal pathway can be divided into different 
regions as shown in (i) i.e. cortex, Subcortical White Matter (SCWM) and Corpus Callosum (CC) 
(described in more detail in the previous section) (ii,iv,vi & vii,x,xii) merged images Green-EdU Red-
NG2 – the increase in the number of EdU+ve cells is clearly seen within the Corpus Callosum and 
similarly the increase in NG2 is also evident. 
 

4.17.4 DCX  

Doublecortin is a cytoplasmic protein that is associated with the growth cone of 

young neurones, as such it is commonly used as a marker of neurogenesis.  

 

In comparison to GFAP and NG2 low numbers of DCX expressing cells were 

detected in the Corpus Callosum, this is in keeping with the presumption that this 

migratory pathway is predominantly glial in nature(168) (see Figure 4-30A&B). 

 

In the control setting we see 7.44 ± 1.31 DCX+ve EdU+ve cells in the CC and following 

GMH this increases marginally to 9.93 ± 1.13 however this increase is not significant 

(see Figure 4-30C). In comparison we see a marked increase in the number of EdU+ve 

DCX-ve cells (Control 17.17 ± 2.43, GMH 27.69 ± 1.65 **p=0.002 (t-test) (n=6 in all 

groups)).   
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Figure	 4-30	 GMH	 does	 not	 significantly	 impact	 on	 the	 number	 of	 EdU+ve	 DCX+ve	 cells	
counted	within	the	transcallosal	pathway	(analysis	at	P4	following	a	three	day	pulse	chase	
P1-P4)	

A x40 Oil Confocal image Blue DAPI, Green EdU Red DCX – an EdU+ve DCX+ve cell is 
highlighted (white arrow head) and shown in B High power image using a z-stack 
reconstructed image which clearly demonstrates colocalisation (white arrow head) in addition 
to numerous DCX+ve EdU-ve (yellow arrow head) C Graph showing the results of 
quantification of DCX expression in the CC  
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4.18 Results – GMH may impact on migration of postnatally 

developed cells out of the SVZ 

Asymmetric cell division in the SVZ produces migratory neuroblasts and transient 

amplifying cells that migrate out of the SVZ to populate the olfactory bulb via the 

RMS and the cortex and other brain regions by means of transcallosal and transstriatal 

migration(168). If GMH/IVH damages the migratory pathways then it is plausible that 

there may be an apparent increase in the number of EdU+ve in the SVZ and Ventral 

CC due to a failure of migration away from these areas. Transgenic mice in which 

genes integral to postnatal migration away from the SVZ have been knocked out 

demonstrate a significant increase in the number of cells within the SVZ which 

display a ‘clumped’ appearance (David Rowitch personal communication). 

 

The finding of increased EdU+ve cells within the transcallosal pathway suggests that 

cells produced by the SVZ are migrating away from the immediate vicinity of the 

SVZ and entering the migratory pathways, however this could also be interpreted as 

representing a blockage further up the migration pathway i.e. a failure of cells to exit 

the migratory pathways causes to cells to ‘back up’ from their point of origin in the 

SVZ through the migratory pathway. Similarly a hypothetical failure in migration 

may be exacerbated by hydrocephalus, it is plausible that as the intraventricular 

pressure rises it may effectively close off the astroglial pathways.  

 

Various different methods could be envisaged to assess a possible reduction in 

migration out of the SVZ for example using transgenic reporter mice in combination 

with time lapse imaging of live slice in vivo preparations. Whilst I have invested time 

in learning both the method for whole mount preparation and time lapse imaging, 

optimising these techniques to assess the effect of GMH on migration out of the SVZ 

would require a significant time investment and it will constitute a future plan.  
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4.19 GMH impacts on early cortical development by 

reducing the number of oligodendroglial cells in the 

cortex 

The GM/SVZ is the primary source of astrocytic and oligodendrocytic precursors in 

the developing brain(163) and increasingly it is recognised to be a source of 

GABAergic interneurons(154). During the first weeks of postnatal development, cells 

at different stages of differentiation (i.e. from transient amplifying through to 

terminally differentiated cells) originating from the SVZ migrate through the brain 

parenchyma into the cortex and other brain regions. 

 

Given that we have shown that GMH causes phenotypic changes within the SVZ and 

the transcallosal pathway at an acute / immediate stage (P4), we resolved to determine 

how this might impact on early cortical development. To achieve this we analysed 

brain samples from P21 mice as this was felt to be representative of juvenile brain 

development. 

 

To quantify the effect of GMH on the cellular architecture we focused our analysis 

within the frontal neocortex and olfactory bulb. The rationale for this approach, being 

that these regions are thought to be the areas most populated by cells originating from 

the postnatal SVZ.  

 
Figure	 4-31	 Schematic	 demonstrating	 the	 region	 of	 quantification	 within	 the	 frontal	
neocortex	
Quantification within the P21 neocortex  
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4.20 Method 

Following IC blood injection on the day of birth pups underwent intraperitoneal 

injection of 12.5mg/kg EdU on day 5. 

 

Within the neocortex, the area for analysis was taken as the region rostral to a 

perpendicular line from the anterior border of the hippocampus and dorsal to the 

corpus callosum. The olfactory bulb was analysed from the point at which the rostral 

migratory stream splayed, three counting frames were taken from which 

quantification was undertaken (see Figure 4-32). 

 

Quantification was performed using confocal stereology, in brief, contours were 

drawn around the region of interest as discussed above and the optical fractionator 

probe was used to divide the frontal neocortex and olfactory bulb into equally sized 

counting frames. Analysis was then undertaken within a randomly generated subset of 

the fields to give an indication of the cellular architecture, all counts were normalised 

against the DAPI count. 3 specimens were analysed per mouse pup and all stainings 

and quantifications were performed simultaneously.  

 

In addition to EdU staining as previously described, two antibodies were used to 

determine the impact of neonatal GMH on early cortical architecture: Mouse anti-

Olig2 1:500 (Charles-Stiles Lab) and Mouse anti-NeuN 1:100 (Millipore™). 

4.21  Results – GMH at P0 does not impact on the number of 

EdU+ve cells within the Olfactory bulb at P21 

Intriguingly we found that GMH at P0 caused no significant change in the number of 

EdU+ve cells counted within the olfactory bulb at P21 (see Figure 4-32).  
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Figure	4-32	GMH	at	P0	does	not	impact	on	the	%	of	DAPI+ve	/	EdU+ve	cells	within	the	OB	at	
P21	(analysis	at	P21	following	a	fifteen	day	pulse	chase	P5-P21)	

A Sagittal P21 mouse brain samples - x40 Oil tile scan through the OB demonstrating the 
positioning of the counting frames B Example of high power fields extracted from the OB for 
quantification C Graph showing the result of quantification within the OB – no significant 
difference in EdU seen 
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4.22 Results – Overexpression of BMI1 causes significant 

changes in the cellular architecture of the neocortex at 

P21 and demonstrates a differential response to 

haemorrhage. 

4.22.1 Quantification of EdU+ve cells 

Whilst the result does not reach statistical significance at the p<0.05 level, 

quantification of EdU expression within the neocortex reveals that Bmi1 

overexpression in Nestin+ve cells is associated with a reduction in the percentage of 

DAPI+ve which express EdU (Control WT 3.11±0.48, Control DT 1.954±0.37 p=0.06). 

 

Following GMH in the WT setting we found a significant reduction in the percentage 

of DAPI+ve cells that are EdU+ve (Control 9.57 ± 0.79, GMH 6.8 ± 0.61 **p=0.006 

(N=3 both groups)). Post hoc analysis revealed that this change was seen throughout 

the cortex and was not limited to any specific layer. Contrary to the finding in the WT 

pups, GMH in DT pups does not cause a significant reduction in the percentage of 

DAPI+ve cells that express EdU (Control 10.55% ±	0.58 GMH 11.67% ±	0.8	p=0.25) 

4.22.2  Quantification of NeuN expression 

In the control setting BMI1 overexpression does not impact on the percentage of 

DAPI+ve cells which express NeuN (Control WT 61.5±2.05, Control DT 65.22±1.67).  

Similarly, no significant differences are seen in the percentage of DAPI+ve which 

colocalise EdU & NeuN (Control WT 0.88±0.21, Control DT 0.6±0.23) 

 

In the WT setting the percentage of DAPI+ve cells which express NeuN was seen to 

significantly increase following GMH from around 60% in the control setting to 

around 80% following GMH (control 61.5 ± 2.05, GMH 80.25 ± 1.22, 

p=<0.0001***). In concordance with the wild type pups, GMH in the double 

transgenic pups also causes a significant increase in the number of DAPI+ve cells 

which express NeuN (Control DT 65.22±1.67 GMH DT 70.87±1.13 **p=0.007). 
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GMH in the WT pups caused no significant change in the percentage of cells which 

express EdU&NeuN, conversely, in the DT pups GMH causes a significant reduction 

in the percentage of DAPI+ve cells that colocalise EdU & NeuN (Control DT 0.6±0.23, 

GMH DT 0.04±0.04 *p=0.02). 

4.22.3 Quantification of Olig2 expression 

In the control setting, we see that Bmi1 overexpression in Nestin+ve cells is associated 

with a significant decrease in the percentage of DAPI+ve cells which express the 

oligodendrocyte precursor marker Olig2 (Control WT 12.81±0.76, Control DT 

9.96±0.6 **p=0.004). However intriguingly, there is no difference in the percentage 

of DAPI+ve cells which colocalise EdU & Olig2 (Control WT 8.62±0.59, Control DT 

7.23±0.56). 

 

Following GMH in the WT setting the percentage of DAPI+ve cells that express Olig2 

was seen to significantly decrease following GMH (control 12.81 ± 0.75, GMH 9.6 ± 

0.6, p=0.001**). Conversely, GMH in the double-transgenic pups results in the 

opposite outcome i.e. Olig2 expression is seen to significantly increase following 

GMH (Control DT 9.96±0.6, GMH DT 13.34±1.44 *p=0.01). 

 

In the WT setting costaining with the oligodendrocyte marker Olig2 revealed that in 

the control setting around 9% of DAPI+ve cells colocalised EdU and Olig2 and this 

was seen to drop significantly to around 6% following GMH (control 8.62 ± 0.59, 

blood 6.04 ± 0.48, p=0.001**). In contrast to the WT pups, GMH in the DT pups does 

not cause a significant reduction in the percentage of DAPI+ve cells that colocalise 

EdU & Olig2. 
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Figure	 4-33	 Overexpression	 of	 BMI1	 and	 GMH	 impact	 on	 cortical	 architecture	 at	 P21	 –	
single	expression	(analysis	at	P21	following	a	fifteen	day	pulse	chase	P5-P21).	
A Overexpression of BMI1 in Nestin+ve cells is associated with a reduction in the number of EdU+ve 

cells counted within the neocortex at P21 (WT Control vs DT Control) – in the WT setting GMH is 
seen to reduce the number of EdU+ve cells counted in the neocortex, whilst in the DT setting no 
significant change is seen in the number of EdU+ve cells counted B Overexpression of BMI1 in 
Nestin+ve cells does not impact on NeuN expression in the frontal neocortex at P21 whilst GMH causes 
a significant increase in expression in both the WT and DT settings C Overexpression of BMI1 in 
Nestin+ve cells causes a significant reduction in the expression of the Oligodendrocyte marker Olig2 – 
In the WT setting we see that GMH causes a reduction in the expression of Olig2, converesly in the DT 
setting GMH causes an increase in Olig2 expression D Table summarising the impact of BMI1 
overexpression in Nestin+ve cells E Table summarising the impact of GMH in Wild Type (WT) and 
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Double Transgenic pups (DT) 
 

 
Figure	 4-34	 Overexpression	 of	 BMI1	 and	 GMH	 impact	 on	 cortical	 architecture	 at	 P21	 –	
Colocalisation	(analysis	at	P21	following	a	fifteen	day	pulse	chase	P5-P21).	
A Overexpression of BMI1 in Nestin+ve cells does not impact on the number of cells which coexpress 
NeuN & EdU (WT Control vs DT Control) – in the WT setting GMH does not impact on the number 
of cells which coexpress EdU and NeuN whilst in the D setting GMH causes a significant reduction in 
the number of cells which colocalise EdU & NeuN B Overexpression of BMI1 in Nestin+ve cells does 
not impact on the number of cells which coexpress Olig2 & EdU (WT Control vs DT Control) – in the 
WT setting GMH causes a significant reduction in the number of cells which colocalise EdU & Olig2, 
whilst in the DT setting, GMH does not impact on the number of cells which colocalise EdU and 
Olig2.  
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4.23 Discussion 

4.23.1 Overexpression of Bmi1 in Nestin+ve cells leads to a 

distinct phenotype in neonatal pups 
The finding of reduced weight gain in transgenic mice is not in itself uncommon(270), 

however the mechanism through which Bmi1 is impacting on weight acquisition is 

unclear. It is tempting to speculate that the increased activity levels seen in the DT 

pup may play a role in reducing weight gain (see next Chapter), however given that 

weight was low from birth and the pups were noticeably smaller than their litter mates 

from the outset, the failure in weight gain seems genetically determined rather than 

secondary to reduced oral intake as is the case in other transgenic models(270). 

 

Previous work in the lab has shown that the overall brain weight and size are reduced 

in DT despite the increased proliferation and self-renewal of NSPC (Yadirgi et al. 

2011). This was found to be due to increased apoptosis of committed progenitors 

during embryonic development, an event not detected during postnatal neurogenesis 

(Yadirgi et al. 2011). It would be interesting to test whether Bmi1 overexpression 

exerts a pro-apoptotic effect also in other progenitor cells during embryonic 

development, as this could explain the reduced body weight observed at birth and 

during early postnatal development.  

Changes in ependymal function may underlie ventriculomegaly 

Ventriculomegaly is seen in the absence of any change in the volume of the cortex or 

corpus callosum, this indicates that the ventriculomegaly seen represents a true 

enlargement of the ventricular volume rather than a secondary phenomenon 

secondary to cortical atrophy. This is an interesting finding which has also been 

reported in He et al(235) who found hydrocephalus in a similar transgenic mouse line 

(Nestin-Bmi1-GFP). Whilst alternative causes of ventriculomegaly will need to be 

explored, it is plausible that this finding indicates reduced structural integrity within 

the wall of the lateral ventricle.  

 

Ependymal cells lining the wall of the lateral ventricle have well-developed adherens 

junctions at the apical–lateral interface(271) which play an integral role in maintaining 
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structural integrity in the wall of the lateral ventricle. Failure of the junctions is 

associated with shedding of the ependyma and defects in ependymal adhesion and 

cilia function have been shown to cause hydrocephalus through several different 

mechanisms, one possibility being loss of patency of the cerebral aqueduct. (271). 

 

Disruption of the genes responsible for the proper functioning of the adherens 

junctions within the ependymal cells is associated with ventriculomegaly; for example 

the genes Numb and Numbl are required for the maintenance of cadherin-based 

adhesion and polarity of radial glia and ependyma(272 273). 

 

A clue to the cause of ventriculomegaly following Bmi1 overexpression may 

therefore lie in the preliminary and yet to be validated, hence not shown, finding of 

downregulation of Numb in the CD133+ve cells isolated from DT. CD133 is an antigen 

which has been shown to be expressed by the transitional cell group which line the 

ventricle at P4 i.e. the population of cells which is transitioning from primitive 

neuroepithelial cells to more specific cell types including ependymal cells and neural 

stem cells, as such analysis of RNA expression within this group is ideally placed to 

address this question.   

 

Numb is a key component of the Notch pathway and whilst complete knockout of 

Numb throughout embryological development is incompatible with life, using an 

inducible model of Numb downregulation Li et al(274) showed that disruption of Numb 

is sufficient to cause hydrocephalus a finding similarly reported by Kuo et al (273) and 

Rašin et al (272). The function of Numb in maintaining integrity within the ependymal 

wall is thought to be independent of its function with Notch with no rescue of the 

phenotype seen with NICD(273). 

Bmi1 overexpression has minimal impact at P4 but impacts on cortical 
architecture at P21 

At P4 we found a very similar phenotype in both the WT and DT pups, the only 

significant difference seen in the wall of the lateral ventricle and corpus callosum at 

P4 was the finding that the Bmi1 overexpressing pups express a higher proportion of 

EdU+ve GFAP+ve cells in comparison to control. In other words, if we consider all the 
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EdU+ve cells within the SVZ, in the DT pups a greater proportion of these cells 

colocalise with GFAP, this finding is agreement with Yadirgi et al(236) who reports 

similar findings at a later time point .  The significance of this finding is unclear but it 

raises the possibility that either the proportion of NSC, or the proportion of cells with 

a propensity for astroglial lineage, is increased in the SVZ of the DT pups.  

 

Given the subtlety of the differences seen at P4 we were pleasantly surprised to find 

that Bmi1 overexpression in Nestin+ve cells caused a significant reduction in the 

proportion of Olig2+ve cells within the neocortex at P21.This finding may be 

explained due a reduction in the number of oligodendrocytes produced by the 

postnatal SVZ or a skewing of cell fate away from the oligodendrocytic lineage. 

Alternatively an equal number of oligodendrocytes may be produced but they are 

either less able to integrate or more prone to die off. At present our experimental 

protocol does not allow to address this question, however given that the number of 

cells colocalising EdU and Olig2 is unaffected at P21 by Bmi overexpression, the 

possibility that Bmi1 overexpression affects the number of oligodendrocytes produced 

during this timeframe is unlikely.  

 

However, as the SVZ produces oligodendrocyte precursor cells predominantly in the 

early postnatal period with a lesser proportion in the final trimester, it seems likely 

that the impact of Bmi1 overexpression on Olig2 is occurring during this time 

window. We have not specifically addressed how Bmi1 overexpression impacts on 

Olig2 expression however this is an interesting and important question as it may be 

possible to further define at what time point this difference becomes apparent. For 

example to achieve this we could administer EdU at different time points through 

development (late embryonic through to early postnatal) and quantify colocalisation 

of EdU&Olig2 expression. Similarly quantification of Olig2 expression in the 

neocortex at different time points may be enlightening. 

 

The subtle nature of the differences seen in the wall of the SVZ at P4 suggest that 

Bmi1 overexpression may have more impact at a location other than the SVZ at P4, or 

alternatively its main influence may occur at a different time point within postnatal 

development. Given that Nestin+ve cells are found in various brain areas, including the 
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subgranular zone of the hippocampus, where postnatal neuro- and gliogenesis also 

occur, the possibility that Bmi1 overexpression impacts on alternative regions should 

also be further explored.  

BMI and oligodendrocyte fate 

The role of the PcG genes in controlling NSC behavior is well recognized however 

their role in defining cell fate is less clear. Modulation of polycomb function has been 

shown to influence oligodendrocyte fate. Sher et al showed that high levels of Ezh2 in 

differentiating NSCs appeared to be associated with an increase in oligodendrocytes 

and a reduction in astrocytes(275) similarly Hirabayashi et al (276) found that PcG-

mediated epigenetic mechanisms play a pivotal role in driving the transition from the 

neurogenic phase to the astrogenic phase in NPCs during the mouse neocortical 

development. 

4.23.2 GMH at P0 leads to a distinct phenotype at both P4 and P21 

with differential responses seen in WT vs DT pups 

Examination of the lateral ventricle and transcallosal pathway at P4 and the frontal 

neocortex at P21 following GMH at P0 has revealed a number of interesting findings: 

Activation of precocious proliferation 

GMH at P0 leads to a significant increase in the number of EdU+ve cells within the 

wall of the lateral ventricle and the body of the corpus callosum at P4, but then 

ultimately leads to a reduction in the number of EdU+ve cells in the frontal neocortex 

at P21, whilst not impacting on the number of EdU+ve cells within the OB. 

 

The finding of increased cell number in association with a reduced staining intensity 

is highly suggestive that GMH activates proliferation in the wall of the lateral 

ventricle, this hypothesis is further supported by the finding that the EdU+ve cells 

colocalise with markers of transient amplifying cells (i.e. MASH1, NG2 & GFAP). It 

is important to recognise that no single marker is specific for transient amplifying 

cells and whilst MASH1, NG2 and GFAP are recognised to identify transient 

amplifying cells they also bind to other cells with differentiated morphology for 

example GFAP will stain cells of astroglial lineage and NG2 has been shown to 

localise with pericytes as such whilst an increase in expression may be indicative of 
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an increase in the number of transient amplifying cells further identification of the cell 

population is needed to determine this finding definitively. 

 

It is interesting to note that if we look specifically at the group of cells which are 

EdU+ve, in both the control and GMH condition, the proportion of this group which 

colocalised with GFAP and NG2 remains relatively constant, this implies a global 

activation of the NSPC rather than a skewing of cell fate towards for example 

astrogliosis. 

 

It is plausible that this ‘end result’ could be achieved through either a recruitment of 

quiescent NSPC thus increasing the active NSPC pool, or alternatively through a 

stimulation of active NSPC increasing their activity. 

 

Recruitment of NSC: quiescent NSC are thought to reside in the SVZ and it is 

postulated that quiescence may be actively maintained(169). As such if GMH interferes 

with this control mechanism, then it is plausible that we see an increased number of 

EdU+ve cells within the SVZ due to the activation of normally quiescent NSC within 

the SVZ. Investigating this theory further is limited due to the difficulty in 

differentiating between activated and quiescent NSC in the wall of the lateral 

ventricle. Codega et al(169) recently showed that EGFR status of the prominin+ve cilium 

may indicate the degree of activity. It is possible that the whole mount approach 

employed by Fiona Doetsch’s group could be used to give an indication of NSC 

activation state following GMH. However given the sparcity of staining and the 

inevitable damage to the ventricular lining caused by GMH the validity of this 

approach remains to be elucidated. Further to this it still remains to be determined if 

‘activated’ and ‘quiescent’ NSC are actually different cell types or whether they 

represent different states of the same cell. 

 

Activation of NSC: it is plausible that IC blood injection does not increase the 

number of active cells rather it causes those cells which were already active, i.e. those 

cells which have already taken up EdU, to divide more prolifically thus increasing the 

number of EdU+ve cells through an increased number of cell divisions. If we assume 
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that the length of time taken for a cell to replicate is fixed then this would imply that 

GMH is reducing the resting phase of the cell cycle. 

 

Loss of the neural stem cell pool: it is known that NSC and to a lesser degree the 

transient amplifying cells can divide either symmetrically or asymmetrically if GMH 

skews NSC behaviour toward asymmetric cell division it is plausible that the 

production of rapidly proliferative transient amplifying cells could explain the 

increase in EdU+ve cells seen. An increase in asymmetric cell division both increases 

the number of transient amplifying cells and reduces the number of neural stem cells 

in the wall of the lateral ventricle if this loss in NSC number is not recovered it could 

imply a loss of NSC potential in the developing brain.  

 

Whilst considering how the SVZ responds to injury it is critical to bear in mind that 

the brain of the premature neonate is still developing, i.e. the strict spatial and 

temporal control of NSPC behaviour is still active, as such in addition to response to 

injury the loss of potential should also be considered. For example the same injury 

(i.e. ischaemia / haemorrhage) occurring within the adult may elicit proliferation in 

the wall of the lateral ventricle but given that the cortical architecture is laid down it is 

possible that the ensuing impact of this activation is limited in comparison to the same 

lesion within the developing brain.  

 

Given that we see a significant burst in precocious proliferation it is intriguing to 

speculate what ultimately happens to these cells, we assume, given that we see a 

reduction in EdU+ve cells within the frontal neocortex that these cells fail to 

successfully integrate and are presumably broken down and removed. Determining 

exactly what becomes of these cells could potentially be important as improving their 

longevity or functional integration may impact on outcome. 

Differential response of the CC 

It is interesting to note that the genu of the corpus callosum behaves in a different 

manner to the body of the corpus callosum, in the latter we see morphological 

changes and a significant increase in the number of transient amplifying cells, whilst 

in the former we see no morphological change and a reduction in the number of 
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transient amplifying cells. The reason for this difference is unclear but could be 

explained by the configuration of the migratory pathways out of the SVZ following 

injury. For example if we assume that GMH elicits a proliferative response 

throughout the SVZ (i.e. Area 1,2 & 3 equally) and following this the cells migrate 

posteriorly through the subcallosal and transcallosal pathways, then as time 

progresses this could explain the accumulation of cells in the posterior transcallosal 

pathway, it is plausible that as the time from injury increases and the cells produced 

during the burst of precocious proliferation migrate away from the SVZ that we may 

also see reductions in the body of CC (i.e. mid body first then caudal). It is also 

feasible that the genu of the CC contains cell types that react differently to 

haemorrhage compared with the rest of the CC. 

Changes seen in the Cortex but not the Olfactory Bulb 

It is very interesting to note that whilst profound changes are detected within the 

architecture of the frontal neocortex, we did not detect similar changes in the 

olfactory bulb. It is possible that this is due to the length of the ‘pulse chase’ 

following EdU administration i.e. 15 days may not be sufficient time for cells 

generated in the SVZ to transverse the RMS and integrate within the OB (Lucho 

Fuentealba personal communication), a longer pulse chase for example around 40 

days may have highlighted differences within the OB (this will constitute a future 

plan). If we assume that this is correct i.e. we didn’t see any change in the OB 

because P21 was too early, then this implicates that postnatal cell migration into the 

cortex occurs more quickly than migration into the OB and in this short development 

window may provide a more accurate readout of the immediate impact of GMH on 

the developing brain.  

 

An alternative explanation for the differential impact seen within the cortex in 

comparison to the olfactory bulb, is that the neuronal precursor cells are not impacted 

to the same degree as the glial precursor cells. Cells migrating to the OB are 

overwhelmingly neuronal as such if the neuronal precursors are not impacted by 

haemorrhage then this could explain why we don’t detect any impact of GMH within 

the OB, in contrast cell migration into the Cortex is predominantly (although not 

exclusively) glial as such if GMH impacts predominantly on the glial precursors then 
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this could explain why we see profound changes within the cortex. It is plausible that 

this subtlety in the response of the SVZ to injury is only detectable using our model 

due to the comparatively moderate impact that it has on the SVZ, in comparison to 

models of global ischaemia and grade IV haemorrhage in which all cell types are 

affected.  

 

Analysis of the Rostral Migratory Stream – to investigate whether the assumption that 

the reason we did not detect any difference in NeuN staining in the olfactory bulb at 

P21 (following a 15 day pulse chase) was due to the transit time from the SVZ via the 

RMS to the OB, a robust method would be to quantify Dcx staining in the rostral 

migratory stream. Optimisation will be needed to determine the most robust way to 

undertake this i.e. on coronal or sagittally orientated samples and where in the course 

of the RMS to quantify in order to ensure replicability between samples. Analysis of 

the RMS and the astrocytic tunnel will therefore constitute a future plan. 

 

Inflammatory response to GMH 

The inflammatory response seen within the SVZ is increasingly recognised as key to 

outcome following premature birth as such it is encouraging to see that our model 

elicits an inflammatory response in the wall of the lateral ventricle, further validating 

the physiological nature of this model and potentially facilitating its application to 

other avenues of research for example can modulation of the inflammatory response 

improve outcome at P21. 

Changes in cortical architecture at P21 

At P21 we see profound changes in the cortical architecture secondary to GMH at P0, 

the proportion of cells expressing NeuN is seen to significantly increase whilst the 

proportion expressing Olig2 significantly decreases. This suggests that GMH has a 

differential impact on the different cell populations. It is possible that GMH is directly 

toxic to the oligodendrocyte precursors leading to a reduction in their prevalence, 

alternatively it is possible that the burst of precocious proliferation seen at P4 

diminishes the oligodendrocyte producing potential of the SVZ, i.e. GMH causes 

precocious proliferation in the wall of the lateral ventricle, which in turn impacts on 

the temporal production of oligodendrocytes, such that the glut of prematurely 
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developed oligodendrocytes are unable to integrate into established circuits and are 

ultimately broken down.  

 

Alternatively GMH may skew the potential of the NSC within the SVZ to a proneural 

fate thus increasing neurone production at the expense of oligodendrocyte production. 

It is interesting to note the significant increase in the number of MASH1+ve cells 

within the wall of the lateral ventricle following GMH, it is also important to 

recognise that a significant proportion of the MASH1+ve cells were EdU-ve, this 

finding indicates that this population of transient amplifying cells have been generated 

by progenitors which did not take up EdU i.e. the progenitors were quiescent at the 

time of EdU administration and became activate outside the time window during 

which EdU was in circulation. It is possible therefore that we do not detect an 

increase in DCX+ve / EdU+ve cells within the transcallosal pathway at P4 as this time 

point is too early following injury. It is plausible that GMH causes an early glial 

response within the SVZ which is replaced by a proneural shift over time, resulting in 

an increase in the proportion of cells with neuronal fate.  

 

The fact that we see significant changes in both the Olig2+ve/EdU+ve and also the 

Olig2+ve/EdU-ve cell populations implies that GMH does not just impact on the 

oligodendrocytes which are derived during the period in which EdU is present rather 

it is having an impact on the oligodendrocyte population as a whole. Defining this 

impact further could be undertaken by administering thymidine analogues at different 

stages of development, for example BrdU could be given in utero (via maternal 

administration), EdU could be given at P1 and IdU (or an alternative thymidine 

analogue) could be given around day 10, costaining with Olig2 could then reveal 

which population of Olig2+ve cells is most impacted following GMH. 

 

It is also important to recognise that at P21 we also see a significant reduction in the 

proportion of cells which are EdU+ve / Olig2-ve. This finding implies that in addition to 

the Olig2+ve cells, another cell population is also impacted by GMH and contributes to 

the decrease seen in the number of EdU+ve cells. The fact that no reduction is seen in 

NeuN+ve / EdU+ve cells suggests that glial populations may account for this decrease. 

Determining what cells constitute this EdU+ve / Olig2-ve is a key future research goal 
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and will constitute a future plan. For example it will be important to study the impact 

of GHM on oligodendrocytes at other stages in the maturation cycle and also the 

impact on the astrocytic population for example using an astrocytic marker such as 

Anti-aldolase C, or alternatively applying the mouse model to transgenic reporter 

mice, for example AldoAC-GFP (collaboration with David Rowitch) may highlight 

the impact of GMH of the astrocytic population. 

4.23.3 Association between GMH and models of ischaemia 

Following premature birth, ischaemia and haemorrhage often occur synchronously 

and the finding of activation within the wall of the lateral ventricle following 

GMH/IVH is in agreement with work done using an ischaemic model of premature 

birth(131). It is interesting that an ischaemic lesion within the cortex i.e. a lesion distant 

from the SVZ and a lesion within the SVZ both result in activation of the NSPC. It 

remains to be seen if both mechanisms i.e. ischaemia and haemorrhage are activating 

the same pathway. Similarly the timing of the response needs to be considered, in the 

ischaemic model the response is delayed where as in the haemorrhage model the 

response is much quicker. 

 

It is also worth noting that activation of the SVZ in order to produce repair or in 

response to a cortical injury is conceptually different from an activation of this 

‘repair’ mechanism secondary to GMH / IVH i.e. in the former state there is a discrete 

cortical lesion, as such the ‘repair’ machinery is set into action and cells are produced 

which aim to instigate repair (the effectiveness of this process not-withstanding) 

however in the GMH model there is no specific cortical lesion which needs repair, 

rather the machinery has been triggered into action yet the role of the cells produced 

do not appear to have a specific destination or role. 

4.23.4 Damage to the ependymal lining 

The ependymal lining of the ventricle is undergoing a critical period of maturation 

during the first days of life(271) it is plausible that damage to this process of maturation 

may impact on the NSPC due to a lack of lateral inhibition usually exhibited by the 

ependymal cells. It has also been shown that the ependymal cells react to injury by 

expressing GFAP and can adopt a radial glia morphology(206) as such it is possible 
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that injury to the ependymal cells both increases proliferation of the NSPC due to a 

loss of local control and also increases the stem cell pool due to dedifferentiation of 

the ependymal cells into NSC. 

4.23.1 Impact of Bmi1 overexpression on the reaction to 

haemorrhage. 
Surprisingly we see that weight in the DT blood injected pups is actually higher than 

that seen in the control / non-injected DT pups. It would seem implausible that GMH 

could lead to an increase in pup weight, as such we hypothesise that this difference 

may be due to the relatively high morbidity seen in the DT pups following GMH. 

Albeit this being an interesting observation by itself, it may have selected for DT pups 

which were ‘stronger’ than average, i.e. only those DT pups which were larger were 

able to survive the haemorrhage. 

 

Analysis of the SVZ at P4 reveals that the DT pups react to haemorrhage in a very 

similar manner to the wild type pups with very comparable results seen in the number 

of EdU+ve and GFAP+ve cells. Given that the SVZ of the DT pups has a higher 

proportion of EdU+ve/GFAP+ve in comparison to the wild type (as discussed above) it 

is interesting that the same changes are seen in the SVZ secondary to GMH i.e. the 

SVZ of the DT pup has a slightly different starting position but exhibits a similar 

response to haemorrhage. 

 

The data from the thresholding experiment also tally with those seen in the wild type, 

in that a similar significant drop in the proportion of label retaining / high signal 

intensity cells is seen, which suggests a similar activation process as that seen in the 

wild type. Interestingly however, while in the WT we see an increase in the 

percentage of moderate staining intensity cells i.e. 10-20 pixel units, in the DT it is 

the proportion of cells with a low 0-10 pixel units staining intensity which is 

increased. Although speculative, these findings may suggest either a higher degree of 

proliferation of SVZ progenitors in the DT upon blood injection, or a skewing of the 

differentiation process toward specific cellular lineages.  
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Whilst it is important to recognize that the number of cells expressing Olig2 in the 

neocortex of the DT pups is significantly reduced compared to wild type, it is very 

interesting to note that GMH in the DT pups does not result in a reduction of Olig2+ve 

cells, in fact it leads to the opposite with a significant increase in the number of 

Olig2+ve cells. This is an extremely provocative result, which certainly suggests that 

the DT pup reacts to haemorrhage in a different way to the WT. This result may also 

indicate that a different cell population is affected by haemorrhage i.e. if the 

proportion of DAPI+ve cells expressing NeuN and Olig2 are both increased then it 

stands to reason that a third population of cells must account for the difference seen 

(see Figure 4-35). 

 
Figure	4-35	Chart	showing	the	theoretical	cell	types	in	the	P21	Neocortex	(analysis	at	P21	
following	a	fifteen	day	pulse	chase	P5-P21).	
Given that GMH significantly increases the proportion of NeuN+ve  cells in the Neocortex it remains to 
be determined which ‘other’ cell group is accounting for the differences seen. This question is even 
more pertinent in the DT pups which show an increase in both the NeuN+ve and the Olig2+ve  
populations. 
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5 CHAPTER 5: GMH / IVH causes a down 

regulation of Notch2 in CD133+ve cells. 

5.1 Introduction 

We have shown that GMH/IVH causes an activation of precocious proliferation 

within the wall of the lateral ventricle. Given this exciting result we were intrigued as 

to how GMH might affect the NSPC at a molecular level and further whether this 

affect might account for the changes in cell proliferation seen following GMH/IVH. 

 

To investigate this possibility further we employed a CD133 MACS sorting protocol 

to purify the NSPC from the SVZ of P4 mouse pups. CD133 was chosen as the 

optimal marker due to its high level of expression in the NSPC of the early postnatal 

SVZ.  

 

Analysis of the RNA extracted from the CD133+ve fraction revealed eight genes that 

had significantly different expression profiles following GMH, seven genes were 

downregulated and one was upregulated. Given the integral role that the 

transmembrane receptor Notch plays in regulating cell proliferation we were 

extremely interested to find that GMH downregulates Notch2 >25 fold following 

GMH. To validate this finding we performed in-situ-hybridisation using a Hes5 probe 

(downstream marker of Notch), which qualitatively confirmed reduced expression in 

the anterior SVZ following GMH. 
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5.2 Purification of neural stem progenitor cells from the 

wall of the lateral ventricle  

The aim of cell purification is to isolate the specific cell type required, at high 

concentration, with both minimal loss of the cell type in question and minimal 

contamination with cell types other than that which is being sought. It is also 

important that the cell is in as unadulterated form as possible such that its 

characteristics are as closely resembling the in-vivo situation as possible. 

 

Separating / purifying cells is essentially a matter of recognising what is unique about 

the cell under investigation and using this novelty to select for this cell type. In the 

main, the two characteristics most widely exploited for cell purification are cell 

surface proteins i.e. immunolabelling and genetic expression i.e. targeting gene 

sequences within specific cells. These identifying characteristics may be used either 

in isolation or increasingly in combination. 

5.3 Cell purification using immunolabelling 

The mainstay for cell purification is using immunolabelling to surface antigens.  The 

immunolabel can either be tagged with fluorescence or magnetically labelled allowing 

it to be identified through either Fluorescence Activated Cell Sorting (FACS) or 

Magnetic Activated Cell Sorting (MACS) respectively.  

 

Whilst this is undoubtedly an important and powerful technique, the quality of the cell 

purification is highly dependent on the quality and specificity of the surface protein to 

cell in question, as such when deciding on which marker to use certain key factors 

need to be considered: 

 

1. Understanding what antigenic expression characteristics of the required cell 

type are novel and just how novel those features really are. If the required cell 

type is rare then it is possible that other cells that also express the marker 

could mask cell type under investigation.  
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2. The timing of cell surface antigen expression is critical with many 

demonstrating changes throughout development with characteristics in the 

neonatal period which differ greatly from those seen in adult life (277) 

3. How static the marker is i.e. whether the marker fluctuates dependent on the 

cell cycle.  

4. An important consideration with all cell purification techniques that rely on 

homogenisation and enzymatic breakdown of solid tissue is that the enzyme 

used may interact with the cell surface antigens. There is evidence that 

different results can be obtained using different digestions (278).  

5. Both FACS and MACS are limited due to the risk of false positives, largely 

due to cell-cell adhesion, and false negatives. The interpretation of FACS 

results should also be considered due to significant variability in the way the 

technique is performed(279) in this regard MACS sorting is a much more easily 

reproduced technique which arguably maintains the cell in a more 

unadulterated form as compared with FACS sorting. 

5.4 Identification of neural stem cells in the wall of the 

lateral ventricle of the Neonatal Mouse Pup 

5.4.1 Markers of neural stem cells 

The difficulties in defining which cell populations have NSPC properties has been 

contentious with evidence presented that in addition to the type B radial glial cells 

within the wall of the lateral ventricle, the ependymal cells lining the lateral ventricle 

may display NSPC properties. For example several papers have resurrected the idea 

that multiciliated ependymal cells are stem cells, based on the claim that CD133 and 

FoxJ1 are exclusively expressed by ependymal cells and can be used to purify 

them(280-282). 

 

Different antigens associated to the NSC phenotype include: Nestin (283), Mushashi 
(284), vimentin, SOX2 (285), Sox1 (286) GLAST and GFAP, but other CNS cell types 

also express these, moreover many of these markers are intracellular limiting their 

usefulness for stem cell enrichment (287 288).  
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Cell surface marker expression has been described for the identification and isolation 

of many neural cell types by FACS from embryonic and adult tissue from multiple 

species (289). Using FACS Capela et al (288) demonstrated that the carbohydrate moiety 

CD15, also known as stage-specific embryonic antigen-1 or LeX, can be used to 

isolate NSC and radial glia from the subventricular zone (SVZ) in mice (289 290) further 

they also suggested that negative cell sorting could be used to distinguish ependymal 

cells (i.e. ependymal cells were CD15-ve ) from the neural stem cells. They showed 

that the CD15-ve fraction did not elicit neurospere formation and hence argued that the 

ependymal cells were not pluripotent as previously suggested by Johannsen at al  (291). 

 

This work was built upon by Corti et al (292) who demonstrated that CD15 expression 

could be used in combination with CD184, a G protein-coupled receptor (CXCR4 

chemokine receptor type 4) to isolate NSC from mouse embryonic forebrain and adult 

SVZ. They found that this population of cells exhibited widespread migratory 

properties in addition to neural stem cell characteristics of self-renewal and 

multipotentiality, an advance which they suggest may be beneficial for stem cell 

transplantation.  

 

Further work by Rietze et al (293) found that Nestin+ve cells with a size of less than 

12µm expressing low levels of PNA binding (Peanut agglutinin) and CD24 (aka 

HSA- heat stable antigen) exhibited neural stem cell characteristics and could be 

successfully transplanted in vivo  (294). 

 

Maric et al 2003 (295) developed a novel multiepitope surface-staining strategy in 

conjunction with fluorescence activated cell sorting to directly isolate neural 

precursors by negative selection and progenitors by positive selection from the 

neuroepithelium of the embryonic rat telencephalon. Similarly, Β1 integrin was used 

to isolate NSC from neonatal mice and rats (296). 

 

The glycoprotein CD133 is a known stem/progenitor cell marker in many tissues and 

has been used to isolate NSC from human brain (296) (297-299) see later. 
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More recently Silva-Vargas et al(300) from the Doetsch group, purified quiescent 

(qNSC) and activated NSCs (aNSC) from the wall of the lateral ventricle using 

multiple rounds of positive and negative FACS sorting from cells extracted from 

GFAP::GFP transgenic animals: (qNSCs; GFAP::GFP+ve CD133+ve EGFR-ve CD24-ve), 

(aNSCs, GFAP::GFP+ve CD133+ve EGFR+ve CD24-ve). A technique based on the work 

of Codega et al(169) and Pastrana et al(301).  

 

For a full review of markers used to purify neural stem cells from the adult brain 

please refer to Pastrana et al 2011 (282). 

5.4.2 Cell purification using genetic techniques 

The two most widely used gene modulation techniques for cell purification are to 

induce expression of sortable markers or to confer resistance to selection agents (302). 

Various methods have been developed to introduce the desired selection sequence 

including: viral infection, transposase recombination, homologous recombination, 

zinc finger recombination.  

 

For example neural stem cells and neural progenitors have been isolated from human 

brain using genetic promoter-reporters of neural stem cell markers; Roy et al (303) 

transfected cell dissociates from the dentate gyrus with DNA encoding hGFP under 

the control of either the nestin enhancer (E/nestin) or the Tα1 tubulin promoter 

(P/Tα1) and in so doing were able to FACS sort GFP+ve cells and demonstrate 

isolation of mitotically active neuronal precursors. Similarly Keyoung et al (304) used 

GFP labelled retroviruses under the control of the enhancer/promoters for two genes 

(nestin and musashi1) that are expressed in uncommitted neuroepithelial cells.  This 

technique allowed neural stem cells to be specifically targeted, isolated, and 

substantially enriched from the fetal human brain. Whilst this is an important advance 

the need for transfection procedures often with viral vectors hampers this approach 
(287). 

 

An alternative approach is to induce endogenous expression of a sortable marker. For 

example using Cre-LoxP recombination fluorescence can be induced under the 

control key genes expressed in NSC (such as Nestin, hGFAP etc as discussed above). 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 221 

To prevent dilution of the signal into the progeny of the NSC (as would be the case in 

a constitutive model, i.e. fluorescence was expressed throughout fetal development) 

an inducible model can be used such as Tomato:hGFAP:CreER. Tamoxifen can be 

given on the day prior to tissue / cell preparation, results in RFP expression in the 

NSC with minimal dilution of the signal through excessive differentiation / 

proliferation (Obernier personal communication). 

5.4.3 The role of Neurosphere formation in cell purification 

Prior to the discovery of cell surface antigens (as discussed above) most in vitro 

studies of neural stem cells involved retrospective analyses of heterogeneous 

populations of neuroepithelial or germinal zone cells, which were derived from the 

CNS and then cultured under selective growth conditions. 

 

In vivo analysis of transplanted cultured rodent cells shows engraftment, migration, 

and site-specific multilineage differentiation in mice and rats (299). 

 

When cultured in free-floating media, cells which have stem cell properties ie Neural 

Stem Cells, will form spherical clusters of cells known as Neurospheres. This finding 

can be exploited for cell purification. 

 

To select those cells that have neural stem characteristics from the Neurosphere, a 

process known as passaging is employed. Essentially the Neurosphere is dissociated 

into a single cell suspension and recultured in free floating medium those cells which 

go on to form neurospheres can then by selected until a pure population of NSC is 

obtained. 

 

When using neurosphere formation to isolate neural stem cells, it is important to 

consider the potential for adulteration of the genetic signature associated with cell 

passaging. As is the case for any other cell, culturing neural stem cells changes their 

properties, so one cannot assume that studies of gene expression or cell fate on 

cultured cells necessarily implies similar mechanisms in vivo (282 305). For example 

studies in which stem cells have been cultured from the spinal cord highlight that 

whilst certain gene signatures remain intact others are lost (in this case dorsal and 
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ventral cord discriminators)(305). It has also been demonstrated that, at least under 

some conditions, cultured neural stem cells will transform in to tumor-like cells. 

 

These cultured stem cell populations have thereby been exposed from inception not 

only to mitogens, but also to paracrine agents elicited from cocultured, concurrently 

stimulated neurons and glia. As a result, they may not reflect either the lineage 

potential or differentiation competence of the native neuroepithelial progenitor cells 

from which they derive (304). 

5.4.4 Other methods used for cell purification 

Other techniques used for cell purification include: Density Purification, separating 

homogenous cells based on cell size and density, Laser Capture Mediated 

Purification, essentially identifying the cell type of interest using 

immunohistochemistry and then ‘cutting out’ the desired cell using a laser microscope 

such that the cell of interest can then be further analysed, and side population (SP) 

discrimination assay, based on the differential potential of cells to efflux the Hoechst 

dye via the ATP-binding cassette (ABC) family of transporter proteins expressed 

within the cell membrane. Although SPs are clearly enriched in stem cells, several 

reports caution that dye efflux is not a common property of all stem cell populations 
(305). Moreover, the SP phenomenon is not restricted to the stem cell phenotype 

because it has also been described in certain differentiated cells in adult tissues (305). 

5.5 CD133 as a marker of NSC 

CD133 or Prominin is a five-transmembrane glycoprotein that was originally 

identified in mouse neuroepithelial stem cells (306). The word Prominin is derived from 

the Latin word “prominere,” to stand out, to be prominent and is associated with the 

finding that is was distributed amongst the microvilli and plasma membrane 

intrusions (287) In humans, this protein was originally identified as an antigenic marker 

expressed on hematopoietic stem cells and referred to as CD133 antigen (307).  

 

The role of CD133 as a marker of NSC was first suggested by Uchida et al (299) who 

showed that CD133 FACS sorting identified a cell population which was able to self 

renew, showed significant expansion in Neurosphere culture and was able to 
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differentiate in vitro to neurons and glial cells. Further to this they showed that 

transplantation of CD133 sorted and neurosphere-expanded cells into the lateral 

ventricles of newborn non-obese diabetic–severe combined immunodeficient (NOD-

SCID) mouse brains resulted in specific engraftment in numerous sites of the brain 

and demonstrated continued self-renewal, migration, and neural differentiation for at 

least 7 months. 

 

A large number of studies have followed which have reinforced the specificity of 

CD133 in defining a cell population with NSC characteristics; for example Schwartz 

et al 2003 (298) demonstrated that CD133 could be used to extract cells with NSC 

properties from autopsy material from premature human neonates, whilst Corti et al 
(287) demonstrated that the CD133 antigen could be used to characterise a cell 

population capable of generating neurospheres and differentiating into the three 

neuroectodermal lineages and that transplantation of the CD133 cell fraction into 

mouse brain results in efficient cell engraftment into the host tissue and differentiation 

into neurons. Singh et al 2004 (308) demonstrated the expression of CD133 in Cancer 

Stem Cells within glioblastoma multiforme and showed that small quantities (<100 

cells) of CD133+ve putative GBM stem cells were capable of initiating GBM 

formation in xenografts. Further work has shown that expression of CD133 (within 

the GBM) negatively correlates with outcome, with high CD133 expression 

associated with a poor prognosis (297). However, it is unclear whether glioma cells in 

vivo have multilineage potential and similarly xenotransplantation in mice may 

favour propagation of the CD133+ cells (297).  

5.6 CD133 as a marker of a transitional cell type in the 

early developing brain 

In the first days of postnatal life the wall of the lateral ventricle undergoes rapid 

development from the neuroepithelial cells which line the neural tube to distinct cell 

populations, including ependymal cells and NSC , that we see from early postnatal 

life. CD133 is expressed in both cell groups i.e. the ependymal and radial glial cells, 

and is expressed at high levels in the VZ/SVZ of the developing brain. As such it has 
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been proposed that CD133 may be a marker of a transitional cell type from 

neuroepithelial cell to more differentiated cell types (277).  

5.7 Methods 

In brief; at P4, 3 control vs 3 blood injected whole brains were removed and divided 

in the midsagittal plane. The blood injected hemisphere and the corresponding 

hemisphere of the control pups were used for further analysis. Coronal cuts were 

made anteriorly to remove the olfactory bulbs and posteriorly at the level of the 

hippocampus to remove the hippocampus and cerebellum. The remaining tissue was 

then mechanically and enzymatically homogenised using the Miltenyi Biotec™ Neural 

Tissue dissociation kit®. Standard protocols were followed however due to the small 

sample size wash volumes were reduced and all collections were made into 1ml 

eppendorf tubes.  

 

Homogenised samples were filtered through 30μm pre-separation filters (Miltenyi 

Biotec™), incubated with CD133 microbeads (Miltenyi Biotec™) and passed through 

the MACS® separation columns (Miltenyi Biotec™). 

 

RNA was extracted from the CD133+ve cell pellet using the RNeasy® kit supplied by 

Quiagen™, and the amplification of the extracted RNA was performed using the 

QuantiTect Whole Transcriptome Kit. Analysis of the amplified cDNA product was 

undertaken using the Mouse Stem Cell RT² Profiler™ (see Table 2) (Quiagen™ 

PAMM-405Z) this essentially consists of 84 genes that are known to play an 

important role in neural stem cell homeostasis. This part (from the extraction of the 

RNA to the analysis of the array results) was performed by a technician in the Marino 

Lab, Dr Xinyu Zhang. 
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Table	2:	Genes	analysed	using	using	the	Mouse	Stem	Cell	RT²	Profiler™	
Stem Cell Specific Markers 

Cell Cycle Regulators: 

Apc, Axin1, Ccna2, Ccnd1, Ccnd2, 

Ccne1, Cdk1, Cdc42, Ep300, Fgf1, 

Fgf2, Fgf3, Fgf4, Myc, Notch2, Pard6a, 

Rb1. 

Chromosome and Chromatin Modulators: 
Kat2a, Hdac1, Hdac2, Myst1, Myst2, 

Rb1, Tert. 

Genes Regulating Symmetric/Asymmetric 

Cell Division: 

Dhh, Notch1, Notch2, Numb, Pard6a. 

 

Self-Renewal Markers: 
Hspa9, Myst1, Myst2, Neurog2, Sox1, 

Sox2. 

Cytokines and Growth Factors: 

Bmp1, Bmp2, Bmp3, Cxcl12, Fgf1, 

Fgf2, Fgf3, Fgf4, Gdf2, Gdf3, Igf1, 

Jag1. 

Genes Regulating Cell-Cell 

Communication: 
Dhh, Dll1, Gja1, Gjb1, Jag1. 

Cell Adhesion Molecules: 
Acan (Agc1), Apc, Bglap, Cd4, Cd44, 

Cdh1, Cdh2, Ctnna1, Cxcl12, Ncam1. 

Metabolic Markers: Abcg2, Aldh1a1, Aldh2, Fgfr1. 

Stem Cell Differentiation Markers 

Embryonic Cell Lineage Markers: 
Actc1, Ascl2, Foxa2, Pdx1 (Ipf1), Isl1, 

Krt15, Msx1, Myod1, T. 

Hematopoietic Cell Lineage Markers: Cd19, Cd3d, Cd4, Cd8a, Cd8b1, Mme. 

Mesenchymal Cell Lineage Markers: 
Acan (Agc1), Bglap, Col1a1, Col2a1, 

Col9a1, Pparg. 

Neural Cell Lineage Markers: Cd44, Ncam1, Sigmar1, S100b, Tubb3. 

Signaling Pathways Important for Stem Cell Maintenance 

Notch Pathway: 

Dll1, Dll3, Dtx1, Dtx2, Dvl1, Ep300, 

Kat2a, Hdac1, Hdac2, Jag1, Notch1, 

Notch2, Numb. 

Wnt Pathway: 
Adar, Apc, Axin1, Btrc, Ccnd1, Frat1, 

Fzd1, Myc, Ppard, Wnt1. 

 

RNA in situ hybridisation (ISH) was used to validate targets of interest. It undertaken 

using standard protocols exploiting a Hes5 probe generated within the Kriegstein lab 

UCSF(309) (PCR amplified, Genbank D32132, nt318-1733)(310) This part of the 
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analysis was undertaken in collaboration with Steve Fancy Associate Professor 

UCSF.  

5.8 Results 

CD133 MACS sorting was undertaken from a single hemisphere of the P4 pup as 

such, given the relative scarcity of CD133+ve cells, the cell pellet extracted was small 

and consequently the amount of RNA extracted was similarly low (see Table 3) 

 
Table	 3:	 Concentration	 of	 RNA	 extracted	 (ng/ul)	 measured	 using	 NanoDrop®	
ThermoScientific™	from	the	CD133+vefraction	isolated	from	the	wall	of	the	lateral	ventricle	
–	5	Control	and	5	GMH	samples	

 Concentration of RNA extracted (ng/ul) from CD133+ve cell pellet 

Control 6.5 3.2 3.1 6.5 5.3 

GMH 2.6 1.5 2.3 2.6 9.5 

 

Following amplification and qRT-PCR analysis, eight genes were identified which 

showed significantly different expression profiles following GMH, seven genes were 

downregulated and one was upregulated (see Table 4). 

 
Table	 4:	 Genes	were	 identified	which	 showed	 significantly	 different	 expression	 profiles	
following	GMH:	Ct	–	Threshold	cycle,	GOI	Gene	of	interest	HKG	–	House	keeping	gene	(blue:	
down-	regulation,	red:	up-regulation)	

 
Qualitative analysis of the Hes5 ISH confirmed reduced staining in the wall of the 

lateral ventricle following GMH. This was found to be particularly significant in the 

more anterior part of the lateral ventricular wall (see Figure 5-1). 

! AVG$ΔCt$

(Ct(GOI)$,$Ave$Ct$(HKG))! 2^,ΔCt! T,TEST! Fold$Up,$or$Down,

Regulation!
! Test!Sample! Control!

Sample! Test!Sample! Control!
Sample! p!value! Test!Sample!

/Control!Sample!
!Ccne1 !8.460447 !7.035031 !0.002839 !0.007625 !0.036546 !,2.68592

!Cxcl12 !9.52 !7.21 !1.40E>03 !6.80E>03 !0.032467 !,4.95

!Ep300 !8.811288 !5.061179 !0.002226 !0.029953 !0.039858 !,13.4554

!Kat2a !5.777401 !2.646935 !0.018232 !0.159659 !0.037189 !,8.75718

!Notch2 !11.25081 !6.541985 !0.00041 !0.010732 !0.012798 !,26.1515

!Sox2 !7.016303 !3.990652 !0.007725 !0.062906 !0.020801 !,8.14351

!Tubb3 !1.538364 !>0.0876 !0.344276 !1.062598 !0.00427 !,3.08647

!Hsp90ab1 !>2.58885 !>1.61381 !6.016177 !3.060592 !0.034359 !1.965691

!
!
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Figure	 5-1	 Photomicrographs	 demonstrating	 reduced	Hes5	 ISH	 signal	 in	 the	wall	 of	 the	
lateral	ventricle	of	the	P4	pup	following	GMH		
A Control sample: Coronal P4 10X photomicrograph demonstrating Hes5 staining from the anterior 
margin of subventricular zone, (inset false coloured image combining ISH with DAPI to illustrate SVZ 
anatomy) B High magnification image taken from the wall of the lateral ventricle demonstrating the 
high Hes5 signal C GMH sample: Coronal P4 10X photomicrograph demonstrating Hes5 staining from 
the anterior margin of subventricular zone, (inset false coloured image combining ISH with DAPI to 
illustrate SVZ anatomy) D High magnification image taken from the wall of the lateral ventricle in 
comparison to the control sample minimal Hes5 signal is seen. 
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5.9 Discussion 

Our results indicate that GMH significantly reduces the expression of the Notch 2 

gene (>25 fold reduction) in CD133+ve cells within the wall of the lateral ventricle. 

This finding has been validated using Hes5 ISH, which confirms that Notch activity is 

down-regulated in the wall of the lateral ventricle at P4 secondary to GMH. 

 

As discussed in the introduction, in the early post natal brain, CD133 / Prominin is 

highly expressed by cells which line the lateral ventricle and are thought to represent 

the transitional population of cells with NSC characteristics(311) i.e. neuroepithelial 

cells transforming to radial glia and ependymal cells. Given the critical role that 

Notch plays in balancing self renewal and differentiation in the NSPC(266 312-314) it is 

plausible that this down-regulation of Notch within this specific group of cells (i.e. the 

CD133+ve cells) at this early time point (secondary to GMH) may in fact underlie the 

burst of precocious proliferation seen in the wall of the lateral ventricle at P4(315). 

 

Support for this hypothesis comes from a strikingly similar finding reported by 

Imayoshi et al(315), essentially they employ an inducible model of Rbpj knockout 

through which they induce Notch downregulation at different time points through 

development. Using this model they show that inducing Notch downregulation in the 

early postnatal period is associated with a burst of precious proliferation in which 

increased BrdU uptake is seen within the wall of the lateral ventricle in association 

with increased MASH1 signalling. Similarly de la Pompa et al reported that targeted 

mutation of Notch1 reduced Hes5 expression and up-regulated MASH1 expression 

and was associated with increased neuronal proliferation(316 317). 

 

Notch is a ubiquitous primitive signalling molecule, which is highly conserved across 

species(318-320), amongst its diverse impacts it plays a key role in lateral inhibition. In 

a group of homogenous cells which have stochastic variations in gene expression(266) 

it is envisaged that one cell begins to adopt a differentiated cell fate and in so doing 

upregulates Notch activation in cells within its immediate vicinity which in turn acts 

to inhibit their differentiation. Through lateral inhibition Notch contributes to the 

development of specific cell types out of an equivalence group. 
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A key feedback mechanism that modulates activity within the Notch pathway is the 

expression of MASH1 (achaete-scute complex homolog 1) by transient amplifying 

cells(267). MASH1 has been shown to induce expression of Notch ligands such as 

Deltalike1 (Dll1) which activate Notch signalling in neighbouring cells(266) such that 

as MASH1 concentration increases it contributes to a local feedback loop which 

increases the expression of Notch. In other words, as the number of transient 

amplifying cells increases, MASH1 expression increases which leads to a subsequent 

rise in Notch expression and hence a reduced rate of differentiation. This ultimately 

prevents a surplus of transient amplifying cells being generated and maintains the 

neural stem cell niche. It is interesting that in our experiment we see reduced 

expression of Notch in the presence of raised MASH1, raising the possibility that 

GMH may have in some way interfered with this feedback mechanism i.e. the NSC 

continue to differentiate into transient amplifying cells despite the feedback of 

MASH1 signalling. 

 

How the cells within the SVZ respond to insult and in particular what happens to 

Notch expression within the SVZ in response to insult remains unclear with 

conflicting reports in the literature. Whilst Notch downregulation in response to injury 

has been reported(206 321), models of ischaemia have indicated that Notch is 

upregulated following injury(322-325). The reason for this apparent discord between 

what we see using our model and these published models may lie in the choice of cell 

population from which Notch expression was measured(326). For example Arumugam 

et al(322) demonstrated raised NICD and γ secretase in response to ischaemia, however 

testing was performed on whole cerebral cortical brain tissue samples with no cell 

sorting performed. Wang et al (324) tested neurospheres derived from the wall of the 

lateral ventricle without attempting to sort cell types prior to passaging. It is also 

possible that different brain regions may respond differently to ischaemia / trauma, for 

example Alberi et al (323) show that Notch 2 expression is increased in the 

hippocampus following injury but do not comment on the SVZ.  

 

As such it is feasible that the change in Notch signalling which is occurring within the 

wall of the lateral ventricle is overwhelmed by a differential response in other regions 
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of the brain. Given the regional specificities of Notch signalling and its proven key 

role in lateral inhibition and the maintenance of concentration gradients particularly at 

border zones(320), it stands to reason that the impact of injury on Notch expression 

may be different within different regions of the brain. If this theory is correct then 

statements of Notch activity based on whole brain samples may be insufficiently 

precise, whilst a cell-targeted approach may be more insightful. Clearly this is 

beholden to the specificity of the marker used for cell purification, but in this case 

CD133 is highly conserved within the wall of the lateral ventricle. It is pertinent to 

note that Carlen et al(206) report a downregulation in Notch signalling secondary to 

ischaemia and their experimental setting used electroporation of the ventricular wall, 

thus it was specifically targeting the cells within the wall of the lateral ventricle. 

 

The timing of the response also has to be considered, all experiments are a sample of 

the overall picture within a selected window of time, as such it is possible that Notch 

expression may undulate following injury, for example a brief period of 

overexpression may be followed by a period of downregulation or vice versa.  

 

Notch has also been shown to play a role in dendritic arborisation (DA)(327), with 

Notch downregulation associated with a reduction in arborisation with associated 

phenotypic impact. In humans MRI studies have shown reduced / aberrant cortical 

connectivity in response to premature birth and birth injury and it is postulated that 

the extent of DA may be associated with long-term cognitive outcome(48 328) with 

some groups suggesting that the degree and quality of DA in the postnatal period may 

underlie the pathogenesis of early behavioural abnormalities such as ADHD and 

autism spectrum disorders(48). It is plausible that Notch downregulation in this key 

group of cells i.e. the NSPC may impact on DA and may contribute to the evolution 

of behavioural and cognitive problems seen following premature birth  

  

The reaction of the ependymal to Notch downregulation is also interesting, whilst 

Imayoshi et al(315) did not report a change in morphology within the wall of the lateral 

ventricle in the Rbpj inducible knockout model, Carlen et al(206) suggest that Notch 

downregulation leads to delamination of the ependymal lining with 

transdifferentiation of the ependymal cells into NSC. Similar niche plasticity in 
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response to injury has also been described by Coskun et al(280), whilst Zhang et al 

have also shown transformation of ependymal cells into radial glia following 

injury(329). 

 

If the ependymal cells are proven to be susceptible to Notch homeostasis and regulate 

niche remodelling as suggested(330 331) then it is tempting to postulate that this process 

may disrupt or interfere with the structural integrity within the ependymal cells (for 

example through disruption of the cadhesin junctions(272 273)). Furthermore this 

disruption may underlie the high rate of ventriculomegaly seen following premature 

birth. Similarly if ependymal cells are transformed into NSC as suggested by Carlen 

et al(206) then it is plausible that this loss of ependymal cell function i.e. the loss of 

cilia within the wall of the lateral ventricle may contribute to the evolution of 

hydrocephalus following GMH. 

 

Notch is also increasingly thought to play in a role in cell fate specification in the 

SVZ controlling the balance of oligodendrocyte / astrocyte production(332). Evidence 

that Notch activation inhibits oligodendrocyte differentiation, as shown in studies of 

the developing rat optic nerve (333) and adult hippocampal progenitors (334 335), 

implicates Notch homeostasis in cell fate specification in the wall of the lateral 

ventricle. It is therefore plausibile that in addition to the proneural impact of Notch 

downregulation, the changes in cortical architecture which we see at P21 i.e. 

downregualtion of number of oligodendrocytes with upregulation of the number of 

neurons may in part be due to the downregulation of Notch signalling. 
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6 CHAPTER 6: The impact of GMH on early 

postnatal behavior and neurodevelopment 

6.1 Introduction 
Intact survival with normal cognitive function has been reported following extremely 

preterm birth (336 337) and most children born very preterm adjust well during their 

transition to adulthood(338), however, premature birth remains one of the most 

common causes of disability in childhood.  

Whilst large variations in infant mortality exist between countries, between different 

geographical regions within the same country, and between various racial and ethnic 

groups(338), the relentless pace of advance in neonatal medicine continues to push the 

boundaries of viability and survival. Unfortunately this optimism is counterbalanced 

by the burden of poor neurological outcomes in this patient group. 

Given that many predict the rate of premature birth will rise in the coming years(339) 

this poses a significant public health burden on society and the focus for perinatal 

interventions is to develop strategies to reduce long-term morbidity, especially the 

prevention of brain injury and abnormal brain development(338 340). 

6.1.1 The role of EPICure 
Important work looking at outcome following premature birth was undertaken in the 

UK; in 1995 the EPICure study collated information from all 276 maternity units 

across the UK and Ireland for all neonates born between 20 and 25 weeks + 6 days: 

4004 births were registered.  Of the 1185 live births, 811 were admitted for neonatal 

care, approximately 30% died in the delivery room and a further 43% died in the 

hospital prior to discharge. Thus only 314, or 27% of all live births (39% of those 

admitted to the NICU) survived.  Survival ranged from 2 babies (9% of admissions) at 

22 weeks, 26 babies (20%) at 23 week, 100 babies (34%) at 24 weeks, to 186 babies 

(52%) at 25 weeks. (341 342) 

This original study was followed up by the EPICure 2 study which collected 

information on all babies born in England during 2006 between the gestational ages of 

22 weeks and 26 weeks + 6 days. This study demonstrated an improvement in 

survival between the two cohorts(343) and that a higher proportion of babies admitted 
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for neonatal care survive without disability, particularly those born at gestational ages 

24 and 25 weeks(344). It also confirmed the finding that impairment in early childhood 

was closely related to gestational age. 

A number of similar cohort studies have been performed including geographically 

defined, multicentre & single-centre studies reviewed by Saigal et al 2008 (338). 

6.1.2 Defining outcome following premature birth. 
Whilst outcomes following preterm birth are variable with wide variations reported in 

the literature(338) certain key concepts are mirrored across the studies:  

Outcome is intrinsically linked to gestational age – for example the Swedish Group of 

Hagberg et al (345) showed that prevalence of cerebral palsy was age-specific: 

prevalence for <28 gestational weeks was 55.6 per 1000 live births, whereas it was 

43.7 for 28-31 weeks, 6.1 for 32-36 weeks and 1.43 per 1000 for >36 weeks. 

Similarly evidence of brain abnormality on USS has been shown to significantly 

correlate with outcome, for example the EPIcure group looked at outcome in three 

fields, namely: cerebral palsy, severe motor disability, and cognitive function(346) they 

showed that outcome in all three domains was significantly associated with a finding 

of ‘significantly abnormal cranial USS’ however they acknowledge that this 

retrospective review of cases may not be sufficiently robust to determine the 

correlation of cranial USS findings to outcome, similarly no attempt was made to 

report the position or extent of the lesion.(346) In support of this finding, Hoekstra et al 

showed that a normal cranial ultrasound correlated favourably with outcome(336). In 

the EPIpage study, Larroque et al(347) found that of the infants with normal cranial 

ultrasounds findings, 73% were later classified as normal with 12% severely 

impaired. In contrast, only 27% of infants who had grade 3 to 4 IVH or PVL were 

normal at follow-up, and 52% were considered to have severe impairment (i.e. 73% 

normal outcome with normal scan compared to 27% normal outcome with abnormal 

scan outcome, 12% severe impairment with normal scan compared to 52% severe 

impairment with abnormal scan). Of 44 infants with isolated grade 3 IVH, 36% were 

classified as normal and 34% as having severe impairment; whereas of 39 infants with 

isolated grade 4 IVH, 21% were normal and 67% had severe impairment(336). 

In addition to early cognitive outcome, severe motor disability and cerebral palsy, 

consideration is increasingly being given to the impact of premature birth on an 
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additional broad range of outcomes including school-age educational performance, 

behaviour and psychosocial matters (338), for example Saigal et al found that 72% of 

adolescents with a birth weight less than 750g demonstrated school age difficulties 

which were apparent even in children without neurosensory impairments and normal 

intelligence(348). However it is important to recognise that cognitive dysfunctions are 

influenced by environmental factors such as parental socioeconomic status and 

education, two-parent family, neighbourhood effects, schooling and social and racial 

backgrounds(349). 

6.1.3 Behavioural assessment in children 
Paediatricians undertake behaviour and developmental assessments routinely. In a 

review carried out by the Centre for Paediatric Epidemiology and Biostatistics UCL 

Institute of Child Health in 2013:  

(https://www.ucl.ac.uk/cpru/documents/review_of_measures_of_child_development) on 

behalf of the Department of Health, 13 different scales were identified for assessing 

development in young children (2 to 2½ years old) these included: 

• Assessments completed by parents (n=3) 

• Measures completed by professionals with parental input (n=3) 

• Measures completed by professionals based on direct observation of children’s 

skills (n=7).  

Bayley’s assessment is commonly regarded as the gold standard developmental 

assessment used in research publications and provides developmental index scores for 

both mental (MDI) and psychomotor (PDI) functioning. Children are assessed in the 

five key developmental domains of cognition, language, social-emotional, motor and 

adaptive behaviour. The Bayley examines all the facets of a young child's 

development and it is meant for children within the age range of 1 to 42 months.  

6.1.4 What contribution does GMH make on outcome? 
As discussed in Chapter 1 Germinal matrix haemorrhage (GMH) is one of several 

types of insult that are thought to adversely affect the developing brain of the 

premature neonate(39), as such the major limitation associated with studies of outcome 

following premature birth is the inability to truly distinguish the key neuropathologies 

that may be leading to the subsequent impairment in neurodevelopmental outcome(74). 
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Periventricular haemorrhagic infarction (PVHI) is thought to result from venous 

congestion following GMH and when present is recognised as a devastating 

complication of GMH / IVH. Around two thirds of PVHI survivors have been shown 

to develop significant motor abnormalities with around half developing cognitive 

impairment(72 350-352) 

While the deleterious consequence of severe GMH, in particular when accompanied 

with PHVI, is relatively un-contentious(351) the same cannot be said for low-grade (i.e. 

grade I-II) haemorrhage. Due to the complex multifactorial nature of the 

encephalopathy of prematurity (EP) (39), understanding how mild and moderate 

degrees of haemorrhage in the GM affect cellular populations and cortical 

development is not as advanced . This is highlighted by the contradictory reports in 

the literature regarding how low-grade GMH impacts on neurodevelopment (74-77) 

(discussed in more detail in Chapter 1) 

6.1.5 Animal models assessing how premature brain injury impacts 

on behaviour 

Animal models of early post natal behaviour 

Most tests of motor function in mice were originally designed for rats(353) however 

given the advent of transgenic technologies behavioural testing is increasingly applied 

to mice. For reasons such as the smaller body size, and lesser intelligence of mice, 

behavioural testing in mice can be more challenging than in rats (354). 

Despite these difficulties behaviour assessment has been validated in adult mice and 

typically consists of a combination of: Locomotor activity tests – cylinder test, open-

field test; Motor coordination tests – rotarod, balance beams, gait analysis, 

swimming, grid stepping, grip strength; Skilled limb use – reaching tests, staircase 

test; Acoustic startle response; Operant tasks – five choice serial reaction time (5-

csrt), sequence learning. Reviewed in detail Brooks & Dunnett(353). 

In contrast to behavioural studies in adult mice, comparatively few studies have 

focused on behavioural assessment in neonatal pups (222 355-357). The advantage of 

behavioural assessment in neonates is that the acquisition of neuromotor skills and the 

timing and quality of developmental landmarks and reflexes can be assessed, while 

the disadvantage is that many of the complex cognitive assessments employed in 

adults are not applicable. 
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Examples of testing behaviour following GMH (91 93 100 102 224) 

By injecting 15µl of autologous blood (using a freehand injection technique and a 28 

gauge needle) into the brain of day 7 rat pups, Balasubramanian et al(100) observed 

lower average ambulation scores with a slower righting reflex at day 4 & 8 and also a 

significantly longer turn time (negative geotaxis) at day 8 and day 15. 

In contrast, Aquilina et al(102), stereotactically injected 80 micolitres of non-

autologous blood into P7 rat pups. Despite the large volume of blood injected they 

found only subtle changes in behaviour.  They used negative geotaxis in isolation to 

assess early behaviour and found no significant difference at 12,14,18 & 21 days on 

direct comparison, however with further statistical analysis they showed that the rate 

of change (i.e. the change in performance between P12 and P14) was slower in the 

GMH pups. They also used staircase testing and found no significant difference, but 

of note, using a ‘radial maze’ they showed that rats with severe ventricular dilatation 

made significantly fewer correct choices when allowed to enter baited and un-baited 

arms. From this they extrapolate that such excessive entry into a ‘never-baited arm’ 

reflects impairment of reference memory, which suggests long term consequences on 

cognition following GMH. 

Using stereotactic injection of bacterial collagenase into P7 rat pups, the Zhang group 

in Loma Linda California have shown significant impacts on neuromotor 

development and acquisition of developmental landmarks. In Lekic et al 2012 (224) the 

group showed significant developmental delay (post-GMH days 1–3) in negative 

geotropism, righting reflex, grip traction, and eye-opening, as compared with non-

GMH controls. Further data from the same group published by Lietze et al 2013 (109) 

showed that neurofunctional testing between days 21 and 28 after surgery revealed 

increased foot faults and reduced falling latency (i.e. Increased propensity to fall) on 

rotarod. They also found reduced time spent in the target quadrant during Morris 

water maze with isoflurane improving motor but not cognitive outcome. Using the 

same experimental design, Manaenko et al(108) 2014 (Zhang group) showed that high 

dose treatment with SD208 (to reduce TGFbeta expression) ameliorated the impact of 

GMH on negative geotaxis and surface righting. They also tested juvenile cognitive 

function at 21 and 24 days post GMH using T-maze and Morris water maze, and 

found improved motor function and working memory following administration of 

SD208. Finally Klebe et al(358) 2014 (Zhang group) using the same experimental 
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design showed that Deferoxamine treatment significantly improved motor and 

cognitive function.  

6.2 Methods 
Behavioural assessments were undertaken in the morning on a Monday, Wednesday 

and Friday, given that IC blood injections were done at P0 and IP EdU injections 

were given at P1 behavioural analysis was started from Day 2 (P2) of life.  

The testing was undertaken at the same time of day, in a room with a constant warm 

temperature with constant lighting that was free from noise and distraction. Pups were 

taken directly from the home cage and placed into the testing box, the pup was placed 

into the centre of the box and recording was started by remote control as soon as the 

operator’s hand was clear of the camera.  

Activity within the testing chamber was monitored for three minutes following which 

the pup was removed and underwent a series of tests to determine reflex development. 

After completion of these tests, the pup was weighed, marked with indelible marker 

and returned to the home cage. 

6.3 Methods 1 - Behaviour assessments based on Glynn et al 
(222) 

Firstly we attempted to use a method based on the work of the Morton Group in 

Cambridge (with whom we collaborated). The Morton group developed a battery of 

tests based in three key areas: Developmental Landmarks, Neuromotor Development, 

& Reflex Development (DNR): 

Developmental Landmarks: Eye opening, rooting and ear twitch 

Neuromotor development: Head, shoulder and pelvic lifts, pivoting, crawling, 

walking, running, latency to move in the test box, activity levels in the test box, 

falling during locomotion, gait, sitting without support, rearing and head pointing and 

sniffing 

Reflex Development: Surface righting response, cliff aversion, negative geotaxis test 

and forelimb strength 

In brief; Glynn et al used a Perspex box with grid lines drawn onto the base (See 

Figure 6-1). A single observer observed the pups and all behaviours were noted on a 

paper proforma (Figure 6-1).  
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Figure	6-1	Examples	of	equipment	used	to	monitor	behaviour	of	newborn	mouse	pup	
A Picture demonstrating the Perspex box used for open field monitoring – the dimensions of the box 
were 50cm X 50cm X 50cm B Gridlines lines drawn onto the base of the testing chamber dividing the 
area into the inner and outer quadrant i.e. the inner 4X4 squares and outer perimeter consisting of 20 
squares respectively. C The original proforma used to monitor behavior of the newborn mouse pup – 
based on the work of Glynn et al. 
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In our hands we found this methodology imprecise due to the difficulty involved in 

one person both observing and accurately recording data.  This was exacerbated every 

time a recording was made due to the loss of line of sight in order to focus on the 

proforma rather than the testing cage. Similarly the speed of movement and the 

intricacies of the behaviour displayed made it difficult to accurately capture all data 

using this technique. 

6.4 Methods 2 – Acquisition of behaviour data using 

Anymaze™ recording software 
Due to the limitations discussed above, we decided to use AnyMaze™ recording 

software to assist in data acquisition. 

ANY-maze is a flexible video tracking system designed to automate testing in 

behavioural experiments, in brief; an overhead camera is secured above the testing 

chamber such that the base of the chamber is completely enclosed within the field of 

view, the software is then calibrated with the video input in order to recognise the 

perimeter of the testing cage and the interior can be divided into any combination of 

zones / territories. In this case a circle of 10cm diameter was drawn in the centre of 

the cage this was referred to as the central zone, the cage was then further divided 

into 16 equally sized squares i.e. 4 X 4 squares. This divided the cage up into two 

areas the inner quadrant, made up of the inner 4 squares and the outer perimeter 

made up of the 12 squares that line the perimeter. 

The small size of the neonatal pups made tracking movements using the Anymaze 

software difficult and we found that the degree of contrast between the pup and the 

background / base of the cage was critical for accurate acquisition: 

Two factors were vital in improving contrast: 

(1) Lining the testing cage with white paper – this improved the contrast with the 

black pups. Lining paper was pre-cut to fit and to prevent the pups from being 

distracted by scent trails which could potentially be deposited by previous test mice, 

the paper was changed for each testing. 

(2) Room lighting – the top room lighting was not used rather two angle poise lamps 

were positioned in the room, this reduced glare from the lining paper and also reduced 

shadows cast in the testing box. The lamps could not be angled directly at the cage as 
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this could impact on behaviour but rather the light was bounced off the wall in order 

to illuminate in such a way that the contrast was optimised.  

6.4.1 Data acquisition during the three minutes within the testing 

chamber 
Two types of data were acquired synchronously whilst the pup was inside the testing 

box: Key Press Data & Activity Data 

6.4.2 Key Press Data – Early key press and complex behaviour 
Key press data can be defined as data that was collected through researcher 

observation. The AnyMaze software can be pre-programmed such that when a 

specific behaviour was observed this could be recorded by pressing a key on the 

keyboard, both the number of key presses and the time that the key was pressed were 

recorded.  

Two different phases of key press data were used early key press was used up to 

onset of crawling (usually around day 9) and complex behaviour key press data used 

after the onset of crawling. 

Early key press data 

The first landmark in motor development was head lifting, this progressed to 

shoulder lifting which was followed by pivoting; pivoting can be defined when the 

pup performs a head / shoulder lift i.e. it lifts up on its front paws and then moves (or 

pivots) in a circular motion, both clockwise and anticlockwise with the hind quarters 

not lifted from the surface.  

Following this the pup would start to lift the hindquarters / pelvis and very soon after 

would start to develop crawling. 

At the onset of crawling the pup would often fall and this behaviour was also 

recorded. Falling essentially took two forms, pups were seen to stumble / legs buckle 

but they were able to remain upright, secondly a full fall in which the pup fell onto 

their back or side, in most cases the pup was able to self-right but on the occasions 

when the pup was not able to do this within 30 seconds, the recording was stopped, 

the pup was righted and placed back into the centre of the cage to restart recording. 
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Complex behaviour key press data 

At the onset of ‘confident crawling’ the key press data was changed as head, shoulder 

and pelvis were no longer applicable: 

Head pointing and sniffing: defined as the tip of the nose moved from pointing 

inferiorly to above the horizontal, each change in direction was recorded as a new 

event. 

Sitting: defined as hindquarters on the base of the cage but arms outstretched 

supporting the weight of the torso. Both the number of episodes and time spent sitting 

were recorded. 

Rearing: defined as both front paws lifted off the surface of the cage, both central 

rearing i.e. unsupported and peripheral rearing i.e. supported (by the cage wall) were 

recorded. Again both the number of rearing episodes and the time spent rearing were 

recorded. 

The number of observed behaviours was deliberately limited such that with practice 

the keys could be pressed whilst not losing line of sight with the testing cage. A 

standard keyboard was used for the observation but it is feasible that a custom made 

keyboard might have made this observation easier. 

6.4.3 Activity Data 
Activity data can be defined as data that was acquired automatically directly by the 

AnyMaze software and was independent of any observer bias. By tracking the 

movements of the pup in the testing chamber, the AnyMaze software is able to record 

the distances travelled by the neonatal pup and the time it takes to perform these 

movements(See Figure 6-2). From this data a vast array of variables can be 

extrapolated which can then be further broken down based on the position of the pup 

within the testing chamber. For example time-spent or distance travelled in the outer 

quadrant can be compared with time spent / distance travelled in the inner zone. 

Another feature of the AnyMaze software is the ability to distinguish movements of 

the head from movements of the body and in so doing both the number of turns and 

the direction of turning (useful for lateralising lesions) can be calculated. Whilst this 

feature is reported to work in adult mice we found that this degree of complexity was 

not possible in the neonatal pups, likely due to the small body / head size. As such 
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activity data was essentially limited to measurements of time and distance from which 

speed could be extrapolated. 

 
Figure	 6-2	 Example	 of	 track	 plots	 (top)	 and	 heat	maps	 (bottom)	 from	 two	 pups	Double	
Transgenic	and	Wild	Type	
The anymaze software is able to track the pup as it navigates around the testing chamber, the time it 
spends in each location is represented by the intensity of the colour on the heat map. In comparison to 
the Wild Type pup the Double Transgenic Pup is seen to move more extensively around the testing 
chamber 

6.4.4 Reflex Testing – performed outside the testing chamber 
After the 2 minutes had elapsed pups were removed from the testing chamber and 

reflexes were assessed on the lab bench (See Error! Reference source not found.): 

Cliff aversion: the forepaws are placed over the edge of the worktop, with care taken Cliff aversion: the forepaws are placed over the edge of the worktop, with care taken 

not to allow the pup to fall forward and the time taken for the pup to remove the paws 

and make a purposeful move away from the edge were recorded. A positive reflex 

was only registered when both paws were withdrawn from the edge. Testing was 

terminated at 30 seconds if the pup had not turned. 

Negative geotaxis: pups were placed in a head down position on a slope inclined at 

45 degrees, the time taken for the pup to turn and walk up the slope was recorded. A 

positive reflex was only registered when the pup had turned a full 1800 and a 

purposeful step was made to ascend the slope. Again testing was terminated at 30 

seconds if the pup had not turned. 

Grip strength: a piece of piano wire was used, the pups ability to grab the wire and 

hold their own weight was recorded, a positive response was recorded if the pup was 
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able to hold their weight for more than 5 seconds, three attempts were made with the 

number of successful attempts recorded. 

Surface righting: on a flat surface the pup was rolled onto their back the time taken 

to self-right was recorded with testing terminated at 30 seconds if the pup was not 

able to self-right. Self-righting was registered when weight was taken evenly through 

all four limbs whilst standing in an upright position, lying on the side for example 

would not register a positive result. 

Following the completion of reflex testing all pups were weighed and marked with 

indelible marker on the abdomen to facilitate identification on future testing days in 

total the behavioural analysis took less than five minutes per pup. 
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Figure	6-3	Techniques	developed	for	reflex	testing	in	the	newborn	mouse	pup	
A&B Screen shots taken showing the technique used to test grip strength, the paws are placed onto a 
piano wire and the pups ability to grip for more than 5 seconds is recorded C-E Screen shots detailing 
the technique used for negative geotaxis, the pup is placed head down on a surface inclined at 450 and 
the time taken to turn 1800 recorded F-H Screen shots to show the technique used to assess cliff 
aversion, the forepaws are placed over the edge of the lab bench and the time taken to remove both 
paws and turn away from the edge are recorded I-K Screen shots to show the technique used to assess 
surface righting, the pup is rolled onto its back and the time taken to stand on all four paws is recorded 
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6.5 Results 
In total 19 separate litters were used for behavioural analysis, with 67 pups examined 

in total:  

• Wild type / heterozygous  Control / not injected n = 15 

• Wild type / heterozygous Blood Injected / GMH n = 21 

• Wild type / heterozygous Sham needle only  n = 12 

• Double Transgenic  Control / not injected n = 11 

• Double Transgenic  Blood injected / GMH n = 12 

The number of pups tested within each litter ranged from 2 to 6 with an average of 

between 3 and 4 pups in each litter tested, as discussed in the methods, wild type / 

heterozygous pups not used for behaviour testing were humanely culled. 
Table	5	Table	showing	the	number	of	pups	enrolled	in	behaviour	testing	and	the	different	
litters	from	which	they	were	derived.	

Litter 
number 

Number 
of Pups 

WT 
Control 

WT 
GMH 

WT 
Sham 

DT 
Control 

DT 
GMH 

8 5 - 4 - 1 - 
9 4 4 - - - - 

11 6 - - 6 - - 
14 3 2 - - 1 - 
15 3 2 - - 1 - 
16 5 - 3 - - 2 
17 2 1 - - 1 - 
18 5 2 - - 3 - 
19 6 - - 6 - - 
20 4 - 3 - - 1 
21 5 - 5 - - - 
30 5 - 3 - - 2 
32 2 1 - - 1 - 
33 2 1 - - 1 - 
34 2 1 - - 1 - 
35 2 - 1 - - 1 
36 2 1 - - 1 - 
37 2 - 1 - - 1 
38 2 - 1 - - 1 

Totals 67 15 21 12 11 8 
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6.5.1 Results 1: Overexpression of Bmi1 leads to a distinct 

behavioural phenotype 

Early key press data WT vs DT - Days 1 to 9 

Comparison of the Control WT and Control DT revealed no significant impact of 

Bmi1 overexpression in the early key press data i.e. no difference in the number of 

head, shoulder and pelvis lifts recorded in the first nine days of life. 

Complex key press data WT vs DT - Days 10 to 21 

In contrast to the early key press data we found that Bmi1 overexpression led to a 

number of significant behavioural changes in the ‘complex key press data’ i.e. the key 

press data acquired between the 10th and 21st day (see Figure 6-4).  

At 13 to 15 days we see significantly more episodes of head pointing and sniffing in 

the DT pups, similarly at 16 to 18 days we see significantly more episodes of rearing 

and again more episodes of head pointing and sniffing. Finally at 19 to 21 days we see 

significantly reduced episodes of sitting in association with reduced time spent sitting 

overall. 
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Figure	6-4	Graphs	showing	the	impact	of	Bmi1	overexpression	on	complex	key	press	data	
acquired	between	day	10	and	day	21	Control	WT	vs	Control	DT	
A Graph showing episodes of sitting, significantly fewer episodes were recorded between 19 and 21 
days in the Control DT pups B Graph showing time spent sitting, again we see reduced time spent 
sitting at 19 to 21 days C Graph showing episodes of rearing, significantly more episodes of rearing 
were witnessed between 16 and 18 days in the Control DT pups D Graph showing time spent rearing, 
no significant difference seen at all time points E Graph showing head pointing and sniffing, 
significantly more episodes of head pointing were seen in the control DT pups at both 13 to 15 and 16 
to 18 days. 
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Falls and Anymaze collected data WT vs DT – Days 2 - 21 

No significant differences in falls or anymaze data were seen before 9 days of age. At 

10 to 12 days we see a tendency for both increased falls and increased total time 

mobile with a similar picture seen at 13 to 15 days with significantly more falls 

witnessed and a tendency for increased time mobile recorded. At 16 to 18 days we see 

significant differences in the behaviour of the Control DT pups; significantly more 

falls are witnessed, in association with significantly increased time mobile and 

significantly increased distance travelled. These behavior traits are also seen at 19 to 

21 days with both increased time mobile and increased distance travelled seen in the 

DT control pups (see Figure 6-5). 
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Figure	 6-5	 Graphs	 showing	 the	 impact	 of	 Bmi1	 overexpression	 on	 falls	 and	 Anymaze	
acquired	data	form	1	to	21	days	-	Control	WT	vs	Control	DT	
A Graph showing the number of falls witnessed, significantly more falls were seen in the double 
transgenic pups at 13 to 15 and 16 to 18 days B Graph showing the total time mobile (s), the DT pups 
are seen to spend a significantly increased time mobile at 16 to 18 and 19 to 21 days C Graph showing 
total distance travelled (m), DT pups are seen to cover significantly more distance at 16 to 18 and 19 to 
21 days in comparison to the wild type pups D Graph showing maximum speed (m/s) a trend for 
increased maximum speed at 16 to 18 and 19 to days is seen in the DT pups but this does not reach 
significance. 
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Early reflex development WT vs DT – Days 2 - 14 

Four early reflexes were assessed; cliff aversion, grip strength, negative geotaxis and 

surface righting. Interestingly we found that overexpression of Bmi1 impacted on all 

early reflexes apart from negative geotaxis which at no time point was found to be 

significantly different from the wild type control. 

At 7 to 9 days we see that Bmi1 overexpression leads to a significantly longer time to 

cliff avert, significantly more fails on grip strength testing and a significantly slower 

time to surface right. The same picture is repeated at 10 to 12 days and by 13 to 15 

days the WT and DT pups appear to behave in a similar fashion (see Figure 6-6 A-D). 

‘Popcorn’ mouse 

During data acquisition the double transgenic pups displayed an interesting behavior, 

which was never witnessed in the control pups. From around day 12 to 15 the DT 

pups became increasingly agitated and difficult to handle and in the testing chamber 

they would repeatedly jump up against the walls (see Figure 6-6 E)  
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Figure	6-6	Graphs	showing	the	impact	of	Bmi1	overexpression	on	early	reflexes	-	Control	
WT	vs	Control	DT	
A Graph showing cliff aversion, the DT pups were found to take significantly longer to cliff avert at 
both 7 to 9 and 10 to 12 days B Graph showing grip strength, the DT pups were found to have 
significantly more failed attempts at grip strength between 7 to 9 and 10 to 12 days C Graph showing 
negative geotaxis, no significant impact of Bmi1 overexpression was seen at any time point D Graph 
showing surface righting, the DT pups show significantly slower time to surface right between 7 to 9 
and 10 to 12 days. E Photos extracted from a video recording which highlights the jumping behavior 
witnessed in the DT pups and never in the WT pups. 
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6.5.2 Results 2:Moderate Grade GMH leads to transient early 

deficits but no lasting derangement in behaviour in both the 

WT and DT pups. 

6.5.3 Early Key Press Data following GMH in WT & DT pups – 

Days 1 to 9 
Analysis of the early key press data i.e. the number head lifts, shoulder lifts and pelvis 

lifts, recorded in the first 9 days, revealed that GMH does not impact on the number 

of episodes recorded in either the WT or DT pups. 

Interestingly in the WT pups a trend for a reduced number of pelvis lifts is seen at 4 to 

6 days in both the Sham needle only and GMH groups (Control 10.25±4, Sham 

1.83±1.28, GMH 5.72±1.73) but does not reach significance whilst at 7 to 9 days 

significantly fewer pelvis lifts were recorded in both the Sham and GMH groups 

(Control 29±9, Sham 14.83±2.24, GMH 16.2±3.3).  

6.5.4 Complex Behaviour Key Press Data – Days 10 to 21 
Analysis of the complex behaviour key press data i.e. the number of episodes and the 

time spent sitting and rearing and the number of episodes of head pointing and 

sniffing, revealed that GMH in the WT pups was associated with significantly more 

episodes of head pointing and sniffing at 13 to 15 days following haemorrhage 

(Control 48.9±4.09, Sham 34.58±5.66, GMH 66.73±8.81) Similarly, at 10 to 12 days 

we see that GMH in the DT pups is associated increased episodes of head pointing 

and sniffing and also increased episodes of rearing and time spent rearing. Apart from 

these impacts no other significant differences in complex key press data were 

recorded following GMH. 

6.5.5 Anymaze recorded data – Days 1 to 21 
Analysis of the data captured by the AnyMaze recording software i.e. time, distance 

and speed, revealed that GMH caused an increase in the maximum speed recorded 

between 13-15 days (Control 0.1m/s ± 0.01, Sham 0.08m/s ± 0.02, GMH 0.15m/s ± 

0.02) a trend for an increase in the total distance travelled is also seen at this time 

point (13 to 15 days) but does not reach significance. 
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Interestingly a trend for increased distance travelled is seen in both the Sham and 

GMH groups at 16 to 18 days (Control 4.57m ± 0.66, Sham 6.03m ± 0.92, GMH 

5.64m ± 0.91) whilst at 19 to 21 days a significant increase in the distance travelled is 

seen in both the Sham and GMH groups (Control 5.24m ± 1.05, Sham 8.63m ± 1.05, 

GMH 8.01m ± 0.53). Analysis of the number of falls also revealed that GMH caused 

significantly more falls at 4 to 6 days (Control 4.5±1.02, Sham 9.3±2.75, GMH 

20.54±3.48). No significant differences were seen in the number of falls recorded at 

any time point following GMH in the DT pups. Similarly the anymaze software 

recorded no significant differences, i.e. GMH had no significant impact on total time 

mobile, distance travelled or maximum speed in the DT pups. 

6.5.6 Analysis of early reflex testing 
Analysis of the early reflex data revealed that GMH in the WT pups caused a 

significant increase in the number of grip strength testing fails recorded at 4 to 6 days 

(Control 1.87±0.12, Sham 1.83±0.4, GMH 2.47±0.15). 

No significant impact on negative geotaxis was found, i.e. the time taken to turn 1800 

on an inclined surface was no different following needle injection or GMH. Similarly 

no significant impact of GMH of the speed of cliff aversion was found. Whilst a trend 

for slower surface righting was seen at 4 to 6 days again no statistically significant 

difference was found. 

Following GMH the DT pups showed a significantly reduced time to surface right at 

10 to 12 days in comparison to the control DT. Apart from this difference, no other 

significant differences in early reflex development were found in the DT pups 

following GMH.  
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Table	6	Table	summarising	the	results	of	the	behaviour	analysis	comparing	Control,	Sham	
and	GMH	pups			
Values in red signify that a significant difference was found between Control vs. Blood injected and 
the Sham vs. Blood injected, i.e. the GMH is acting in isolation. Values in green signify that a 
significant difference was found between Control vs. Blood injected and the Control vs. Sham group 
i.e. the difference is due to the injection model. 

 AGE OF PUP (DAYS) 
 1 to 3 4 to 6 7 to 9 10 to 12 13 to 15 16 to 18 19 to 21 

Early Reflexes  
Reduced 

Grip 
Strength 

     

Key Press Data  
Increased 
number of 

falls 

Reduced 
number 
of pelvis 

lifts 

 

Increased 
head 

pointing 
and 

sniffing 

  

Anymaze Data     
Increased 
maximum 

speed 
 

Increased 
total 

distance 
travelled 
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6.5.7 Comparison of four groups to determine patterns of 

change 
By combining all four data groups onto the same chart we see that in the vast majority 

of tests the main defining characteristic is the genotype of the pups, whilst variations 

exist and impacts of GMH are evident it is clear that the WT pups (i.e. both control 

and GMH) and similarly the DT pups (again both control and GMH) behave in a very 

similar fashion. 

 
Figure	 6-7	 Graphs	 showing	 all	 four	 groups	 –	 i.e.	 Control	 WT&DT	 and	 GMH	 WT&DT	 –	
Complex	key	press	data	
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Figure	6-8	Graph	showing	all	four	groups	i.e.	Control	WT&DT	and	GMH	WT&DT	–	Falls	and	
Anymaze	data	
A Falls B Total time mobile C Total distance travelled D Maximum speed 
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Table	7	–	Summary	of	behavioural	changes	following	GMH	in	the	WT	and	DT	pups	
Green arrow designates no change, Blue square with white arrow significant reduction, Blue arrow 
trend for reduction at (significance of 0.2 or less), Red square with white arrow significant increase, 
Red arrow trend for increase (significance 0.2 or less) 

 
 

  

!
! Group!Comparison! Age!of!Pup!(days)!
! 1!to!3! 4!to!6! 7!to!9! 10!to!12! 13!to!15! 16!to!18! 19!to!21!

!

Head!Lift!
WT!Control!vs!WT!Blood! !"! !"! !"! ! ! ! !

DT!Control!vs!DT!Blood! !"! !"! !"! ! ! ! !
!

Shoulder!Lift!
WT!Control!vs!WT!Blood! !"! !"! !"! ! ! ! !

DT!Control!vs!DT!Blood! !"! !"! !"! ! ! ! !
!

Pelvis!Lift!
WT!Control!vs!WT!Blood! !"! !"! #! ! ! ! !

DT!Control!vs!DT!Blood! !"! !"! !"! ! ! ! !
!

Cliff!Aversion!
time!to!turn!(s)!

WT!Control!vs!WT!Blood! !"! #! $! !"! !"! ! !
DT!Control!vs!DT!Blood! !"! !"! !"! !"! !"! ! !

!

Grip!Strength!
number!of!fails!

WT!Control!vs!WT!Blood! !"! $! !"! !"! !"! ! !
DT!Control!vs!DT!Blood! !"! !"! #! !"! !"! ! !

!

Negative!Geotaxis!
time!to!turn!(s)!

WT!Control!vs!WT!Blood! !"! !"! #! #! !"! ! !
DT!Control!vs!DT!Blood! !"! !"! #! !"! !"! ! !

!

Surface!Righting!
time!to!turn!(s)!

WT!Control!vs!WT!Blood! !"! !"! !"! !"! !"! ! !
DT!Control!vs!DT!Blood! !"! !"! !"! #! #! ! !

! ! ! !    ! !

Episodes!of!sitting!
WT!Control!vs!WT!Blood! ! ! ! !"! $! #! !"!
DT!Control!vs!DT!Blood! ! ! ! !"! $! !"! !"!

 

Time!spent!!
sitting!(s)!

WT!Control!vs!WT!Blood! ! ! ! !"! $! !"! !"!
DT!Control!vs!DT!Blood! ! ! ! !"! !"! !"! !"!

 

Episode!of!rearing!
WT!Control!vs!WT!Blood! ! ! ! !"! !"! !"! !"!
DT!Control!vs!DT!Blood! ! ! ! $! !"! !"! !"!

 

Time!spent!
rearing!(s)!

WT!Control!vs!WT!Blood! ! ! ! !"! !"! !"! !"!
DT!Control!vs!DT!Blood! ! ! ! $! !"! !"! $!

 

Head!Pointing!and!
sniffing!

WT!Control!vs!WT!Blood! ! ! ! $! $! !"! $!
DT!Control!vs!DT!Blood! ! ! ! $! $! !"! $!

 

Number!of!falls!
WT!Control!vs!WT!Blood! !"! $! $! $! $! $! !"!
DT!Control!vs!DT!Blood! !"! !"! !"! $! !"! !"! $!

 

Total!Time!Mobile!
(s)!

WT!Control!vs!WT!Blood! !"! !"! !"! !"! !"! !"! !"!
DT!Control!vs!DT!Blood! !"! !"! !"! !"! !"! !"! !"!

 

Total!Distance!
Travelled!(m)!

WT!Control!vs!WT!Blood! !"! !"! !"! !"! !"! !"! !"!
DT!Control!vs!DT!Blood! !"! !"! !"! !"! !"! !"! !"!

 

Maximum!Speed!
(m/s)!

WT!Control!vs!WT!Blood! !"! !"! !"! #! !"! #! !"!
DT!Control!vs!DT!Blood! !"! !"! !"! !"! !"! !"! !"!

!

!
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Table	 8	 Summary	 of	 behavioural	 changes	 following	Bmi1	 overexpression	 in	 the	 control	
and	GMH	groups.	
Green arrow designates no change, Blue square with white arrow significant reduction, Blue arrow 
trend for reduction at (significance of 0.2 or less), Red square with white arrow significant increase, 
Red arrow trend for increase (significance 0.2 or less 

 
 

 

	

!
! Group!Comparison! Age!of!Pup!(days)!
! 1!to!3! 4!to!6! 7!to!9! 10!to!12! 13!to!15! 16!to!18! 19!to!21!

!

Head!lift!
WT!Control!vs!DT!Control! !"! !"! !"! ! ! ! !

WT!GMH!vs!DT!GMH! !"! !"! !"! ! ! ! !
!

Shoulder!Lift!
WT!Control!vs!DT!Control! !"! !"! !"! ! ! ! !

WT!GMH!vs!DT!GMH! !"! #! !"! ! ! ! !
!

Pelvis!Lift!
WT!Control!vs!DT!Control! !"! !"! !"! ! ! ! !

WT!GMH!vs!DT!GMH! !"! !"! #! ! ! ! !
!

Cliff!Aversion!!
time!to!turn!(s)!

WT!Control!vs!DT!Control! !"! !"! #! #! !"! ! !
WT!GMH!vs!DT!GMH! !"! !"! !"! #! !"! ! !

!

Grip!Strength!
number!of!fails!

WT!Control!vs!DT!Control! !"! !"! #! #! #! ! !
WT!GMH!vs!DT!GMH! !"! !"! !"! #! !"! ! !

!

Negative!Geotaxis!
time!to!turn!(s)!

WT!Control!vs!DT!Control! !"! !"! !"! $! !"! ! !
WT!GMH!vs!DT!GMH! !"! !"! $! !"! !"! ! !

!

Surface!Righting!
time!to!turn!(s)!

WT!Control!vs!DT!Control! !"! !"! #! #! #! ! !
WT!GMH!vs!DT!GMH! !"! !"! #! !"! !"! ! !

!

Episodes!of!sitting!
WT!Control!vs!DT!Control! ! ! ! #! #! !"! $!
WT!GMH!vs!DT!GMH! ! ! ! #! !"! !"! !"!

!

Time!spent!!
sitting!(s)!

WT!Control!vs!DT!Control! ! ! ! #! !"! $! $!
WT!GMH!vs!DT!GMH! ! ! ! #! !"! !"! $!

!

Episode!of!rearing!
WT!Control!vs!DT!Control! ! ! ! !"! !"! #! #!
WT!GMH!vs!DT!GMH! ! ! ! !"! !"! #! #!

!

Time!spent!!
rearing!(s)!

WT!Control!vs!DT!Control! ! ! ! !"! !"! #! !"!
WT!GMH!vs!DT!GMH! ! ! ! !"! !"! #! #!

!

Head!Pointing!and!
sniffing!

WT!Control!vs!DT!Control! ! ! ! #! #! #! !"!
WT!GMH!vs!DT!GMH! ! ! ! #! #! #! !"!

!

Number!of!falls!
WT!Control!vs!DT!Control! !"! !"! !"! #! #! #! #!
WT!GMH!vs!DT!GMH! !"! !"! !"! !"! #! #! #!

!

Total!Time!Mobile!
(s)!

WT!Control!vs!DT!Control! !"! !"! !"! #! #! #! #!
WT!GMH!vs!DT!GMH! !"! !"! !"! #! #! #! #!

!

Total!Distance!
Travelled!(m)!

WT!Control!vs!DT!Control! !"! !"! !"! #! #! #! #!
WT!GMH!vs!DT!GMH! !"! !"! #! #! #! #! #!

!

Maximum!Speed!
(m/s)!

WT!Control!vs!DT!Control! !"! !"! !"! !"! !"! #! #!
WT!GMH!vs!DT!GMH! !"! !"! !"! #! !"! #! #!

!

!
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6.6 Discussion 

6.6.1 Overexpression of BMI1 is associated with a distinct 

behavioural phenotype. 
Overexpression of Bmi1 in Nestin+ve cells is associated with a distinct behavioural 

phenotype, this was an unexpected result but is nonetheless extremely interesting and 

both proves the validity of the behavioural tests performed to highlight differences in 

phenotype and in itself warrants further investigation and discussion. 

6.6.2 Impact of Bmi1 overexpression on early neonatal behaviour 
In the DT pups we find that Bmi1 overexpression significantly impacts on early 

behvavioural reflexes, this is interesting given that our blood injection models 

significantly disrupts the SVZ and cortical development but (other than affecting grip 

strength) does not impact on early behavioral reflexes. This implies that postnatal 

development may not play a significant role in the development of these reflexes and 

rather that the differences responsible for the behavioural phenotype may have been 

present at birth.  

6.6.3 Impact of Bmi1 overexpression on later neonatal development 
In addition to impact of Bmi1 overexpression on the early developmental reflexes, the 

emergence of the behavioural phenotype becomes increasingly apparent at around 10 

to 12 days, this may simply represent the fact that the pups are increasingly active as 

such the behavioural phenotype becomes more pronounced or it may indicate a 

second wave of influence, i.e. in addition to the early impact which is seen to affect 

the development of early neonatal reflexes.  

The phenotype of the Bmi1 overexpressing pups would seem to indicate that 

overexpression of Bmi1 in Nestin+ve cells causes both anxiety / hyperarousal and 

hyperactivity. Three key findings appear to characterize the behaviour seen in the DT 

pups: 

1. Increased locomotor activity 

2. Abnormal thigmotaxis 

3. 'Popcorn’ mouse 
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Locomotor hyperactivity 

Locomotor hyperactivity such as that seen in the DT pup has been associated with 

pertubations in the dopamine signaling pathway within the mesocortical pathway(24 

359). A number of animal models have been developed which associate dopamine 

dysfunction with this hyperkinetic phenotype, in particular the SNAP-25 mutant 

mouse model(360) associates hyperactivity with decreased dopamine release and 

similarly the spontaneously hypertensive rat(361) exhibits locomotor hyperactivity 

which correlates with reduced dopamine and increased norepinephrine signaling, 

collectively these mouse phenotypes are used as models of ADHD(359). Dopamine has 

been implicated in the control of many psychomotor activities and is thought to exert 

its effect mainly by modulating cortical and thalamic glutamatergic signals impinging 

upon principal medium spiny neurons (MSNs) of the striatum(362). As such it had been 

suggested that one explanation of the behavioural phenotype seen following Bmi1 

overexpression may be an abnormality within the medium spiny neurons (Prof 

Morton personal communication) a theory that is currently being investigated in the 

lab. 

The timing of the change in behaviour at around 10 to 12 days is also interesting and 

may correlate with other developmental events that are occurring during this time 

window (for example changes in the vasculature, Tracy Yuen UCSF personal 

communication). 

Abnormal thigmotaxis 

Thigmotaxis is broadly defined as movement of an animal in response to touch 

stimulus. In the Bmi1 overexpressing pups we experienced markedly altered / 

enhanced thigmotaxis. They were found to be extremely jumpy and difficult as 

compared to control pups. Also this behaviour is thought to be modulated by the 

dopamine signaling pathways, with reversal of this behaviour seen with dopamine 

agonists(363) 

Popcorn mouse 

This term refers to the repetitive jumping behaviour that was only seen in the DT 

pups. Interestingly Schmeisser et al(364) describe this behavioural phenomenon in pups 

following deletion of ProSAP1/Shank2, a gene associated with autism, further they 

associate this behaviour with a reduction in dendritic arborisation(365). Whilst the 
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causality of this link remains to be substantiated, it is interesting to note that 
(327)mouse models of Numb knockout are also associated with a behavioural 

phenotype described as jittery with hypersensitivity to sound stimuli(274), thus lending 

additional support to future experiments aiming at assessing this link.. 

6.6.4 GMH causes only transient deficits in neonatal behavior  in 

both the WT and DT pups 
In comparison with published studies (see below) we found only mild impacts of 

GMH on neonatal behaviour.  

6.6.5 Impact on early development – date of emergence versus 

quality of reflex 
The results indicate that GMH has an impact 3-6 days following haemorrhage with a 

significantly increased number of falls counted and significantly increased number of 

fails encountered during grip strength testing. Given that these impacts are transient 

and appear immediately following GMH it would seem unlikely that they are due to 

an impact on the NSPC / postnatal cortical development, rather it would seem likely 

that they are due to acute phenomena such as cerebral oedema / irritation or possibly 

to the development of hydrocephalus.  

Using the formula suggested by Wu et al (366) in which the date of acquisition is 

determined by 50% of test participants displaying the behaviour, we see a trend for 

GMH to delay the onset of behavioural landmarks, however this experiment is not 

ideally designed to address this question directly (see also below).  

Whilst the impact of GMH on the date of emergence of behavioural landmarks 

remains to be definitively determined, the fact that we do not see changes in the 

quality / speed of negative geotaxis, cliff aversion or surface righting is also 

interesting, and may suggest that the circuitry needed for early behavioural 

development is already established prior to birth with postnatal development playing a 

minimal role in the development of these behaviours.  

6.6.6 Impact at 13 to 15 days post GMH 
It is interesting to note that increased head pointing and sniffing and an overall 

increase in maximum speed is noted between 13 and 15 days post GMH, raising the 
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possibility that GMH has an impact on exploratory behaviour during this time 

window. 

The cause of this finding is unclear however it is recognised that the brain of the 

neonatal mouse undergoes complex temporally dependent development as such this 

finding may indicate that GMH is interfering with or causing dysfunction within a key 

developmental process during this time window.  

6.6.7 Impact of the needle injection  / experimental design 
We recognise that injection of the brain parenchyma is an invasive procedure 

(reflected in the histological findings Chapter 2) as such it is not wholly surprising 

that behavioural changes are seen following needle injection. Our results show that 

needle injection is associated with reduced pelvis lifts at 7 to 9 days, just prior to the 

onset of crawling and also increases the total distance travelled at 19 to 21 days.  

The significance and cause of these findings is unclear but it is noteworthy that 

Balasubramaniam et al (100) found no significant differences in the saline injected / 

sham control group. This is especially surprising when you consider that the 

injections were performed free hand with a 28-gauge needle. Aquilina et al (102) did 

not use a control / sham group as such it is not possible to determine the impact / 

contribution of the needle injection on behaviour in this experimental design. 

6.6.8 Correlation with published studies  
While the subtle differences exposed using our experimental design are interesting it 

is important to recognise that we do not see the significant and widespread phenotypic 

changes reported by Balasubramaniam et al (100).  Similarly if we look at the work of 

the Zhang group(224) they have shown marked phenotypic changes following 

collagenase injection. Importantly, we do not see phenotypic changes at the end of the 

recordings, suggesting that even if minor differences are found at earlier time points, 

they are compensated for later in neonatal life.  

Previously we have suggested that both freehand injection of autologous blood and 

collagenase injection likely represent a significant parenchymal insult akin to a grade 

IV periventricular haemorrhagic infarction as such the behavioural changes seen are 

likely to be reflective of this relatively widespread parenchymal damage. This fact is 

also alluded to by Aquilina et al(102) who, using a stereotactic injection of autologous 

blood, similarly could not replicate the widespread phenotypic changes reported 
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previously. Aquilina et al suggest that whilst their model is intraventricular and 

reflects how IVH impacts on neonatal behaviour, freehand injection and collagenase 

injection results in cortical damage leading to atrophy of the striatum with loss of 

white bundles and that this parenchymal lesion may underlie the observed phenotype. 

The differences we see in the onset of behavioural landmarks hints at an impact of 

GMH on the date of emergence. The emphasis of the experimental design used in this 

research project was to determine how GMH impacted on the quality of the early 

neonatal reflex with less focus given to the date of acquisition / emergence, in 

hindsight a more robust approach would have been to perform daily assessments of 

behaviour, clearly this would require a significant further time investment. 

The published behaviour experiments have used rats rather than mice and the 

injections were performed at P7 rather than P0, it is plausible that these differences in 

experimental design could account for the differences seen.  

Despite the phenotypic differences reported by Balasubramaniam et al(100) it seems 

likely that in the absence of significant parenchymal damage (such as that described 

here and in Aquilina et al(102)) the impact of germinal matrix haemorrhage on neonatal 

behaviour is subtle, as such it is possible that our behaviour studies were 

underpowered to pull out these subtle differences and larger group sizes may have 

proven more insightful. 

It is also relevant to note the behaviour analysis was performed during the morning in 

day light hours, whilst the room was protected from sources of natural light and the 

ambient conditions were maintained as dim as possible. It may also be relevant that 

mice are nocturnal and as such given that the pups would normally be sleeping during 

this time period they may not be displaying their normal behaviour pattern. 

Finally as alluded to in the overview of the results using this experimental design, it is 

not possible to distinguish the behaviour changes that are secondary to the impact of 

hydrocephalus from those which are secondary to the impact of GMH on the NSPC 

and early cortical development. 

6.6.9 Future studies 
Evidence from clinical studies would seem to suggest that low grade GMH impacts 

on school age performance but may not impact on early behavioural milestones, as 

such it is important to consider both what age group of mice should be tested and 
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what test of cognitive function should be undertaken to specifically highlight / 

correlate with this deficit.  

Our experimental design has focused on neonatal behaviour, whilst subtle differences 

were seen within this time frame, the possibility remains that behaviour testing at later 

time points including tests of cognition may still highlight deficits. For example 

Aquilina(102) showed increased errors in the radial maze test, which would clearly be 

an interesting application of this model to determine correlation and given the strong 

behavioural phenotype described by the Zhang group(224) following collagenase 

injection this could potentially act as a useful positive control in future experiments.  

As discussed previously there is a suggestion that GMH may delay the acquisition of 

developmental milestones. As this is a potentially important finding, to further 

investigate this possibility a larger cohort study with daily behavioural analysis could 

be advocated. 
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7 Chapter 7 – Discussion and future plans 

7.1 Overview of project 

This project is born out of a desire to improve prognosis following premature birth, 

and a belief that understanding how haemorrhage impacts on the neural stem 

progenitor cells might lead to novel therapies to optimise brain development and 

prevent neurodisability in this exceptionally vulnerable patient group. 

 

At the outset of the project I envisaged that GMH destroyed NSPC within the SVZ 

and further to this that transplanting cells into the SVZ could be used as a ‘cure’ for 

GMH with the aim of rejuvenating the SVZ, this goal is still paramount and I remain 

optimistic that in the future this treatment will herald a new frontier in treating not just 

premature neonates who suffer GMH / IVH, but also other forms of brain injury 

including traumatic and post neoplastic. However the simple truth is that ‘today’, the 

science is not at the point where this approach (i.e. stem cell transplantation into the 

SVZ) is feasible or indeed ethical, basic questions about NSC biology remain to be 

answered and the efficacy of transplantation remains questionable.  

 

GMH/IVH does cause a localised ‘hit’ to the SVZ, this has been shown in the animal 

models published to date and indeed in the seminal human studies undertaken by Del-

Bigio(50). However given that grade 1 haemorrhage is not thought to cause any 

developmental impact (although we remain healthily sceptical of this assumption) it 

would seem clear that the intraventricular spread of blood and the development of 

hydrocephalus are key components underlying the deleterious impact of GMH/IVH. 

In reality the developing brain is extremely friable and a significant localised bleed 

within the SVZ quickly ruptures into the ventricle causing intraventricular 

haemorrhage, as such in addition to the localised ‘hit’ to the SVZ it would seem clear 

that GMH / IVH causes a systemic hit on the developing brain and it seems clear that 

understanding this global hit and learning to modulate its severity and its impact on 

the NSPC within the SVZ, represents a significantly more attractive and realistic 

prospect than transplantation of cells into the SVZ. 
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Haemorrhage in premature babies is common, however in comparison to hypoxic 

ischaemic injury, studies of GMH/IVH are relatively few. This needs to change as 

GMH/IVH has a significant impact on outcome and it would seem eminently 

plausible that with further research, aspects of the deleterious impact of GMH/IVH 

may be treatable, both in terms of reducing the neurocognitive deficit associated with 

premature birth and also reducing the rate of hydrocephalus which is commonly seen 

following IVH in this patient group. 

 

Premature birth is increasingly being considered as a Primary Cerebral Dysmaturation 

Disorder (PCDD)(84) with injury to the immature oligodendrocyte precursors and 

failure to replenish with functional precursors key in this process. In the final 

trimester and early postnatal period, the GM functions as the source of 

oligodendrocyte production as such how GMH/IVH impacts on the 

microenvironmental niche of the NSPC may well be key in understanding how to 

avert the impact of PCDS. 

 

It is generally accepted that GMH/IVH impacts on brain development through 

damage to the NSPC however evidence in support of this are lacking. As alluded to 

above, the animal studies that have been published tend to involve massive 

parenchymal injury, for example in the freehand injection favoured by the DelBigio 

group(98) or the collagenase injection favoured by the Zhang group(224) or alternatively 

they cause widespread injury to the developing brain such as that seen in the rabbit 

model favoured by Ballabh(93). 

 

The strength of our model is that it has clearly defined itself as a model of moderate 

GMH. At the inception of the project this development wasn't intentional but it 

quickly became clear that the freehand injection originally planned was not 

sufficiently accurate and that it caused significant damage to the brain presumably 

due to movement in the needle tip, confounding pathologies such as subdural 

haematoma were common and overall the free hand technique clearly lacked the 

reproducibility required to vigorously interrogate the hypothesis that GMH / IVH has 

an underlying impact on the NSPC within the SVZ. Further to this, whilst it remains 

plausible that the DelBigio team may have been more proficient in bleeding newborn 
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mouse pups, I found extracting such a large quantity of blood (reported as 15μl) 

impossible without causing significant (even fatal) trauma to the pup and the systemic 

impact of such a significant loss of circulating volume also has to be considered. As 

such the evolution of the stereotactic injection of a small amount of autologous blood 

developed as much by happenstance and the realities of modelling as by planning, 

however this remains a key strength of this model, which differentiates itself from 

those that have been published to date. 

 

The fact that the model developed in this research proposal does not cause early 

behavioural disturbance is also telling, as this was a key feature of published models. 

This is interpreted as a further reflection of the fact that the published models cause 

widespread destruction to the parenchyma and rather than displaying the results of 

evolving damage to brain development, the behavioural disturbances seen result from 

this parenchymal damage. Whilst interesting and relevant in terms of developing 

therapies aimed at treating this severe parenchymal injury, this approach misses the 

more subtle injury caused by GMH / IVH. That said, whilst early behaviour may not 

be impacted in our model of moderate GMH, it would be extremely interesting to test 

whether or not it causes problems later in development for example with cognition 

and socialization as damage to the early post natal migration of interneurons may be 

associated with deficits in these domains. This question will represent a key future 

research objective. 

7.2 Modifications to the existing model 

7.2.1 Refinements to the injection technique / protocol 

Reducing needle trauma and the kinetic impact of the haemorrhage 

The main disadvantage of the autologous blood injection model is that it requires 

transparenchymal injection and there is a bolus force initiated by the blood injection. 

We have shown that using a custom made 30 gauge Hamilton needle causes minimal 

impact on the developing cortex however we predict that this impact could potentially 

be reduced further by using pulled glass micropipettes. 
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An argument can be made that the kinetic impact of the blood bolus within the 

ventricular system may actually model an important physiological impact of 

GMH/IVH in neonates i.e. a sudden bleed in the ventricular system would be 

expected to exert kinetic impact on the walls of the lateral ventricle. However given 

that we are interested in determining how IVH impacts on the integrity of the 

ependymal lining (see later) we envisage that variability in the injection model may 

be reduced by limiting the kinetic impact of the blood bolus. 

 

Despite the stereotactic approach and the small bolus size we still see separation of 

the corpus callosum away from the hippocampus and underlying ventral structures 

(Figure 3-8 page 112) this variability following blood injection is concerning and we 

do not know what extra damage this might be causing to ependymal lining of the 

ventricle. It is not clear how this effect occurs and we cannot discount that the 

evolution of a ‘severe’ hydrocephalus phenotype may be responsible, however we 

recognise that it may be an artifact of the experimental model caused due to the bolus 

force of the intraventricular blood injection. Limiting this bolus force and in turn 

limiting separation of the corpus callosum away from the ventricle is a key future 

research goal. 

 

Two refinements to the technique are proposed which may reduce kinetic impact, 

firstly the withdrawal of CSF prior to blood injection to reduce the kinetic impact of 

blood bolus injection may be beneficial, this would require either a ‘double pass’ 

through the parenchyma i.e. CSF withdrawal prior to injection or alternatively 

bilateral injections (although this would require refinements to the injection rig) i.e. 

CSF withdrawal on the right side and blood injection on the left. Secondly using an 

infusion pump to inject blood over a more prolonged period. Blood injection was 

undertaken over the course of one minute, using an infusion pump this injection time 

could be increased to 5 or even ten minutes, the main disadvantages of increasing the 

injection time in this way are the risk of morbidity associated with increased time 

away from the dam and the risk of pup movement. The pup is restrained in the clay 

mold using medical tape however the anaesthetic impact of exposure to the ice box 

has a limited time efficacy, this could potentially be overcome by cooling the 

injection apparatus but the feasibility of this approach would need to be determined. 
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Using the injection protocol developed we achieved good survival characteristics, it 

remains to be seen if increasing the injection time in this way would impact on 

survival.  

 

Given that we are increasingly interested in the ‘global / systemic’ hit caused by 

GMH / IVH rather than aiming to cause a GMH i.e. a bleed within the parenchyma 

that ruptures into the ventricle an alternative approach would be to specifically target 

the ventricle with the intention of determining the impact specifically of IVH. This 

approach may reduce some variability in the tissue damage caused by the injection 

model. 

7.2.2 Modifications to tissue preparation and novel methods to 

explore the impact of GMH on the SVZ. 

Whole mount preparation - Overview of method 

Fiona Doetsch and the lab of Alvarez Buylla have developed a technique for 

preparing the SVZ, which facilitates en bloc examination of the ventricular surface. In 

brief the pups are culled using an IP injection of 2.5% Avertin and the brain quickly 

removed using the standard technique. The olfactory bulbs and cerebellum are 

removed and brain is sectioned in the midsagittal plane (Figure 7-1 A&B page 270). 

A blade is then inserted into the ventricle and used to divide the posterior attachment 

of the hippocampus to cortex (Figure 7-1C). The hippocampus can then be retracted 

forwards and removed by making cuts through the inferior anterior attachment of the 

hippocampus (Figure 7-1D), the choroid plexus then has to carefully removed from 

the floor of the lateral ventricle and the cortex surrounding the SVZ trimmed off 

(Figure 7-1E). If the sample is to be used for whole mount staining then at this stage it 

is fixed overnight in 4% PFA, if the sample is to be used for organotypic preparation 

then further dissection is undertaken.  

 

With the cortex removed, a cut is made in the inferior surface to allow the sample to 

lie flat within the petri dish (Figure 7-1F) and the SVZ is gently dissected away from 

the cortex, the resulting section should be wafer thin and translucent in appearance 

(Figure 7-1G&H). 
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Figure	7-1	Steps	for	whole	Mount	Technique	
A Olfactory bulbs are removed and a cut made in the midsagittal plane B The cut sample is orientated 
as shown and aligned on its inferior surface C At the posterior medial edge of the cut sample an 
incision is made to release the hippocampus from the cortex as shown D Upper image shows a medial 
view of the hippocampus reflected forwards revealing the lateral border of the lateral ventricle i.e. the 
SVZ; Lower panel shows a superior view of the hippocampus reflected forwards E Shows a medial 
view of the cut sample with hippocampus removed revealing the lateral border of the lateral ventricle 
i.e. the SVZ; lower panel shows a schematic to label the anatomy seen F The cortex is trimmed away 
from the edge of the SVZ and the inferior margin of the sample is cut to provide a stable surface to sit 
the sample onto to allow further trimming of the SVZ G The cut sample is aligned on its inferior 
surface and a thin slither of the SVZ is trimmed away from the cortex H Final whole mount prepared 
from the wall of the lateral ventricle. 
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Application of live slice / organotypic preparations  

Application of this technique allows not only examination of the impact of GMH on 

the SVZ but also facilitates organotypic live slice preparations to be prepared. 

Combining organotypic slice preparation with time-lapse confocal microscopy 

potentially opens a whole new avenue of research, which can be used to study the 

dynamic impact of GMH. In this way, the impact of GMH on the cilia within the 

ependymal lining can be studied, for example Shinya Ohata a Post Doc in Alvarez 

Buylla’s lab is using live imaging to study the ependymal flow of fluorescent 

microbeads and using a high speed camera was able to record the ependymal ciliary 

beating of E1 cells, an example of this technique is shown in Figure 7-2 which 

contains camera stills taken from a video recording displaying the beating of the 

ependymal cilia. 

 

An alternative approach, is to take live slice whole mount preparations from 

transgenic reporter mice which allow identification of certain cell types, for example 

Kirsten Obernier a Post Doc in Alvarez-Buylla’s lab was crossing an 

hGFAPCreER:TomatoTD with a FUCCI mouse. FUCCI (Fluorescent ubiquitination-

based cell cycle indicator) mice are transgenically engineered such that they will 

autofluoresce when they enter the cell cycle (this is due to the expression gemminin 

during the S phase and when this has been broken down by ubiquitination i.e. it has 

passed to the next stage of the cell cycle, the autofluoescent signal disappears). 

Activation of the hGFAPCreER:TomatoTD construct with tamoxifen caused the 

hGFAP+ve cells (i.e. the NSPC) to fluoresce red, combining this with the FUCCI mice 

facilitated the recognition of cell division within the hGFAP+ve cells an example of 

this is shown inset in Figure 7-2B initially a red cell is seen at t=1 which then 

colocalises with green (giving a yellow signal) t=2 to t=4 the green signal is lost t=5 

and finally the cell is seen to divide t=6 to t=9. 
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Figure	7-2	Time	lapse	experiments	using	whole	mounts	from	the	wall	of	the	SVZ	
A Time lapse taken with high shutter speed camera demonstrating the movement / beating of the 
ependymal cilial border of the SVZ – cilia are labelled with fluorescence and detected using 
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fluorescence microscopy B Example of time lapse taken from the SVZ of hGFAPCre:TomatoTD Fucci 
mice – green cells indicate Fucci+ve Red cells indicate hGFAP expression i.e. NSC within the wall of 
the lateral ventricle – inset show s single hGFAP+ve  which enters the cells cycle i.e. it fluoresces green 
(colocalisation seen as yellow) and it then seen to divide into two daughter cells. 
 

Alternatively the NSPC within the wall of the lateral ventricle could be exposed to 

fluorescently labeled virus eg GFP Adeno virus such as that used by Parades et al(153). 

This could be achieved either by applying directly to organotypic slice preparations or 

potentially through intraventricular injection prior to culling. Time lapse confocal 

microscopy can then be used to review the post natal migratory patterns and further to 

determine the impact of GMH. 

 

A further application of this technique is to apply it to human samples, two methods 

are envisaged to facilitate this approach; either early post mortem material or 

intraoperative samples taken from patients undergoing disconnective epilepsy surgery 

i.e. either hemispherotomy or temoral parietal occipital disconnection. This again is a 

key future research aim and collaboration with Professor Tom Jacques 

Neuropathologist at Great Ormond Street Hospital and Mr Martin Tisdall head of 

Epilepsy services at GOSH is being actively sought to facilitate this development. 

7.2.3 Trial of different injection amounts and constituents 

An alternative method of reducing the kinetic impact of the blood bolus would be to 

reduce the amount of blood injected. In comparison to other animal models that 

employ blood injection our model already has a low injection volume (98 102) however 

a dose response relationship could be investigated to determine how different volumes 

of blood impact on the wall of the lateral ventricle. Similarly rather than injection of 

whole blood it may be possible to fractionate the blood prior to injection to determine 

which blood component elicits the response in the SVZ for example does the SVZ 

react to plasma alone, or does chelation of the iron content negate the impact of 

haemorrhage. 

 

An alternative approach would be to inject a Notch antagonist into the ventricle to 

determine if the response of the SVZ reflects that seen following GMH. 
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7.2.4 Analysis of CSF following haemorrhage in murine and human 

IVH 

Understanding the impact that CSF, and in particular blood stained CSF following 

intraventricular haemorrhage, has on the control of NSPC through modulation of the 

proximal domain within the SVZ remains a key future goal. To address this aim 

analysis of CSF from both murine and human samples is planned. In the mouse, CSF 

extraction from the cisterna magna prior to culling is anticipated whilst in the human 

neonate samples of CSF will be taken at the time of ventricular subgaleal shunt 

insertion.   

 

Analysis of the CSF looking at brain lipid protein and microRNA expression in 

collaboration with Ping Yip QMUL, cytokine analysis in collaboration with Jane 

Hassell Imperial, cell isolation and reprogramming in collaboration with Axel Heep 

Oxford, proteomic analysis in collaboration with Victoria Jones Institute of Child 

Health, and nitric oxide concentration in collaboration with Chris O’Callaghan 

Institute of child health are all planned to determine if this approach can shed light on 

how IVH impacts on the ependyma and the SVZ. It is envisaged that in the future 

CSF analysis will be used to guide therapeutic intervention, for prognostication of 

outcome, and to monitor response to treatment.  

7.2.5 Intraventricular clot lavage following haemorrhage to reduce 

hydrocephalus and improve outcome 

An exciting and important practical extension of the work done in this research 

project is the development of a clinical trial assessing the efficacy of endoscopic clot 

lavage following neonatal IVH. The justification for this research is based on two key 

bodies of work: firstly the DRIFT trials (Drainage Irrigation and Fibrinolytic 

Therapy) which showed that irrigation of the ventricular compartment to remove the 

‘intraventricular cytokine soup’ left after GMH / IVH improves outcome at two years 
(88) and further publications demonstrating sustained improvement are anticipated 

(Aquilina – personal communication). Secondly, in 2014 Shultz et al(367) 

demonstrated, in a small series, that neuroendoscopic intraventricular lavage at the 
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time of temporising device implantation significantly reduced the incidence of 

progressive hydrocephalus in comparison with historical controls. 

 

In the DRIFT trial irrigation of the ventricular system was achieved using 2 implanted 

ventricular catheters (right frontal & left occipital) and required intensive monitoring 

within a neonatal intensive care unit, with precise assessment of fluid inflow and 

outflow and continuous measurement of intracranial pressure over at least a 72 hour 

period. The DRIFT study was discontinued due to the incidence of re-bleeding related 

to intraventricular use of tissue plasminogen activator (t-PA). Although the DRIFT 

study did not demonstrate a reduction in the requirement for a permanent VP shunt, 

cognitive and motor follow-up at two years did demonstrate a significant reduction in 

the rate of death and severe disability in the DRIFT group compared to the group that 

received standard treatment. 

 

We would expect that endoscopic lavage carries the advantages of DRIFT by washing 

out the clot and reducing the concentration of intraventricular inflammatory 

mediators. However, endoscopic lavage reduces the risk associated with 72 hours of 

irrigation to a single operative procedure and removes the need for prolonged external 

drainage on the neonatal intensive care unit. In addition, the mechanical effect of 

direct endoscopic washout obviates the need for a fibrinolytic drug, which in the 

DRIFT study was associated with a significant rebleeding rate.  

7.3 Long term impact of GMH 

Notch down-regulation is associated with precocious proliferation and depletion of 

the NSC pool. In our model we see that GMH causes Notch down-regulation and a 

burst of precocious proliferation at P4, it is therefore logical to question whether 

GMH reduces the NSC pool.  

 

To quantify NSC within the wall of the lateral ventricle of the adult we have reared a 

group of GMH and Control pups (WT and DT) up to one year, prior to culling, these 

pups were injected with the thymidine analogue BrdU as such we envisage that 

quantification of the label retaining cells within the SVZ may give an indication of the 

long term impact of GMH on the NSC pool. An alternative approach would be to 
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apply the injection model to a transgenic reporter mouse line for example: 

hGFAPCreER:TomatoTD. Following tamoxifen activation NSC within the wall of 

the lateral ventricle could then be quantified either using either IHC or potentially 

using a FACS approach (which would also facilitate further investigation of the NSC 

properties). 

 

In addition to quantifying NSC number, a functional change in the response of the 

NSC could also potentially be tested, for example size and number of neurospheres 

could be compared in the GMH and control pups. An alternative approach would be 

to combine GMH with a second injury model at a later time point. For example 

traumatic injury to the cortex is associated with activation in the SVZ and it would be 

interesting to determine if GMH had a functional impact on the NSC response in 

effect predisposing the pup to a worse outcome in the event of a second injury.  

 

As discussed in Chapter 4 premature birth has been shown to reduce the complexity 

of dendritic arborisation within the cortex(62), a finding which has been validated both 

histologically(48) and extrapolated radiologically using fractional anisotropy(328). It has 

also been suggested that Notch down-regulation impacts on dendritic arborisation(327), 

therefore quantification and comparison of dendritic arborisation following GMH and 

also in the DT pups is envisaged.  

 

Similarly in the DT model we see a very specific and distinct behavioural phenotype 

which we predict may be due to disruption of dopamine signalling within the 

mesocortical pathway(365), to explore this hypothesis quantification of the medium 

spiny neurons within the striatum will be undertaken. Quantification of the volume of 

structures within the brain (for example the striatum) could also be undertaken using 

volumetric MRI imaging and given that in the human neonate alterations in fractional 

anisotropy can be evaluated using MRI it is tempting to speculate whether we could 

detect differences in mice using this technique. 

 

In our experimental design we did not see an impact of GMH on neurogenesis within 

the Olfactory bulb, this is unexpected given the profound differences we see in the 

cortex. The reason for this differential impact on the olfactory bulb and cortex is 
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unclear but may reflect the fact that a 21 day chase was not sufficient to detect the 

impact of GMH on neurogenesis within the olfactory bulb as such a longer pulse 

chase for example 40 days may be more enlightening. 

 

Using our experimental design we have found that GMH at P0 downregulates Notch 

expression in CD133+ve cells at P4, whilst this is a very interesting finding which may 

potentially explain a number of the key findings in both our animal model and the 

clinical setting alike, it is important to recognise that our data represent a single 

shapshot which indicate how a single cell population (i.e. the CD133+ve cells) within 

the neonatal SVZ react to GMH at a specific time point (i.e. 4 days following 

haemorrhage). Given that other groups have shown Notch up-regulation secondary to 

injury(322-324) it would be interesting both to quantify Notch expression in other cell 

types within the SVZ and cortex and similarly to determine the temporal course of 

RNA expression in response to haemorrhage for example how quickly does RNA 

expression within the CD133+ve  cells become downregulated and over what time 

period and whether it returns to baseline in adulthood. 

 

Further validation of the RNA results could also be undertaken using laser cell 

capture from the wall of the lateral ventricle. 

 

Stratification of histological outcome based on the degree of hydrocephalus could be 

undertaken. In our experiment we saw ventriculomegaly in all analysed cases 

however in a small proportion of cases florid hydrocephalus was seen, these animals 

were not used for analysis in this study but quantification of histological outcome in 

this extreme phenotype and stratification of outcome based on the degree of 

ventriculomegaly may be able to differentiate the impact of hydrocephalus from the 

damage caused to the SVZ by GMH. 

 

Our model shows that GMH causes specific changes in neonatal behaviour however 

the changes that we see are neither as pronounced as those shown in other animal 

models of GMH nor are they as widespread. This is likely to be due to the fact that 

our model represents a mild to moderate IVH i.e. Grade II-III rather than the Grade 

IV GMH that has been modeled in these studies. Given that the development of 
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social, communication and cognitive deficits at later time points (e.g. school age 

performance) have been suggested in the clinical setting(75 78), complementary 

developmental studies in older mice looking at tests of cognition may be insightful for 

example; maze testing, Morris water maze learning and spatial memory, it may also 

be interesting to add collagenase injection to serve as a positive control. 

7.4 Development of a transgenic model of GMH / IVH 

As discussed in the introduction, no models of inducible postnatal IVH in which the 

pup survives have been developed, this would be an interesting development in the 

field and should be encouraged as it would negate the need for transparenchymal 

injection.  

 

At present the main advantage of using a genetic model would be to reduce bolus 

size, for example potentially the injection of a small quantitiy of Cre Virus could be 

considered to activate fragility in the periventricular vasculature. This approach 

however does not circumvent the transparenchymal injection and also introduces 

another layer of complexity when interpreting how NSPC function is impacted by 

GMH/IVH i.e. what impact does Cre Virus have on the NSPC and what impact does 

the genetic mutation have on NSPC and the phenotype of the mouse pup? 

 

Alternatively haemorrhage could be elicited by inducing vascular fragility within the 

mouse pup as was done by Leroux et al(128) however again this model required 

injection of the ventricle (in this case with 2μl of n-saline) and it will be important to 

consider how closely this transgenic model reflects GMH in the human neonate, for 

example vascular fragility was not limited to the GM as such how accurately and 

specifically will this impact on the GM in comparison to the rest of the brain. Further 

to this Leroux et al concede in their paper that transgenic mutation of this kind 

impacts on cerebral development with a distinct cerebral phenotype seen in the 

transgenic pups. 

 

Again the question of whether such a transgenic model could be used to understand 

the subtleties of the impact of GMH / IVH on the NSPC remain to be determined.  
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It has been suggested that impacting on early brain development by manipulating 

genetic properties within the SVZ in order to separate the effect of SVZ damage from 

hydrocephalus would be beneficial however this is clearly answering a very different 

question namely what effect does damage in the SVZ have on cortical development, 

whilst this is an interesting question it is not the aim of this research project as the 

question we are asking is what impact does GMH have on the NSPC and early 

cortical development. 

 

In our mouse model as with the human neonate a key outcome is the development of 

ventriculomegaly / hydrocephalus as such disentangling the two may not be possible 

or indeed beneficial. 

 

Whilst autologous blood injection undoubtedly has limitations, in order to answer the 

specific question addressed in this research i.e. what impact does GMH / IVH have on 

the NSPC, stereotactic injection of autologous blood remains the optimal method. 

7.5 Application of the blood injection to other transgenic 

lines 

The reasoning behind choosing the Bmi1 overexpression model was based on the 

assumption that enhanced self renewal and resistance to oxidative stress may be 

beneficial characteristics in the presence of GMH / IVH, this remains a plausible 

theory and indeed a unique phenotype at P21 following haemorrhage suggests that 

modulation of Bmi1 may indeed impact on histological outcome and further work 

using an inducible model of Bmi1 expression is envisaged to explore if postnatal 

modulation of Bmi1 can have a similar impact on the phenotype at P21. Further to 

this, Bmi1 overexpression is associated with a distinct behavioural phenotype, 

analysis of the phenotype suggests that in addition to an initial impact on early 

behavioural reflexes there is a further secondary ‘peak of influence’ that occurs at 

around 10 to 12 days. Using an inducible model of Bmi1 overexpression it would be 

very interesting to see if we can recreate this behavioural phenotype by 

overexpressing Bmi1 at a later postnatal time point. 
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That said, the picture evolving around the impact of GMH/IVH on the NSPC and the 

developing brain appears to be more complicated than simply survival and number of 

NSPC within the SVZ. In hindsight before introducing the complexity of the 

transgenic model, further characterisation of the blood injection model in order to 

fully understand the impact of GMH / IVH on the NSPC and developing brain may 

have been a more advantageous route. It does however show us that the model can be 

used for transgenic animals and this is encouraging, for example application of the 

GMH model to pups overexpressing Notch could be used to determine if increasing 

Notch following GMH improves outcome. 

7.6 The impact of hydrocephalus in this mouse model 

7.6.1 Hydrocephalus as a confounder or key replicate of the human 

condition? 

The cause of hydrocephalus following neonatal IVH is not clear, it is postulated that 

blockage of CSF channels and arachnoid villi may predispose to hydrocephalus 

however premature neonates lack arachnoid villi and so this simplistic explanation is 

clearly not the full story. Given the incidence of hydrocephalus following GMH / IVH 

and indeed the high rate of ventriculomegaly following both premature birth and IVH, 

it seems plausible that IVH may impact on the integrity of the ventricular system 

whether through damage to the ciliated ependyma or by changing the properties of the 

ependyma (206). 

 

This project has focused on how moderate grade GMH impacts on the NSPC on the 

premise that localised damage at the site of haemorrhage is the most important 

mechanism, on reflection given that we are increasingly interested in the ‘global / 

systemic’ hit caused by GMH / IVH as a significant pathological mechanism, rather 

than aiming to cause a GMH i.e. a bleed within the parenchyma that ruptures into the 

ventricle an alternative approach would be to specifically target the ventricle with the 

intention of determining the impact specifically of IVH. This approach may reduce 

some variability in the tissue damage caused by the injection model. 
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The rationale for this approach is that the developmental impact of GMH / IVH is 

likely due to a global insult to the developing SVZ rather than the focused injury 

caused at the site of heamorrhage and as such it is likely that the intraventricular 

extension of blood critically impacts on neurodevelopmental outcome. With this in 

mind the importance of incorporating intraventricular spread of blood into any model 

of GMH is clearly apparent, and all models which cause intraventricular haemorrhage 

are likely to cause a degree of the ventriculomegaly which is both unavoidable and 

likely may be necessary in order to replicate the human condition. As such the 

confounding impact of hydrocephalus in this model seems unavoidable and likely 

undesirable. 

 

Further to this a clinical study looking at the use of neuroendoscopy is being planned 

in premature neonates undergoing treatment for neonatal IVH (see Section 7.2.5 page 

274) to see if this will reduce the incidence of hydrocephalus and whether it will 

improve neurodevelopmental outcome. 

7.7 Investigation of the ependyma 

In both the GMH model and in the Control DT pups (i.e. Bmi1 overexpression in 

isolation) we see ventriculomegaly. Given that both models are also associated with a 

down-regulation of Notch expression (un-validated in the DT model therefore not 

included in this thesis), it is tempting to speculate that Notch downregulation may 

play a role in the aetiology of hydrocephalus in both experimental conditions. Notch 

homeostasis is known to play a key role in regulating the integrity of the ependymal 

cell lining of the ventricle(272), in part through its influence over the adhesin junctions, 

with delamination and reversion to a NSC phenotype reported in the literature (206).  

 

Determining how GMH and Bmi1 overexpression impact on structural integrity in the 

wall of the lateral ventricle is a key future research goal. In the first instance staining 

of whole mounts of the SVZ (as described above) with antibodies directed to 

ependymal cells (for example S100β) will be used to give an indication of how GMH 

and Bmi1 overexpression impact on ependymal cell characteristics such as number, 

size and distribution. Further to this by preparing live slice whole mounts we intend to 

determine how the functionality of the ependymal cells is impacted by GMH & Bmi1 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 282 

overexpression, for example using high speed video recordings to quantify beat 

frequency and quality (as discussed previously) and also using time lapse microscopy 

of fluorobead movement across the face of the SVZ. 

 

In addition to these experiments we also envisage the use of electron microscopy to 

further determine the impact of GMH & Bmi1 overexpression on structural integrity 

within the wall of the lateral ventricle and also the use of laser cell capture to isolate 

ependymal cells from the wall of the lateral ventricle in combination with gene array 

analysis to determine how GMH & Bmi1 impact on the ependymal cells at a 

molecular level. 

 

There are clearly differences between human and mouse brain development and the 

need for analysis in humans is clear – as a Neurosurgeon especially if working at a 

paediatric hospital I have unique access and understanding of this – pending ethical 

consent I hope to start collecting samples of the SVZ for analysis. 

7.8 Application of new imaging modalities 

Advanced imaging techniques such as MR tractography and volumetric analysis have 

shown that, even when the brain appears grossly structurally normal, IVH is 

associated with reduced cortical and cerebellar volume(368), reduced dendritic 

arborisation(369) and aberrant cortical connectivity (48). We are currently working with 

the physics department at Great Ormond Street Hospital to devise protocols that will 

allow the children enrolled in the endoscopic lavage study (see Section 7.2.5) to 

undergo advanced MRI imaging. This study will be critical in determining how 

endoscopic lavage impacts on outcome and also as a guide to prognostication in this 

patient group. 

7.9 Clinical management of neonatal IVH / PHH 

Direct implantation of a ventriculo-peritoneal shunt (VPS) at the time that ventricular 

dilatation first develops is associated with a high risk of infection and malfunction. 

This is related to the thin friable skin of the premature neonate, suppressed immune 

function, and a thick CSF characterized by high protein and particulate blood clots. In 
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addition, draining of CSF to the peritoneum is often contraindicated in these children 

due to comorbities such as necrotizing entero-colitis.  

 

Questions still remain regarding what is the optimal temporizing treatment in 

neonates with progressive post haemorrhagic hydrocephalus, for example access 

devices, ventricular subgaleal shunts, external ventricular drainage, endoscopic clot 

lavage and early ventricular peritoneal shunting have all been advocated by different 

groups around the world and this difference in practice indicates the lack of evidence 

in this area and the lack of optimal consensus.  

 

Similarly when to intervene and what parameters to use in making this decision also 

remains contentious(370), at GOSH, infants are transferred for CSF diversion when 

their ventricular index increases beyond the 97th centile +4mm, however other groups 

have advocated intervening at earlier time points (56) culminating in the ELVIS (Early 

versus late intervention) a multicentre randomised controlled trial of low versus high 

threshold treatment in preterm infants with progressive posthaemorrhagic ventricular 

dilatation.  

 

Similarly the use of neurophysiological recordings of flash visual evoked potentials 

and amplitude integrated electrophysiology have been advocated to guide the timing 

of intervention(371) and also doppler resistance index calculation (372). 

 

The need for improved communication between the Neonatal teams referring patients 

for intervention and the neurosurgical service is also clear with anecdotal evidence 

implicating that referrals to the neurosurgical service may be made late when the 

ventricular index has increased significantly beyond the treatment threshold, at GOSH 

there is a move to improve communication between the neonatology teams and the 

neurosurgical service, moving from a reactive to a proactive delivery of service.  

7.10 Translational applicability of the mouse studies  

To determine the translational applicability of the data acquired from the mouse 

studies analysis of human parenchyma and CSF is planned as summarised in the 

tables below 
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Table	9	Experiments	based	on	Examination	or	use	of	Human	Brain	Parenchyma	

 
  

!

!

Experiments based on examination or use of 
human parenchyma. 

Experimental 
Substrate Collaborators  Brief description of Plan 

Autopsy!

Specimens!

UCSF!

Prof!Rowitch!

Prof!Huang!

Dr!Jen!Cotter!

6!cases!of!GMH!!

(13!sample!blocks)!

8!control!cases!!

(10!sample!blocks)!!

Material(Transfer(
Agreement(in(place(to(
facilitate(transfer(of(
samples(to(the(UK(

Validation!of!mouse!

targets!with!IHC!and!

ISH!

Developing!

Brain!Unit!

!

St!Thomas’!

Hospital!!

Prof!Mary!

Rutherford!

Dr!Veena!

Supramanium!

Established!brain!bank!

already!set!up!and!

currently!applying!to!

expand!through!MRC!

funding!

Fresh!brain!

tissue!

GOSH!

Mr!Kristian!

Aquilina!

Mr!Greg!Hall!
Lobectomy)specimens)
Ethical!approval!will!be!

sought!for!analysis!of!

lobectomy!samples!

acquired!through!the!

epilepsy!service!!

Development!of!a!whole!

mount!technique!from!

the!wall!of!the!lateral!

ventricle!to!facilitate!

examination!of!the!

ependyma!and!possibly!

live!slice!imaging!

!

Isolation!of!neural!stem!

cells!to!facilitate!RNA!

expression!analysis!and!

possibly!generation!of!

ependymal!cells!to!

determine!the!impact!of!

injury!

UCSF!

Prof!Alvarez!

Buylla!

Prof!Kurtis!

Auguste!

Dr!Shaun!

Sorrells!

GOSH!

Mr!Kristian!

Aquilina!

Mr!Greg!Hall!

Prof!Tom!

Jacques!

Fresh)autopsy)
material)

Collaboration!with!the!

Neuropathology!

department!will!be!

sought!to!facilitate!early!

access!to!pathological!

specimens!

!
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Table	10	Experiments	based	on	examination	or	use	of	human	CSF	

 

  

!
!

Experiments based on examination or use of 
human CSF. 

Collaborators Brief description of Plan 

UCSF!
Prof!Nalin!Gupta!

Dr!Kirsten!
Obernier!!

2!samples!of!
Human!CSF!taken!
from!human!
neonates!

Aim!to!determine!how!IVH!impacts!on!NSC!
within!the!SVZ!E!Used!on!live!slice!

preparations!from!the!wall!of!the!lateral!
ventricle!

GOSH!

Mr!Kristian!
Aquilina!

Mr!Greg!Hall!
Dr!Amy!Bowes!
Dr!Josh!KingE
Robson!
Prof!Tom!
Jacques!

Dr!Jen!Cotter!

Cytokine!studies!
Concentration!of!inflammatory!mediators!
within!the!CSF!is!envisaged!for!example:!

TGFβ!
Extraction!of!NSC!using!either!
MACS!or!FACS!sorting!for!

example!using!the!NSC!marker!
CD133!!

RNA!analysis!of!extracted!cells!
to!determine!the!impact!of!GMH!
Induction!into!ependymal!cells!
with!an!assessment!of!function!

Application!of!
Human!CSF!to!in!
vitro!designs!

As!above!CSF!used!on!live!slice!preparations!
to!determine!the!impact!of!haemorrhage!on!
ependymal!cell!function!and!on!cells!within!

the!SVZ!
Application!to!engineered!ependymal!cells!
matrices!–!collaboration!with!Professor!
Callaghan!@!GOSH!is!being!sought!to!

facilitate!this.!
!
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7.10.1 Preliminary results 

Human tissue analysis 

6 cases of GMH and 7 age-matched controls were identified in the UCSF Human 

Tissue Bank (see Table 11). Preliminary work has highlighted that the samples are 

suitable for Nissl staining, ISH (see Figure 7-3) and, when used in combination with 

antigen retrieval, IHC staining.  

 
Table	11	List	of	human	samples	identified	in	the	UCSF	human	tissue	bank	
A List of GMH cases and age matched controls demonstrating cause of death and severity and 
distribution of haemorrhage in the GMH cases B Table showing the distribution of GMH and Control 
cases by gestational week. 
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Figure	7-3	Representative	images	taken	from	the	human	prepared	from	the	human	tissue	
bank	at	UCSF	
A&C Nissl stained samples of human brain parenchyma demonstrating the anatomy of the germinal 
matrix A Sample from a 29 week old infant demonstrating haemorrhage (red arrow) within the 
germinal matrix (yellow arrow) B Sample from a 30 week old infant used as an age matched control 
B&D Hes 1 ISH B Hes1 ISH in GMH sample C Hes1 ISH in age matched control. 

Impact of HCSF on mouse live slice samples 

All experiments were undertaken at UCSF with Dr Kirsten Obernier a Post Doc in the 

lab of Prof Alvarez-Buylla. Time lapse imaging was performed for a minimum of 72 

hours on whole mount live slice sections of the SVZ taken from 

Fucci:hGFAPCreER:TomatoTD. On activation with Tamoxifen, hGFAP+ve cells in 

the SVZ (i.e. the NSC) expressed RFP (red fluorescent protein) whilst cells entering 

the cell cycle expressed GFP (green fluorescent protein) due to the Fluorescent 

ubiquitination-based cell cycle indicator (Fucci). As shown in Figure 7-2 inset, cell 
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division in the SVZ was visualized in cells expressing RFP, on entering the cell cycle 

they were seen to colocalise with GFP before dividing into two daughter cells. 

 

Two samples of neonatal CSF were obtained from Professor Nalin Gupta, a ‘clear 

sample’ from a patient undergoing repair of a myelomenigocoele and a 

xanthochromic sample from a neonate with intraventricular haemorrhage. Testing 

with the xanthochromic sample showed high toxicity and was not successful whilst 

using the ‘clear CSF’ at high concentration i.e. 75% hCSF lead to a significant 

increase in proliferation in the SVZ as witnessed by the increased number of GFP 

expressing Fucci cells in these samples (see Figure 7-5). This impact was seen to last 

for around 24 to 26 hours after which time a significant drop in the number of 

proliferating cells was seen.  

 

Whilst these results are preliminary is it notable that hCSF was able to influence to 

proliferative characteristics of the SVZ. It is likely that the drop off seen in the 

number of proliferating cells after 26 hours is due to toxicity secondary to 

xenotransplantation / rejection and it is envisaged that a NOD SCID model may 

overcome this rejection.  
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Figure	7-4	Examples	of	photomicrographs	taken	from	whole	mount	samples	during	time	
lapse	analysis	using	human	CSF	vs	standard	medium	
Representative image shown at 10 hour intervals Green fluorescence (fucci) indicates the cell is 
entering the cell cycle: Red fluorescence indicates the cell has been activated by Tamoxifen via CreER  
to express RFP A Standard CSF medium B  Human CSF clear (to distinguish from a xanthochromic 
sample that was also obtained – results not shown). 
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Figure	 7-5	Data	 showing	 that	 a	 high	 concentration	 of	 hCSF	 is	 associated	with	 increased	
proliferation	in	the	first	24	to	26	hours	
A&B Images taken at time zero, indicating the number of fucci+ve cels present A Representative images 
using the standard CSF medium B Comparative images taken from CSF medium containing human 
CSF at high concentration (75%) demonstrating the increased number of Fucci positive cells C 
Quantification of the number of Fucci+ve  cells confirms increased proliferation in the medium 
containing a high concentration of human CSF 
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7.11 Clinical studies looking at management and outcome 

following GMH 

A summary of the clinical projects currently underway and those envisaged for the 

future are summarised in the table below 
Table	12	Clinical	studies	in	management	and	outcome	following	GMH	

 
 

  

!

Clinical studies in management and outcome 

following GMH 

Collaborators Brief description of Plan 

GOSH!

Mr!Kristian!Aquilina!
Mr!Greg!Hall!
Dr!Amy!Bowes!

Dr!Josh!King<Robson!

Neuroendoscopy!for!
the!treatment!of!
intraventricular!
haemorrhage!

Clinical!trial!based!at!GOSH!looking!
at!the!impact!of!endoscopic!
ventricular!washout!on!the!

development!of!PHH!

RLH!
Mr!Ganesalingham!

Narenthiran!
Dr!Nitish!Jayakumar!

International!opinion!
and!experience!in!
treating!PHH!

Questionnaire!sent!out!via!
Neurosurgical!email!forums!–!
Listserve,!AANS!&!BPNG!St!Judes!

Memphis! Professor!Fred!Boop!

Developing!
brain!unit!!
St!Thomas’!
Hospital!

Prof!Mary!Rutherford!
Dr!Veena!

Supramanium!

MRI!imaging!of!
preterm!Neonates!

As!part!of!an!ongoing!study,!all!
premature!infants!from!the!

referring!catchment!undergo!MRI!
at!term.!A!review!of!infants!

following!GMH!to!determine!MRI!
findings!is!planned!

!
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8 CHAPTER 8: PROTOCOLS 

8.1 Chapter 2 - Stereotactic Injection of autologous blood 

into the neonatal mouse SVZ to model GMH in human 

neonates 

8.1.1 Protocol for stereotactic injection of P0 pups 

Equipment / Apparatus: 

Narishige stereotactic frame (SM-15R + IMS-3) 

Modified wooden base with P0 mold,  

Tape for securing pup (3M Micropore tape) 

Light source 

Ice  

Capillary neonatal EDTA tubes (Sarstedt – Microvette CB 300 ) 

Scalpel  

Hamilton syringe, (25ul Model 1702 TLLX SYR, Instrument Syringe) 

Hamilton needle cleaning kit (76620A) 

Custom made Hamilton needles (30 gauge 1cm length),  

Thin permanent marker,  

Eppendorf tubes (for tail tips / genotyping Standard micro test tubes 3810X) 

  

Protocol / Method: 

1. Procedure undertaken in a warm room 
2. Half of bedding removed from home cage and litter quickly removed and 

placed under bedding material on the work bench 
3. Single pup taken and tail and hind quarters warmed in warm water for 45 

seconds to improve circulation 
4. Tail tip cut using sterile scalpel onto sterile drape - distal 1mm cut (and stored 

in marked Eppendorf tube for genotyping) 
5. Blood collected into sterile EDTA capillary tube 1mm superior to first 

marking on tube 
a. Between 10-15 drops (care must be taken to ‘milk’ the tail without 

causing trauma to the hind limbs) 
b. Pup must be kept upright throughout so that gravity assists with 

bleeding 
6. Following blood collection the pup is placed onto ice for 3.5 minutes to induce 
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anaesthesia 
a. Paper toweling is placed over the surface of the ice so the mouse is not 

in direct contact 
b. Care must be taken not to allow pooling of thawed ice water 

7. During the anaesthesia time 5ul of blood is drawn up from the EDTA tube into 
the Hamilton syringe 

8. The Hamilton syringe is then secured onto the Narishige frame and the 
angulation is set at 24 degrees. 

9. Pup secured into mold with 2 pieces of tape one over the nose and the other 
over the body 

a. Care must be taken to ensure the skin is taught to prevent needle 
slippage 

10. Tip of Hamilton needle manipulated to zero point at the posterior border of the 
eye 

11. Coordinates for injection 1.5mm superior, 1mm posterior, 2mm depth, 
forward angulation 24 degrees. 

12. Slow injection over the course of one minute and needle left in situ for a 
further one minute prior to removal 

13. The needle is then slowly withdrawn using the fine depth control of the 
micromanipulator wheel over the course of a further minute 

14. The pups are then rewarmed in cupped hands for one minute  
15. Identification of pups achieved by writing the relevant pup number on the 

abdomen. 
16. Once sufficiently reheated, the pup is rolled in bedding from its home cage 

and returned to mother. 
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8.1.2 Protocol for making up 4% Paraformaldehyde 

Equipment / Apparatus: 

Paraformaldehyde 

Distilled water 

Heated magnetic mixer plate 

5M Sodium Hydroxide 

pH 7.4 Phosphate Buffered Saline 

Large sheets of filter paper 

Hydrochloric acid 

50ml falcon tubes for aliquoting 

 

Protocol / Method: 

1. 1L of 4% PFA therefore = 40g of PFA (found above scales in the lab) 
2. 40g of PFA has a volume therefore measure out 450ml of distilled water  

(rather than 500ml) 
3. Pour the PFA into the water (do this in the fume cupboard) 
4. Place the mixture on the heated magnetic mixer in at 60 degrees and allow to 

mix for 30minutes (do not heat over 60 degrees) 
5. After 30 minutes the mixture still appears cloudy to allow it to mix completely 

use 5M NaOH – it took around 2 pipettes full of NaOH for the solution to 
clear (it suddenly changes so add slowly drop by drop) 

6. Top the solution up to 500ml with distilled water 
7. Add 500ml of pH 7.4 PBS 
8. The clear solution then has to be filtered – two sheets of filter paper (found 

under the microwave) are folded into a cone and placed into a funnel. The 
solution is then poured through and collected in another vessel. 

9. Finally you need to check the pH of the resulting solution which has to lie 
between pH 7.2 & 7.4 

10. To correct the pH the solution is put onto a magnetic stirrer and HCl (found 
under the fume cupboard) is added drop by drop with the pH monitor in place 
again the pH changes suddenly so add the HCl slowly drop by drop. 

11. Once the pH is corrected the solution can be aliquoted into 50ml falcon tubes 
and frozen in the -20. 
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8.1.3 Protocol for P4 perfusion fixation 

Equipment / Apparatus: 

4% ice cold PFA made up as above 

0.9% NaCl 

Weighing scales 

Neonatal Butterfly needle with roughened tip to prevent slippage 

Perfusion pump 

Polystyrene board 

Orange needles for pinning 

Hooked non tooth forceps 

Fine dissecting scissors 

Timer 

Cotton buds  

Use of litter sheet 

 

Protocol / Method: 

1. All equipment sterilised prior to use 
2. Ensure the extractor is working in the fume cupboard and put on protective 

equipment when working with PFA 
3. Clean out containers and lines to ensure there is no debris and no blockage to 

flow 
4. Connect the butterfly needle to the rubber tubing and then charge the lines 

from the containers to the butterfly needle. It is important to ensure that all air 
bubbles have been removed from the tubing, as these will causes turbulence if 
they are injected and can block the perfusion. 

a. Firstly fill the PFA tubing from the container to the three-way valve 
b. Then switch to the NaCl and run all the way out of the needle. 
c. Using the perfusion equipment in the lab, the ‘dead space’ in the 

tubing is around 3.8mls therefore by charging the line from the three-
way tap to the butterfly needle with NaCl, this facilitates sufficient 
washout prior to PFA perfusion. 

5. Pup removed from home cage and weighed 
6. Put onto ice for five minutes to fully anaesthetise prior to procedure 
7. Pup pinned out onto a polystyrene board with needles placed through all four 

paws. The needle securing the left leg should be put in at an acute angle to 
allow access for the perfusion needle. 

8. A cut is then made into the abdominal cavity and the thorax opened laterally. 
The diaphragm can then be identified and divided anteriorly by sweeping the 
scissors around the anterior margin of the rib cage, extreme care must be taken 
not to damage / puncture the heart. 
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9. Thorax can then be reflected superiorly by making 2 incisions one on each 
side of the thorax revealing the heart and lungs in the thoracic cavity 

10. The heart can then be clearly visualised however identifying the right atrium 
in the P4 pup can be difficult, it lies just posterior to the upper right pole of the 
heart and can be identified by its dark red colour. The cotton bud can be used 
to gently manipulate the heart to aid identification of the right atrium. An 
incision is made into the right atrium with scissors and a small ‘gush’ of blood 
should be seen to signify that his has been successful.  Failure to cut the 
atrium will result in the intravascular volume increasing and potentially 
causing fluid to exude into the tissues alternatively if the ventricle / left atrium 
are cut then the perfusion will not occur as no pressure can build to perfuse the 
tissue. 

11. Given the small pup size the heart then needs to be ‘straightened’ using the 
non-toothed forceps, the inferior margin of the heart is pulled down and 
medial, again extreme caution must be taken not to puncture the heart as this is 
the most common reason for failure in this procedure. With heart in this 
position, the butterfly needle can inserted into the left ventricle at 
approximately the 5 o’clock position. Care should be taken only to pass the 
needle just through the left ventricle approx. 1mm – the needle can be felt to 
give once it has pierced the myocardium. 

12. From experience gained in the lab it was felt that the optimal rate of flow is 
around 5ml / minute, using the equipment available this equates to 7% of 
maximum flow.  

13. The flow is pulsed to allow perfusion of the solution between infusions. 
14. After approx. 55secs the pup is seen to stiffen and involuntary contraction of 

the muscles indicates good perfusion. 
15. The PFA should be run for 3 minutes 30 seconds at which time the pup can be 

de-pinned and the brain removed under a table mounted magnifier. 
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8.1.4 Protocol for H&E Staining 

Equipment / Apparatus: 

 Haematoxylin 

 Eosin 

4% PFA 

 Phosphate buffer solution 

 Distilled water 

 Triton 0.1% 

 DPX mounting medium 

 

Protocol / Method: 

1. Samples removed from the freezer and allowed to thaw, covered on lab bench 
for at least 30 minutes 

2. Samples loaded into Coplin Jars and washed with 4% paraformaldehyde 
(PFA) for 4 mins.  

3. 3X PBS washes for 5 minutes each 
4. Permeabalise with 0.1% Triton in PBS for 10 minutes 
5. Haematoxylin for 1.5 mins  
6. 3X five minute washes with distilled water 
7. Acid – alcohol for 1-2 secs 
8. 3X five minute washes with distilled water 
9. 2% Sodium bicarbonate 5 seconds 
10. 3X five minute washes with distilled water 
11. Eosin for two minutes 
12. 100% Alcohol for 5 seconds 
13. Xylene 2 minutes 
14. Allow to dry for 30 minutes 
15. Mount with DPX mounting medium 
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8.1.5 Protocol for Nissl Staining 

Equipment / Apparatus: 

 Cressyl Violet Crystals 

 Acetone 

 Acetic Acid 

 Microwave 

 Alcohol 

 

Protocol / Method: 

1. 0.5% stock solution from cressyl violet crystals – 0.5g in 100ml 
2. Samples removed from freezer and allowed to thaw whilst covered on the lab 

bench. 
3. 30 minutes 100% acetone 
4. 5 minutes 96% acetone 
5. 5 minutes 70% acetone 
6. Solution for Nissl stain made up to 1:10 dilution of stock solution with 

distilled water e.g. 5ml of Cressyl Violet with 45 ml of distilled water 
7. Add 1:100 of Acetic Acid – (0.5 ml with above measurements) 
8. This solution then has to be heated in the microwave – around 26secs works 

well for the above amount  
9. The samples are then put into the Nissl stain for five minutes  
10. They are then differentiated by putting the samples into 100% alcohol 
11. 10minutes in one and then a further ten minutes in the second. 
12. Xylene 2 minutes and mount in DPX 
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8.2 Chapter 3 - Impact of GMH on the NSPC and early 

cortical development in wild type and BMI1 

overexpressing mouse pups 

8.2.1 Protocol for making up thymidine analogue for injection – 

BrdU & EdU 

Equipment / Apparatus: 
 BrdU OR EdU 
 Distilled water 
 10ml syringe 
 0.5um Filter 
 15ml Falcon tube 
 Eppendorf 
 500ul-1ml Pipette 
 Vortex 
 Marker pen 
 Small plastic bag 
 
Methods / Protocol 

1. Stock solution prepared under strict aseptic conditions 
2. 10 ml distilled H2O passed through 0.5um filter into sterile falcon tube 
3. Thymidine analogue weighed out onto foil 
4. 50mg of BrdU (i.e. 5ug/ul (mg/ml) OR  
5. 25mg of EdU (i.e. 2.5ug/ul (mg/ml) 
6. Solution mixed thoroughly with vortex. 
7. 500ul aliquots taken and stored at -20 prior to use 
8. Bag containing aliquots is wrapped in foil to prevent light break down 
9. When aliquot is removed from the freezer on the morning of injections it is wrapped 

in foil for transfer and stored in the fridge between injections. 
 
P1 mouse pups weigh approximately 1g each – fixed volumes of thymidine analogue 
were given to each pup: 
 
4ul of BrdU Concentration used 5ug/ul  = final dose 20ug/g (mg/kg) 
5ul of EdU Concentration used 2.5ug/ul = final dose 12.5ug/g (mg/kg) 
 
This injection volume was well tolerated with minimal abdominal distension or 
flashback along the needle tract. Also, this concentration did not appear to cause 
acute toxicity to the P1 pups with good survival seen following injection. 
 
Injections were given as per Inta protocol(154) 
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8.2.2 Protocol for P1 Intraperitoneal injections of thymidine 

analogue 

Equipment / Apparatus: 
 25ul Gas tight Hamilton syringe 
 Custom made 33 gauge Hamilton needle 
 Chlorhexidine 
 Sterile Water 
 Thymidine analogue for injection 500ul aliquots stored in the -20 (made up as 
discussed in previous protocol) 

BrdU  - 5ug/ul 
EdU - 2.5ug/ul 

 Marker pens for identification 
 Fridge 
Method / Protocol 

1. Thymidine analogue (BrdU / EdU) removed from freezer, wrapped in foil to prevent 
light breakdown and allowed to thaw. 

2. Breeding cage taken to procedure room and the area where injections are undertaken 
is cleaned and sterilised. 

3. Needle and syringe sterilised: 
4. Needle soaked in chlorhexidine prior to procedure and then attached to Hamilton 

syringe. 
5. Chlorhexidine drawn through chamber allowing to stand for five minutes, discharged 

and then repeated 
6. Washed through 3 times with sterile water 
7. Syringe charged with thymidine analogue for injection 
8. 4ul of BrdU (final concentration 20ug/g) 
9. 5ul of EdU (final concentration 12.5ug/g) 
10. Half of bedding from breeding cage removed and placed onto toweling on lab bench 
11. Litter removed and placed under bedding on lab bench 
12. Single pup taken and lower abdomen cleaned with chlorhexidine wipe 
13. Pup secured by holding loose skin around the shoulder and upper thorax 
14. Pup held in a head down position to allow the abdominal contents to displace 

forwards / downwards 
15. Needle inserted in lower quadrant of abdomen – recognised by the point at which the 

‘white’ tendinous fibres of the leg approximate with the ‘pink/transparent ’ skin 
overlying the peritoneum. 

16. The needle should be injected in line with the leg (i.e. at 1 o’clock for the right leg 
and 11 o’clock for the left) – the tip should lie just below the surface at a depth of 1 to 
2mm. 

17. The skin overlying the peritoneum is extremely friable so injection should be made 
quickly to prevent inadvertent injury to the skin due to micro-movement of the needle 
tip – this quick movement also reduces the risk of flashback through the needle tract. 

18. Following the injection the needle should be turned by 90 degrees to ensure that the 
load has been discharged and then the needle is quickly removed. 

19. Gently rubbing the injection site also reduces the risk of flashback 
20. The pup markings should then be refreshed on the pup’s abdomen and the pup 

returned to its home cage. 
21. Needle cleaned with Chlorhexidine between injections  
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8.2.3 Protocol for BrdU Staining 

Equipment / Apparatus 
 Pap pen 
 PBS 
 PBS Tween 0.05% 
 1M HCl 
 2M HCl 
 Tris 0.1% 
 Metal staining rack 
 Glass rectangular staining dish 
 Sample rocker 
 Blocking solution – i.e. animal serum  
 Primary antibody – made up in blocking solution 
 Secondary antibody 
 Slide Staining tray 
 DAPI  
 Fluoromount 
 Clear Nail Varnish 
 
Methods / Protocol 
 
• Sample should be removed from the -80 and allowed to thaw for 30 minutes prior to 

use alternatively if co-staining is being done then this should be completed prior to 
BrdU staining i.e. BrdU staining should be the last step prior to mounting and 
analysing 

• Samples are loaded into a tray that can then be transferred from solution to solution – 
early experiments putting the wash onto the slide led to poor quality staining with 
heavy artifact due to poor clearance of debris. 

 
• PBS wash X2    - 5 mins each* 
• PBS Tween 0.05%    - 15 mins* 
• 1M HCl    - 30 mins*   
• 2M HCl @ 37oC   - 30 mins in heat chamber / oven 
• The HCl washes should be undertaken in clean glassware rather the plastic containers 

– the HCl appeared to react with the plastic which affected the quality of the staining 
• The 2M HCl should be put into the warmer oven at the beginning of the day to allow 

it to get up to temperature prior to adding the samples – the temperature should be 
checked prior to starting the staining 

• Tris 0.1% (pH8)   - 5 mins  
• PBS wash X2    - 5 mins* each 
• PBS Tween 0.05%    - 15 mins*  
• PBS wash X2    - 5 mins each*  

 
• Samples removed from rack and excess wash gently removed with absorbent 

toweling, edges of slide dried. 
• PAP pen used to trace around the borders of the slide and samples placed into a 

staining tray prepared with damp toweling to prevent samples drying out. 
• 250ul of Blocking solution gently added over samples 
• 60 mins 
• Anti Mouse – NEED TO CHECK SPECIES 
• Anti Rat - NEED TO CHECK SPECIES 
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• BrdU antibody    - Overnight 
• Concentration of BrdU 1:100 
• Made up in blocking solution 

 
• Samples loaded back into metal rack for washing steps 
• PBS wash X3    - 5 mins each*  
• Samples removed from rack and excess wash gently removed with absorbent 

toweling, PAP pen used to trace around the borders of the slide where this has come 
off 

• Samples placed back into staining tray prepared with damp toweling to prevent 
samples drying out. 

 
• Secondary Antibody   - 90 mins 
• It is important that an opaque lid is kept over the samples at all possible times and 

light exposure is kept to a minimum to prevent bleaching 
• All washes from this point need to be undertaken in opaque staining dishes 

 
• PBS wash X2    - 5 mins each*  
• PBS Tween 0.05%    - 15 mins*  
• PBS wash X2    - 5 mins each*  

 
• Samples transferred back to staining tray 
• DAPI      - 15 mins 
• PBS wash X2    - 5 mins each* 
• Fluoromount and coverslip 
• Secure coverslip with nail varnish 
• Store samples in covered tray at 4oC until use 

 
* Denotes that step should be undertaken on the rocker at low speed 
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8.2.4 Protocols for making up solutions needed for BrdU staining 

PBS 
Made up from tablets – sterile water from nanopure – 1 tablet mixed with 200ml of 
water. 
PBS Tween 
0.05%  = 50ul (0.05ml) in 100ml 
 = 250ul (0.25ml) in 500ml 
 
Tween is extremely viscous as such it is important to cut the end off the pipette to 
ensure accurate measurement  
 
PBS Triton 
0.1%  =  0.1ml in 100ml 
 = 0.5ml in 500ml 
 
0.5% =  0.5ml in 100ml 
 = 2.5ml in 500ml 
 
Making up blocking solution 
0.1% Triton PBS   = 9ml 
Animal Serum (goat, donkey etc.)  = 1ml 
 
Mix well and filter prior to use 
 
HCl  
To make up 2M HCl 41.74ml of HCl (32%) in 250ml final solution (83.48 in 
500ml) 
 
To make up 1M HCL 41.74ml of HCl (32%) in 500ml final solution 
 
Tris 0.1% 
6.05g of Tris to 400ml of distilled water  
The solution has to be pH 8 therefore it needs to be neutralized with HCl 
Top up to 500ml with distilled water 
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8.2.5 Protocol for EdU SINGLE Staining 

Apparatus / materials 
 

Reagents Equipment 
Bovine Serum Albumin 50ml falcon 
PBS 10ml falcon 
Triton Pipettes and pipette tips 
Click it EdU detection kit Staining tray 
DAPI Small spirit level 
Serum for blocking solution Pap pen 
Citi Fluor mount Pencil for marking slides 
Nail polish Slide holder (cardboard storage 

boxes) 
 Syringe Filters 
 Syringes 
 Black out boxes 
 Metal staining racks / slide holder 
 Foil 
 Tilt table for washing 
 Timer 
 50mm coverslips 

 
Methods / Protocol 
• Sample should be removed from the -80 and allowed to thaw for 30 minutes prior to 

use. 
• Staining tray should be set up 
• Use small spirit level to ensure that the staining tray is level 
• Put saturated paper towels into the base of staining chamber to maintain humidity 
• PAP pen used to draw around edges of slide and slides placed into prepared staining 

tray 
 
• 3% BSA (filtered) 250ul placed over sample X2  - 10 mins each 
• Samples removed from tray and put into metal slide rack 
• PBS 0.1% Triton      - 30 mins* 
• PBS        - 5 mins* 

 
• Samples gently dried, PAP pen reapplied around perimeter and transferred back to 

prepared staining tray 
• 3% BSA (filtered) 250ul placed over sample  - 10 mins 
• Click IT EdU detection - 250ul placed over sample  - 30 mins 

 
• Samples removed from tray and put into metal slide rack 
• PBS X3       - 5 mins* each 

 
• Samples gently dried, and transferred back to prepared staining tray 
• Hoechst 1:2000      - 30 mins 
• Samples removed from tray and put into metal slide rack 
• PBS        - 5 mins*  
• Mount with Citi Fluor, coverslip and secure with nail polish 
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8.2.6 Protocol for EdU & secondary staining 

Apparatus / materials 
 

Reagents Equipment 
Bovine Serum Albumin 50ml falcon 
PBS 10ml falcon 
Triton Pipettes and pipette tips 
Click it EdU detection kit Staining tray 
Primary antibodies Small spirit level 
Secondary antibodies Pap pen 
DAPI Pencil for marking slides 
Serum for blocking solution (goat 
/ donkey etc.) 

Slide holder (cardboard storage 
boxes) 

Citi Fluor mount Syringe Filters 
Nail polish Black out boxes and slide holders / 

racks 
 Foil 
Antigen retrieval solution Tilt table for washing 
 Timer 
 Water bath for antigen retrieval 
 Fridge space to store samples 
 Access to confocal – does it have 

Zen & Tile scanning facility? 
 50mm coverslips 
 Syringes 

 
• Take samples out of -80 and allow to thaw for at least 30 minutes 
• Ensure staining tray is level and put saturated paper towels into the base of staining 

chamber to maintain humidity 
• Apply PAP pen around samples of interest 

 
• 3% BSA (filtered)  – 10 minutes 
• 3% BSA (filtered)  - 10 minutes 
• PBS 0.1% Triton1  - 30 minutes (on rocker) 
• PBS    - 5 minutes (on rocker) 

 
• Dry samples and reapply PAP pen 

 
• 3% BSA (filtered)  - 5 minutes 
• Click IT EdU detection  - 30 minutes 
• PBS    - 5 minutes (on rocker) 
• PBS     - 5 minutes (on rocker) 
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Antigen Retrieval 
• Water bath 800   -15 minutes 
• PBS 
• PBS 0.1% Triton   - 10 minutes (on rocker) 

 
• Dry samples and reapply PAP pen 

 
• PBS 0.1% Triton in Serum @ 1:10 - 1hr (choice of serum is dependent on 

which species the secondary antibody is raised in i.e. the blocking prevents unwanted 
secondary binding) 

• Primary antibody overnight made up in blocking solution (PBS 0.1% Triton in Serum 
@1:10) 

 
• PBS    - 5 minutes (on rocker) 
• SECONDARY    Standard is 1:500 for 1.5 hrs.  
• PBS 0.1% Triton   - 10 minutes (on rocker) 
• PBS    - 5 minutes (on rocker) 
• DAPI (1:1000)  - 30 minutes 
• PBS    - 5 minutes 
• Mount with Citi flour and seal with nail polish 
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8.2.7 Protocol for making up the solutions used for 

Immunohistochemistry 

Making up BSA 3% 
 3g in 100ml 
 0.3g in 10ml 
 
3 BSA washes per samples = 1.5ml / sample 
 
How many samples for analysis = n 
1.5n + 5 (for errors and filtering) = volume of PBS to add in ml(v) 
0.03 x v = weight of BSA to add in grams 
 
Sample then has to be vigorously mixed on the shaker until completely dissolved  
Finally the sample is filtered prior to use 
 
Making up PBS Triton 
 
0.1%  =  0.1ml in 100ml 
 = 0.3ml in 300ml 
 = 0.5ml in 500ml 
 
0.5% =  0.5ml in 100ml 
 = 1.5ml in 300ml 
 = 2.5ml in 500ml 
 
Making up Click-it EdU 

Reaction 
component
s 

Number of Samples 
1 2 4 5 10 

Click IT 
reaction 
buffer (D) 

4
3
0 

86
0 

1.
8 

2.2 4.
3 

CuSO4 (E) 2
0 

40 8
0 

100 20
0 

Alexa 
Fluor (B) 
½ 
concentrat
ion 

0.
6 

1.
25 

2.
5 

3 6.
25 

Buffer 
Additive 
(F) 

5
0 

10
0 

2
0
0 

250 50
0 

Total 
Volume 

5
0
0 

1
ml 

2
m
l 

2.5
ml 

5
ml 

 
Making up Antigen unmasking solution 
1600ml Distilled water with 15ml concentrated antigen unmasking solution 
Amount required for Coplin Jar    = 100ml  = 
0.94ml 
Amount required for standard collecting pot  = 300ml  = 2.81 ml 
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Water bath maintained at 800C  
Solution needs to be prewarmed prior to use to ensure it is at the right temp 
 
15 minutes in water bath 
 
Making up blocking solution 
0.1% Triton PBS   = 9ml 
Animal Serum (goat, donkey etc.)  = 1ml 
 
Mix well and filter prior to use 
 
Examples of concentrations of antibodies used (made up in blocking solution) 
GFAP 1:400 = 2.5ul/ml 
NG2 1:200 = 5ul/ml 
DCX 1:2000= 0.5ul/ml 
    
Secondary antibody concentration 1:500 = 2ul/ml (for 1½ hours)  
DAPI concentration 1:1000 = 1ul/ml (for 30 minutes) 
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8.2.8 Protocol for TSA Amplification and Antigen Retrieval 

Day 1 
• Rehydrate slides in PBS, 15 min at RT 
• Heat antigen retrieval: 
• Preheat 0.01M Citrate Buffer (pH = 6) in Coplin staining jar to 95C in BioWave / 

microwave (programmed for 6 minutes) 
• Add samples and heat 15min at 95C in BioWave / microwave 
• Cool down for ten minutes and then put the Coplin jar into an ice bucket filled with 

water, 30min (the jar must be allowed to cool in air first or it will crack in the ice 
bucket) 

• Wash 1x 10min PBS 
• Wash 2x 10min TNT buffer 
• Block in TNB buffer - 60min at RT  
• A working solution of TNB is stored in the 40C 
• 40ml frozen aliquots can be found in the -20 
• Incubate with primary Ab in TNB buffer concentrate overnight at 4C – Concentration 

of Olig2 used at 1:500 
Day 2 
• Wash in TNT buffer, 3x10min at RT 
• Incubate in biotinylated 2oAb diluted in TNB buffer (1/2000), 2.5h at RT 
• 1:2000 = 0.25:500 
• The biotinylated antibody can be either mouse or rabbit – depending on which animal 

the primary antibody is directed towards 
• Biotinylated secondaries are found with the other secondaries in the communal fridge  
• 1.5mg/ml Vector labs BA-9200 
• https://www.vectorlabs.com/catalog.aspx?prodID=472 
• Wash in TNT buffer, 3x10min at RT 
• Quench endogenous peroxidase with 1% H2O2 in PBS, 30min at RT – found at the 

top left of Vien’s fridge 
• Concentration of Vien’s H2O2 is 30% 
• Therefore to make up 1% solution = 3.3ml in 100ml, 330ul in 10ml, 3.3ul in 1ml 
• Wash in TNT buffer, 3x10min at RT 
• Incubate in Streptavidin-HRP diluted in TNB buffer (1/200), 30min at RT 
• Wash in TNT buffer, 3x5min at RT 
• Incubate in Cy3-Tyramide diluted in amplification diluent (this is part of the Perkin 

Elmer kit ), 5min at RT 
• Wash in TNT buffer, 4x10min at RT 
• Coverslip with DAPI Fluoromount 

 
Combination with EdU 
• Trialed before and after Olig2 – found that before leads to a lot of false positive 

results, therefore after used in preference 
 
• Last stage of Olig 2 protocol switched to 0.5% Triton PBS -  
• 10 minutes 3% BSA 
• 10 minutes 3% BSA 
• PBS 5 minutes 
• Edu Click it 
• PBS 5 minutes 
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• PBS 5 minutes 
• Mount in DAPI Fluoromount 
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8.2.9 Protocol for making up the solutions used in TSA amplification 

Making up the TNB buffer takes a couple of hours so worth doing the day before 
 
To make up 400ml of TNB Buffer 
40ml of 1M TrisHCL 
12ml of 5M NaCl 
Made up in dH20 
 
TrisHCL –  Trizma Hydrochloride Reagent Grade Sigma 
  FW – Formula Weight = 157.6 
 
Therefore 1M TrisHCL  = 157.6g in 1 Litre of dH2O  
    = 15.7g in 100ml 
    = 7.85g in 50ml 
 
NaCl -   FW – Formula Weight = 58.44 
 
Therefore  1M NaCl = 58.44g in 1L 
  5M NaCl = 58.44g in 200ml 
    = 5.844g in 20ml 
 
Sample made up in a 500ml glass bottle and transferred to the 550C oven for 2 hours. 
 
Sample transferred onto a stir plate and pH balanced to pH 7.5 using 10M NaOH – it 
is apparently very important that the pH is balanced otherwise the blocking reagent 
will not dissolve. 
 
Once the pH is at 7.5 the blocking reagent can be added 
 
Perkin Elmer -  TSA Fluorescein System 
   NEL701A001KT 
 
To make up 400ml (as above) 2g of blocking reagent added 
Solution stirred vigorously for >10 minutes to ensure completely dissolved 
 
Then transfer back into the 550C oven for a further 30 minutes 
 
After this time has elapsed aliquot the solution into 40ml Aliquots and store in the -
20. 
 
Remember to take it out of the Freezer to thaw 
 
Making up the citrate buffer 
Citric Acid monohydrate Sigma Aldrich - 0.1M Stock solution made up: 
 
FW – formula weight = 210.14 
 
Therefore  1M Citrate Buffer = 210.14g in 1L 
  0.1M Citrate Buffer = 21.014g in 1L 
     = 2.1g in 100ml 
 
Stock solution needs to be pH balanced to 6 with NaOH 
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Working concentration of Citrate Buffer is 0.01M therefore to make up 50ml of 
buffer       
= 5mls of 0.1M with 45mls of water 
 
BioWave Microwave 
Found in the histology room 
Essentially it is microwave that has a probe that can sense the temperature of the 
solution and adjust the power accordingly. 
 
The citrate buffer is poured into a Coplin jar and the probe is lowered into it – the 
temp can then be set on the touch screen to 950C, and the time set for 6 minutes – 
this is just to prewarm the solution prior to putting the samples in. 
 
TNT Buffer 
Essentially this is just PBS 0.05% Triton = 250ul in 500ml 
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8.3 Chapter 4 - GMH / IVH causes a down regulation of 

Notch2 in CD133+ve cells. 

8.3.1 Protocol for Neural tissue dissociation 

Preparation of solutions prior to culling 
1. Check that the warmer has sufficient water in it to complete the experiment.  Make up 

enzyme mix 1 and put into the warmer at 37oC - (450ul of final mix used per brain 
sample)  

 

Enzyme mix 1 1 sample 2 samples 3 samples 4 samples 

Solution 1 12.5 25 37.5 50 

Solution 2 487.5 975 1462.5 1950 

 

2. Set centrifuge in tissue culture room to 4oC  
3. Clean tissue chopper plate and razor blade and fasten in place with the spanner (finger 

tight is not sufficient) 
4. Make up sucrose solution (as below) and put in the fridge to cool (1ml of Sucrose needed 

per sample) 
 

 Water Sucrose 

<4 Samples 5ml 1.54g 

4-9 Samples 10ml 3.08g 

>10 samples 20ml 6.16g 

 

5. Make up MACS buffer and put in the fridge to cool – 5.5ml of MACS Buffer needed per 
sample 

 

6. Ice box prepared – HBSS poured into labeled 7.5ml collection tubes and cooled on ice 
7. Label Eppendorf tubes and fill with 500ul of HBSS allow to cool on ice prior to 

collecting brains 
8. Label pipette tips and store in labeled Eppendorf containing 1.5ml of HBSS and store on 

ice. 

Preparation of brain tissue 
(1) Physical dissociation / tissue chopping 

1. P4 pups decapitated with heavy scissors and heads put into cold HBSS on ice 
2. Brains removed in the tissue culture room and razor blade used to remove the OB and 

 PBS BSA 7.5% EDTA 0.5M 

<4 Samples 30ml 1.8ml 0.12ml 

4-9 Samples 60ml 3.6ml 0.24ml 

>10 samples 90ml 5.4ml 0.36ml 
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cerebellum 
3. Sample cut on the tissue chopper individually to prevent cross contamination 

a. 5 passes used – turning the plate after every pass 
b. Care must be taken when turning the chopper plate to ensure the blade does not 

come into contact with the holding clips at the sides as this can damage the blade 
and the machine 

4. Once chopped the sample is scooped up into labeled Eppendorf tube containing 500ul of 
cold HBSS and stored on ice 

5. The blade and plate then need to be cleaned before the next brain sample is chopped. 
6. Once all the samples have been collected and are ‘on ice’ the cells can be gently 

dissociated using the labeled 1000ul pipette – the tip of the pipette should be put onto the 
base of the Eppendorf to ensure the cells are dissociated and extreme care taken to avoid 
any spillage. This was done around ten times 

7. Once all the samples have been dissociated they can be centrifuged at 5xg for 4 minutes 
(a good pellet should form at this point if not consider re-spinning the sample prior to 
proceeding) 

8. The supernatant can then be removed by gently using the suction in the tissue culture 
room 

(2) Enzymatic dissociation 

1. 450ul of warmed enzyme mix 1 added to the pellet  
2. Cells gently re-suspended using the 1000ul pipette 
3. Samples put back into the warmer for 20 minutes – gently turning every 5 minutes to 

ensure mixing. 
4. Whilst the samples are in the warmer make up enzyme mix 2 

 

Enzyme Mix 2 1 sample 2 samples 3 samples 4 samples 

Solution 3 6ul 12ul 18ul 24ul 

Solution 4 3ul 6ul 9ul 12ul 

 

5. Add 7.5ul of enzyme mix 2 to each sample and gently invert to mix – then use the 1ml 
pipette to gently re-suspend the cells, at least 10 times. 

The samples are then put back into the water bath for 15 minutes again inverting the tube every 5 

minutes 

 

8.3.2 Protocol for Filtration, purification and separation of cell 

suspension 

 (1) Cell strainer set up 

1. Filter set up over Eppendorf? 
2. 500ul of HBSS used to wet the filter 
3. The filter is then put onto a different Eppendorf labeled for collection 

Cells can then be resuspended by flicking / dragging over uneven surface. The cells 

suspension is then collected up in the pipette and accurately placed into the centre of the 

filter.  

4. 250ul aliquots of HBSS can then be taken from prelabelled Eppendorf containing 1.5ml 
of cold HBSS (using the labeled tips) and used to ‘washout’ the Eppendorf containing the 
cell solution and wash through the filter.  

5. Once the sample has been filtered it should be put back onto ice until all the samples have 
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been filtered. 
6. Once all samples have been filtered they should be centrifuged at 2000rpm for 15 minutes 

(it is important to ensure the centrifuge is properly balanced) 
7. Supernatant then carefully removed using the suction and the cell pellet is resuspended in 

1ml of cold sucrose solution 
8. Centrifuge again at 2000rpm for 10 minutes 
9. Supernatant carefully removed with suction 
10. 1ml of MACS buffer then added to the pellet and resuspended 
11. Centrifuge for 10minutes at 2000 rpm 
12. Suction away the supernatant leaving just a small amount (approx. 80ul) 

(2) Magnetic Activated Cell Sorting MACS 

1. Add 20ul of anti-prominin beads to this cell solution  
2. Mix the solution well by flicking and then leave it in the fridge for 15 minutes 
3. Add 1ml of MACS buffer resusspend and then centrifuge at 300xg for 10 minutes  
4. Prepare magnet now – put the column into the magnet ensuring it is the right way round, 

it fits snuggly in only one position 
5. Pipette off supernatant and then resuspend in 500ul of MACS buffer. 
6. Pre wash the column with 500ul of MACS buffer – collected into an Eppendorf 
7. Change Eppendorf and ensure it is properly labeled 
8. Cell suspension then passed through the column 
9. 3x MACS washes 500ul passed through the column 
10. The column is then taken out of the magnet and placed onto another Eppendorf 
11. 1ml of MACS put into column and the plunger is immediately pressed to expel the 

magnetic labeled cells into the Eppendorf 
12. All samples should be kept on ice 
13. 10ul can be taken to perform a cell count and then the sample is immediately spun down 

at 2,500rpm for 15 minutes 
14. Supernatant removed and the Eppendorf is then frozen on dry ice prior to storage in the -

800C. 

 

8.3.3 Protocol for In-Situ-Hybridisation adapted form Steve Fancy 

UCSF 

DEPC Treated Water 
It is vitally important to consider how the samples are prepared i.e. perfusion, dehydration, 
freezing and cryostat – if the sample comes into contact with any RNAase then it will break 
down the RNA signal and hence degrade the ISH signal – in order to optimise ISH it is vital 
that DEPC treated water is used at all possible times and RNAase free solutions are also 
used. 
 
Day 1 

Solutions Tools and equipment 
Formamide Check that the Eppendorf water bath is 

set to 75 degrees 
SSC 20X Check that the oven is set to 65 degrees 
DEPC treated water New clean slide holder 
Hybridisation buffer Ice for probe to thaw in 
Probes Baked cover slips 
 Fine forceps cleaned in ethanol 

 
 (1) Prepare tray wash: 
To make up 100ml of tray wash: 
• 50ml Formamide (50%) 
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• 5ml of 20X SSC 
• 45ml of DEPC treated Water 

 
 (2) Collect samples for ISH: 
• Put the samples directly into a new, clean sealable slide holder 
• The samples should be allowed to air dry for about 15 to 20 minutes prior to starting the 

procedure 
(3) Make up the hybridisation buffer and heat it ready for use: 
• Steve has made up some hybridisation buffer which is stored in the freezer at the end of the 

corridor next to the -80 that I used 
• It does not freeze due the concentration of formamide in the buffer 
• Aliquots of the ‘hy’ buffer can thus be taken and put into Eppendorf tubes 
• The amount of buffer to make up is dependent on the number of slides for staining – we used 

200ul per sample but in hindsight this may have been a bit too low and next time I will use 
250ul 

• The buffer is then made up to 1:500 or 1:1000 depending on what is optimal for the probe 
(Steve uses 1:500 for all his probes – Tom told me that 1:1000 was best for the Hes 1 & Hes 5 
probes) 

• For example if 5 slides are being prepared: 
• 200ul x 5 = 1 ml of buffer needed 
• Therefore 2ul added (1:500) or 1ul added (1:1000) 
• The probe needs to be allowed to thaw before adding 
• The probe is added gently and Steve tilted it at an angle and watched the probe go into the Hy 

buffer – it doesn’t mix with the buffer so it forms a suspension which you can see as bubbles 
in the buffer 

• The solution then needs to be vortexed vigorously until it has the appearance of lots of little 
bubbles in the hy buffer 

• When it has this appearance the Eppendorf are placed into the water bath heater at 75 degrees 
centigrade for 10 minutes 

• Apparently this temperature is decided by the annealing temperature – according to Tom it 
should be 5 degrees above annealing temp according to Steve it should be 10 degrees above 
the annealing temp! (we did it at 10 degrees above i.e. 75 degrees) 

• During the time that the sample is on the water bath the bubbles dissipate so that when it is 
added to the sample no more air bubbles should be evident 

(4) Put hybridization buffer onto the samples 
• Steve put 200ul of the probe/buffer solution onto the sample he was careful not to mix the 

solution to avoid any air bubbles forming and put the solution onto the centre of the sample 
• Once the solution is on the slide fine forceps are used to take a cover slip from the storage 

beaker, this can then be placed over the sample – this can be done simply by dropping one end 
onto the slide and gently lowering it onto the sample 

(5) Hydrate the chamber and transfer the samples to the 65 degree oven 
• About 25ml of the tray wash is poured into either side of the slide holder 
• The whole slide holder is then put into the oven at 65 degrees 
• The oven is situated in the histology room where the DEPC water is made 
• Steve pushes all the samples up so that the ‘free’ ends (i.e. the end opposite the label) are not 

touching the side of the box – this can cause the hy buffer to leach out from under the slide 
cover. 

 
Day 2 
• Three Formamide / SSC / Tween washes – 30 minutes each in the 65 degree oven 
• One 1X MABT wash on the rocker for 10 minutes at room temperature 
• Dry / Pap pen and blocking solution in hydrated chamber for 1 hour 
• Dry and Anti-Dig FAB antibody overnight in the cold room 

 
Solutions Tools and equipment 
Formamide Check that the oven is set to 65 degrees 



DAWES 2016 

NSC AS THERAPEUTIC TARGETS IN GMH 317 

SSC 20X Coplin jars 
DEPC treated water Fine forceps 
Tween 20 PAP pen 
Sheep Serum Staining tray (same as used overnight) 
Roche Blocking Buffer AntiDig Fab Ab fragments (where to 

find?) 
5X MABT  

 
 
Make up wash buffer – Sufficient for three wash steps 
• 50% Formamide 
• 1X SSC 
• Made up to 200ml 
• Add 200ul of Tween 20 

 
• Pour approx. 40 mls into each of the Coplin jar and put into the 65-degree oven to warm 
• Load Slides into Coplin jar / wash buffer – 3 washes at 30 minutes each 
• After 30 minutes of warming the Coplin jar can be removed and the slides are put in – Steve 

put them back to back which equates to 10 slides per Coplin jar 
• It is important to try and transfer the samples as quickly as possible to avoid losing the heat 

from the Coplin jar 
• You do not have to be particularly careful ‘as such’ with the sample 
• This step is called the stringency test in which all unwanted binding is removed – depending 

on the amount of background that is found after the colour reaction it is possible to optimize 
this step further by increasing the stringency time. 

• After 30 minutes the samples can be transferred to the next Coplin jar 
• The coverslips should just fall off the sample when the slides are removed – if there are a lot 

of samples on the slide then this may not happen immediately and fine forceps should be used 
just to push the cover slip off the bottom end of the slide 

 
• During this second wash the Sheep serum and Roche Blocking buffer should be taken out of 

the freezer to thaw 
• Prepare the 1X MABT wash 
• 5X MABT is found in Steve’s box in the 4 degree 
• 40ml of 5X MABT made up to 200ml in DEPC treated water. 

 
• After a further 30 minutes the samples are transferred to the final wash buffer 
• After this time has elapsed the 1X MABT buffer should be at room temperature – the slides 

can be transferred directly from the wash buffer into the 1XMABT 
• The wash buffer is toxic due to the formamide so it can be disposed of in the PFA waste, 

which is in the perfusion cupboard in the main lab. 
• The samples stay in the MABT buffer for 30 minutes on the rocker. 

 
Make up the blocking solution 
• Sheep Serum 20%  2.5ml 
• Roche Blocker 20%  2.5ml 
• 1X MABT 60%   7.5ml 

 
• After 30 minutes on the rocker the samples are removed from the 1X MABT buffer and the 

edges of the slide gently dried using paper towels (to allow the PAP pen to be used). 
• The samples can then be drawn around with the PAP pen and placed into a clean new slide 

holder 
• 300ul of the blocking solution is pipetted onto the slide – Steve simply pipetted this onto the 

centre of the slide 
• Water was poured into the base of the slide tray to keep it hydrated and the blocking solution 

was left on for 1 hour 
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• Make up overnight antibody - AntiDig Fab Ab fragments 
• 1:1500 made up in the blocking solution 
• After 1 hour the blocking solution was poured off and 300ul of the overnight antibody was put 

onto each slide – the slide box was then transferred to the cold room and left overnight. 
	
Day 3   
• Three 1X MABT washes @ 10 minutes each  
• Two Prestaining washes @ 10 minutes each 
• One Staining buffer on the 37 degree rocker –  
• Develop for 2 hours and review 
• Develop for a further 4-5 hours and stop (possibly run overnight?) 

 
Solutions Tools and equipment 
5X MABT Check that the rocking oven is set to 37 

degrees 
DEPC treated water Coplin jars 
1M TrisHCl / 1MNaCl Fine forceps 
50mM MgCl2 Foil to cover Coplin jars 
NBT/BCIP  

 
Make up 1X MABT wash 
5X MABT (found in Steve’s box in the cold room) 50mls 
DEPC Water      200mls 
 
• Three 1X MABT washes – each for ten minutes 
• Slides transferred to a Coplin jar containing the 1XMABT and put on the rocker for 10 

minutes 
 
Make up the staining buffer and prestaining buffer (the TrisHCl and MgCl2 are both at 10X 
concentration so they need to be diluted in the order of 1:10 as shown in the table below): 
1M TrisHCl with 1M NaCl 
50mM MgCl2 
 

Staining Buffer Pre-staining buffer 

Reagent Quantity Where to find 
it 

Reagen
t 

Quantit
y 

MgCl2 8ml 

On 
Steves 
bench 
shelf 

MgCl2 20ml 

Tris HCl 8ml 

On 
Steves 
bench 
shelf 

Tris 
HCl 20ml 

DEPC 
Water 64ml Own 

supply 
DEPC 
Water 160ml 

NBT/BCI
P 800ul 

In 
Steves 
box in 
the 
cold 
room 

The Staining buffer MUST be kept in the 
dark once it has been made 

 
• As discussed three 1X MABT washes are performed on the rocker each for 10 minutes 
• Following the MABT washes, the slides are transferred to the pre-stain buffer for 10 minutes, 
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again on the rocker. 
• Two pre-staining washes are used again for ten minutes each 
• After the final prestaining wash, the samples are transferred to the staining wash and 

immediately covered in foil to prevent light damage 
• The samples are then transferred to the 37degree rocker in the histology room and can be left 

to develop for two hours before checking them briefly at the bright field microscope. 
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