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Abstract 

 

Every year, millions of people fall victim to traumatic brain injury (TBI) globally. Despite 

the large prevalence of this condition and continued research efforts, strategies for its 

treatment are lacking. The discovery of adult neurogenesis, a process by which new 

neurons are generated in the adult brain under normal physiological conditions, has 

opened doors for research into treatments whereby endogenous neural precursor cells 

(NPCs) may be encouraged to aid neuronal repair following TBI. The two neurogenic 

regions of the adult brain are the sub-granular zone (SGZ) of the dentate gyrus and the 

sub-ventricular zone (SVZ) of the lateral ventricles. The brain has been shown to have 

an inherent capacity to enhance endogenous neurogenesis in these regions in 

response to TBI. Further, SVZ-derived NPCs are able to migrate to ectopic cortical 

injury sites after experimental TBI. However, despite this potentially 

neuroregenerative response, the large majority of injury-induced newborn neurons do 

not survive to become mature functional cells. Further research is required to better 

understand the molecular mediators of neurogenesis in the adult brain, in order to 

harness its therapeutic capacity after TBI. Among the currently identified mediators of 

endogenous adult neurogenesis is the Suppressor of cytokine signalling-2 (SOCS2). 

SOCS2 overexpressing (SOCS2Tg) mice show an enhanced survival of newborn adult 

hippocampal neurons. Also, cultured cortical neurons overexpressing SOCS2 display 

enhanced neurite outgrowth. Therefore, this thesis aimed to further explore the role 

of SOCS2 in endogenous adult neurogenesis under both non-injury and injury 

conditions.  

 

In the SOCS2Tg mouse, SOCS2 is overexpressed in all cells of the body including all cells 

and regions of the brain. Therefore, the improved newborn adult hippocampal neuron 

survival observed in these mice may have been a function of an altered 

microenvironment rather than due to neuron-specific SOCS2 overexpression. In an 

adult WT mouse brain, SOCS2 is expressed at greatest levels in the hippocampal 

dentate gyrus and CA3 region. Therefore, in Chapter 3, to help establish whether or 

not there is a newborn hippocampal neuron-specific role for SOCS2, adult hippocampal 

neurogenesis was examined in SOCS2 null (SOCS2KO) mice, in which the dentate gyrus 
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would likely be the most affected by SOCS2 loss. To examine immature neuron 

(neuroblast) generation and newborn neuron survival, SOCS2KO mice were 

administered EdU for 7d to label proliferative NPCs. At 8d newly generated 

neuroblasts were quantified following doublecortin and EdU co-labelling. At 35d 

matured newborn neurons were quantified following NeuN and EdU co-labelling. No 

significant differences were present in neuroblast generation at 8d between 

genotypes, however at 35d SOCS2KO mice had reduced numbers of mature newborn 

neurons. The previously defined role for SOCS2 in regulating neurite outgrowth was 

hypothesised to be important in newborn adult hippocampal neuron development and 

therefore affected in SOCS2KO mice. No differences in newborn adult hippocampal 

neuron dendritic tree morphology were found between SOCS2KO and WT mice. 

However, SOCS2KO dendrites did have a higher density of mushroom morphology 

spines. This study highlighted a potential role for SOCS2 in regulating newborn adult 

hippocampal neuron maturation processes, which may be important for early newborn 

neuron integration required for survival. 

 

Given the enhanced newborn neuron survival previously established in SOCS2Tg mice 

under non-injury conditions, these mice were examined in this thesis for injury-

induced SVZ-derived adult cortical neurogenesis. It was hypothesised that SOCS2Tg 

mice would have improved newborn neuron survival near the injured cortex. Adult 

SOCS2Tg mice were subjected to a mild (Chapter 4) or moderately-severe (Chapter 5) 

controlled cortical impact TBI and administered EdU for 7d after TBI to label 

proliferative cells. At 35d post-mild TBI, no EdU+NeuN+ newborn neurons were 

observed near the cortical lesion in SOCS2Tg and WT mice. However, SOCS2Tg mice 

displayed a greatly enhanced number of injury-induced EdU+CD11b+ 

macrophages/microglia compared to WT mice. Injury-induced astrogliosis, quantified 

from EdU+GFAP+ co-labelled cells, also displayed a similar pattern but with much 

smaller cell density. Injury-induced oligodendrogenesis, quantified from EdU+Olig2+ co-

labelled cells, showed to genotype differences.  

 

Moderately-severe TBI mice were also administered erythropoietin (EPO) for 7d post-

injury together with EdU to aid newborn neuron survival. At 35d after moderately-
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severe TBI, newborn neurons were observed near the cortical lesion but in similar 

numbers for both SOCS2Tg and WT mice, with or without EPO treatment. EdU+CD11b+ 

and EdU+GFAP+ cell density was not different between genotypes at 35d after 

moderately-severe TBI. The same was true for EdU+Olig2+ cells. Motor function testing 

revealed an improved motor function recovery in SOCS2Tg mice with or without EPO 

treatment, whereas WT mice showed improved motor function only after EPO 

treatment.  Further, at 7d after moderately-severe TBI, the time point of peak motor 

function deficit for WT mice, SOCS2Tg mice had a smaller brain lesion area and an 

increased number of M2-like anti-inflammatory macrophages/microglia surrounding 

the lesion. This study suggested a novel role for SOCS2 in modulating 

neuroinflammatory processes, potentially by having an anti-inflammatory effect in a 

cortical brain injury environment.  

 

Overall, this thesis provides further evidence for the role of SOCS2 in regulating adult 

hippocampal neurogenesis and has also revealed a potential mechanism by which 

SOCS2 may support newborn neuron maturation. Further, this thesis presents a novel 

and potentially beneficial role for SOCS2 in regulating TBI-induced neuroinflammation. 

These findings have important implications in the search for the developing novel 

therapeutic strategies for the treatment of TBI and other neurodegenerative diseases. 
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1 CHAPTER 1: LITERATURE REVIEW 
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Literature Review     Chapter 1 

 

 Traumatic Brain Injury 1.1

 Traumatic brain injury 1.1.1

Traumatic brain injury (TBI) is among the leading causes of death and chronic disability 

around the world with over 10 million people being affected annually (Hyder et al., 

2007). The concealed nature of the memory and cognitive impairments commonly 

suffered by victims of mild TBI has also seen it referred to as “the silent epidemic” 

(Goldstein, 1990). The highest prevalence of TBI is in children, young adult men and 

the elderly. The primary causes of TBI are similar around the world and are mainly 

attributed to road accidents, assaults and falls (Myburgh et al., 2008; Summers et al., 

2009). TBI is also an important health concern in the defence forces where military 

personnel commonly suffer from blast or contact related brain injury during combat 

situations (Sayer, 2012; Warden, 2006).  There is also a significant socioeconomic 

burden of TBI; in Australia, as per Victorian Neurotrauma Initiative statistics (2009), 

this amounts to approximately $8.6 billion per year which is inclusive of expenses 

borne by victims of TBI and the government.  

 

 Mechanisms of TBI   1.1.2

Trauma to the brain can range from a mild diffuse injury caused by a blunt impact to 

the head to a more severe injury involving skull fracture and tissue loss. This initial 

trauma is referred to as the primary injury and other than tissue loss the primary 

damage can include brain tissue laceration, intracranial haemorrhage and/or axonal 

injury (Bolouri and Zetterberg, 2015; Graham et al., 2000). Primary injury also triggers 

a cascade of secondary events that, depending on the injury, can include development 

of ischemia, neuroinflammation and oxidative damage (Bolouri and Zetterberg, 2015; 

Graham et al., 2000). Secondary injury events create a microenvironment that is highly 

toxic to neurons and myelin producing oligodendrocytes both within and surrounding 

the primary injury site (Acosta et al., 2013; Armstrong et al., 2015; Liou et al., 2003). 

Neuroinflammation, which includes astrogliosis and microglial activation, is an 

important player in secondary injury responses which can have both detrimental and 

beneficial consequences and is discussed in greater detail in later sections. Briefly, TBI-

induced astroglial scar formation is an important acute neuroprotective response to 

isolate a lesion from healthy brain tissue and prevent contact with necrotic cell debris 
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or entry of pathogens from a compromised blood brain barrier (Sofroniew and Vinters, 

2010). However, at chronic post-injury stages the astroglial scar prevents axonal 

regeneration of the primary lesion area (Ribotta et al., 2004). Similarly, acute injury-

induced microglial activation is important for clearance of pathogens and apoptotic 

cells from the injury core (Kawabori and Yenari, 2015). However, a chronic activation 

of microglial cells can be inhibitory for regeneration processes such as injury-induced 

neurogenesis (Acosta et al., 2013). Such secondary injury events develop over a period 

of days and weeks following TBI, thus while it is not yet possible to treat the primary 

injury, a therapeutic window exists for the modulation of secondary injury events to 

prevent primary injury exacerbation and thereby improve functional outcome.  

 

 Modelling TBI in mice 1.1.3

TBI is a highly heterogeneous disorder as injury pathology varies greatly depending on 

mode of injury, location and severity. Thus, it is difficult for any one model of TBI to 

generate a comprehensive picture of a clinically relevant injury condition. As a result, 

multiple animal TBI models exist that address different aspects of TBI pathology. While 

many animal TBI models were originally developed in rats, researchers have now 

adapted them for use in mice and also various large animals such as pigs and non-

human primates (see reviews (Morganti-Kossmann et al., 2010; Xiong et al., 2013)). 

While large animals can be better models of the human TBI condition than rodents, 

they are not feasible for all laboratories to use mainly due to the high research costs. 

However, rodents are equally valuable models as they allow addressing of the finer 

mechanistic points of an injury such as TBI induced cell damage and inflammation 

using one of many available genetically modified strains. A few of the most commonly 

used mouse models of TBI have been described below. 

 

The weight drop TBI model involves, as the name suggests, dropping a weight from a 

set height onto the intact rodent skull to generate a diffuse brain injury (Flierl et al., 

2009; Yang et al., 2013). The severity of this injury can be adjusted by changing the 

mass of the weight and/or the weight-drop height. The biggest advantage of this 

model is that it resembles most closely the human TBI condition by inducing a diffuse 

closed head injury with similar pathologic and cognitive deficits (Albert-Weissenberger 
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and Siren, 2010; Flierl et al., 2009; Yang et al., 2013). However, there are a number of 

disadvantages to this model. These include a high mortality rate of up to 15% 

depending on injury conditions and large variability of the injury itself due to risks such 

as skull fracture (Flierl et al., 2009).  

 

The fluid percussion injury (FPI) model produces an injury that is both focal and diffuse 

in nature (Lifshitz, 2009; Vink et al., 2001). FPI is induced by delivering a fluid pulse 

through the brain following a craniotomy at predefined stereotaxic coordinates. The 

fluid pulse is generated by striking a plunger attached to a fluid-filled chamber by a 

pendulum released from a set angle. The pulse travels through the chamber and ends 

upon delivery into the brain through a connecting hub attached to the exposed brain 

region. The pressure of this fluid pulse can be altered by the angle from which the 

pendulum is released and therefore allows the production of a variety of injury 

severities.  Like the weight drop, FPI produces a clinically relevant brain injury (Spain et 

al., 2010). However, the initial set-up of the model requires extensive optimisation 

before it becomes reproducible, the surgery is complex and mortality rate can be high 

even for a moderate injury (Lifshitz, 2009). 

 

 Controlled Cortical Impact (CCI) model of experimental TBI 1.2

The weight drop and FPI models when well established in a lab have shown good 

reproducibility. However, due to the largely diffuse nature of the injury, the extent of 

primary and secondary damage may not be very consistent between animals. A third 

model of injury, called the controlled cortical impact (CCI) model, tries to overcome 

this issue by inducing primary and secondary TBI pathological features with greater 

reproducibility. Therefore, in research questions where understanding specific cellular 

responses after TBI is the priority, the CCI model is commonly employed.  

  

In addition to increased reproducibility, it is also possible to achieve a very low to zero 

mortality rate when injury parameters for CCI have been thoroughly optimised 

(Onyszchuk et al., 2007; Smith et al., 1995). CCI surgery involves delivering a focal 

injury through a computer controlled impactor device following a craniotomy at the 

desired stereotaxic coordinates. Reproducibility by this model is achieved by the focal 
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nature of the injury accompanied by a controlled velocity of impact, injury depth and 

impactor dwell time at the injury site (Onyszchuk et al., 2007). Due to the relatively 

precise targeting of brain regions using the CCI TBI model, experiments can be also be 

designed to address specific questions about TBI induced cellular responses. For 

example, injuring the cortex above the hippocampus or the lateral ventricles allows 

enquiry into TBI induced endogenous neurogenesis and associated behavioural deficits 

(Dash et al., 2001; Radomski et al., 2013).  

 

 Analysis of behavioural deficits after experimental TBI 1.3

 Testing motor function deficit 1.3.1

There are batteries of tests available to assess deficits in mouse motor function. 

Selection of the appropriate tests is dependent on a number of factors such as the 

type of TBI induced motor deficit, reliability/sensitivity of the test and its practicality  in 

terms of technicality, cost and efficiency (reviewed by (Brooks and Dunnett, 2009)).  

Behavioural tests most relevant to this thesis are described below. 

 

One relatively simple way to characterise a deficit in forepaw motor function is to 

perform grip strength analysis. The test requires the mouse to grip, one paw at a time, 

a metal bar attached to a grip strength meter. Following this they are pulled back by 

the tail and the force required to lose grip is recorded (Anderson et al., 2004; van 

Riezen and Boersma, 1969). However, despite being useful for gross-motor function 

measurement, this test is not sufficiently sensitive to detect potential differences in 

fine-motor function of injured mice. This is problematic when there is a need to 

measure differences in motor function up to one month post injury as mice can 

recover gross motor function as soon as 5 days post injury (Wagner et al., 2007).  

Motor deficits can also be measured through the cylinder test by assessing forepaw 

use during free exploration (Baskin et al., 2003). Technically simple, this test is carried 

out by placing the animal in a clear glass cylinder and rearing events recorded on 

video. The data is quantified by counting the number of contacts made by the affected 

forepaw with the cylinder during a rearing event and expressing this in terms of the 

total number of contacts (Brooks and Dunnett, 2009). A similar concept involves the 

assessment of sensorimotor deficits using the horizontal ladder (Baskin et al., 2003). 
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This test requires the mouse to walk across a horizontal metal ladder and the number 

of foot faults made by the affected limb counted. Depending on the sensitivity 

required, the level of difficulty can be adjusted by increasing or randomising the rung 

spacing of the ladder (Ek et al., 2010).  

 

Depending on injury severity, motor deficits may also have a significant impact on 

overall gait. Thus, comparing aspects of gait between injured and a control animal is 

useful to study functional deficit and subsequent recovery post-TBI. Gait analysis has 

now been greatly simplified by computer assisted footprint analysis systems, such as 

DigiGait (Mouse Specifics Inc., USA). The apparatus consists of a treadmill with a 

transparent belt of adjustable speed. A camera underneath the treadmill records 

footage of the animal walking above. This video is analysed using a semi-automated 

DigiGait analysis software to develop a gait profile consisting of measurements such as 

stride length, stride frequency, paw area, paw angle and braking time that can be 

compared between animals (Ek et al., 2010; Vincelette et al., 2007).  

 

 Testing anxiety and spatial memory deficits 1.3.2

The mouse sensorimotor cortex lies above the anterior edge of the hippocampus. 

Thus, a TBI of sufficient severity targeting this region of mouse cortex can also affect 

the hippocampus thereby also affecting hippocampal regulated learning and memory 

functions (Liu et al., 2014a). Therefore, for thorough TBI model characterisation it is of 

importance to measure hippocampal learning and memory deficits in addition to 

motor function deficits.  Hippocampal learning and memory is commonly measured 

using the Morris water maze test (Morris, 1984; Sharma et al., 2010). The Morris water 

maze requires the animals to follow visual clues to locate a hidden platform that is 

submerged under opaque water (Morris, 1984). Following a necessary pre-training 

period, task performance is compared pre and post treatment. However, as mice are 

required to swim to complete this task, for TBI models which produce motor function 

deficits this test may not be appropriate. Another test called the Y-maze also assesses 

hippocampal memory but in a more simplified manner. For this test the animal is 

introduced into one of three identical arms in the shape of a Y where access to one of 

the arms is blocked off. Visual cues are also present to aid in learning/memory of the 
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Y-maze environment. Once habituated, the animal is re-introduced into the maze with 

all three arms are now accessible. Animals displaying normal spatial learning and 

memory will recognise and spend more time exploring the previously blocked novel 

arm (Wagner et al., 2007).  

 

The hippocampus is also important for the regulation of anxiety behaviours 

(Bannerman et al., 2004; Engin and Treit, 2007). The elevated plus maze test is 

commonly used for measuring such anxiety behaviours in mice (Bourin et al., 2007; 

Lister, 1987).  Mice are placed onto an elevated platform designed in the shape of a 

plus sign in which two opposing arms offer a walled safe area and the other two arms 

are open. Mice are allowed to explore freely and the percentage of time spent in the 

open and closed arms quantified. The assumption is that a less anxious phenotype will 

support exploratory behaviour and thus the animal would spend an equal or greater 

amount of time in the open arms than in the closed arms. A more recent take on this 

task is the elevated zero maze (Kulkarni et al., 2007). The zero maze platform is in the 

form of a closed loop with two walled safe areas on opposite ends. This task measures 

the same variables as the elevated plus maze, however due to the design of the 

platform exploratory behaviour is encouraged as mice are forced to cross the open 

arm to reach the next closed arm (Braun et al., 2011; Kulkarni et al., 2007).  

 

 Endogenous neurogenesis in the adult brain 1.4

The 1960’s saw the first series of experiments putting forward the hypothesis for the 

existence of adult neurogenesis in the mammalian brain (Altman, 1962; Altman, 1963; 

Altman, 1969a; Altman, 1969b; Altman and Das, 1965; Altman and Das, 1966; Altman 

and Das, 1967).  These experiments were enabled by the advent of [3H]-thymidine 

which binds to the DNA of mitotically active cells during the S-phase of the cell cycle 

(Leblond et al., 1959). However, [3H]-thymidine labelled cells had to be visualised by 

autoradiography, thus cells could not be phenotyped with immunological markers. This 

was overcome in the 1980’s with the development of the synthetic thymidine 

analogue Bromodeoxyuridine (BrdU) which could be detected immunohistochemically, 

enabling phenotyping of BrdU labelled cells by co-labelling with neuronal markers 

(Miller and Nowakowski, 1988). The more recently developed Ethynyl deoxyuridine 
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(EdU) allows for the same analysis but with a simpler staining protocol (Chehrehasa et 

al., 2009). It is now widely accepted that new neurons are continuously produced in 

the adult brain in a process called endogenous adult neurogenesis. Under basal 

physiological conditions, endogenous adult neurogenesis is restricted to two regions of 

the brain; the sub-ventricular zone (SVZ) of the lateral ventricles and the sub-granular 

zone (SGZ) of the hippocampal dentate gyrus. The process of endogenous adult 

neurogenesis in these two regions, its regulation and functional relevance is outlined 

below.  

 

 Adult hippocampal neurogenesis  1.4.1

The hippocampal formation is one of two neurogenic regions in the adult mammalian 

brain. In the rodent, it is divided into three main subregions; the hippocampus proper, 

dentate gyrus and subiculum (van Strien et al., 2009).  The hippocampus proper is 

divided into three zones, namely CA1, CA2 and CA3 (van Strien et al., 2009). The 

hippocampus and subiculum are further divided into three cellular layers; a pyramidal 

cell layer made up of cell bodies of the pyramidal cells, a molecular layer consisting 

mainly of apical dendrites of the pyramidal cells and a polymorphic layer made up of a 

selection of interneuron types (Giap et al., 2000; van Strien et al., 2009). Similarly, the 

dentate gyrus is divided into a granule cell layer (GCL) made up of mature granule cell 

bodies, a molecular layer consisting of apical dendrites of the granule cells and a 

polymorphic layer (Giap et al., 2000; van Strien et al., 2009).  

 

Adult hippocampal neurogenesis occurs specifically in the hippocampal dentate gyrus, 

within the sub-granular zone (SGZ) (Figure 1.1). Located directly below the GCL, the 

thin SGZ layer is home to neural precursor cells (NPCs) that give rise to new 

hippocampal granule neurons (Ehninger and Kempermann, 2008). These NPCs are 

thought to be a mix of proliferating glial fibrillary acidic protein (GFAP)-expressing 

radial glia-like cells (Seri et al., 2001) and sex-determining region Y-box 2 (Sox2)-

expressing non-radial cells (Suh et al., 2007). Radial and non-radial NPCs give rise to an 

intermediate progenitor cell stage, a stage at which a large majority of these cells 

undergo apoptosis and surviving cells differentiate into doublecortin (Dcx)-expressing 

neuroblasts (Ming and Song, 2011; Sierra et al., 2010). Formation of a 
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neuroblast/immature neuron from a NPC takes approximately 1 week (Kempermann 

et al., 2004). Following this, immature neurons migrate a short distance into the GCL of 

the dentate gyrus where they complete their maturation. Gradually, upon reaching the 

GCL, immature neurons loose Dcx expression and begin to express the mature neuron 

marker, neuronal nuclear protein (NeuN) (Kempermann et al., 2004). However, the 

immature neuron stage is again subject to selection for survival in a cell-specific 

activity-dependent manner (Tashiro et al., 2006). Surviving cells complete their 

maturation by extending axons towards the hippocampal CA3 region and dendrites 

towards the molecular layer, a process which requires 2-3 weeks for completion (Zhao 

et al., 2006).  

 

 Adult SVZ-olfactory bulb neurogenesis 1.4.2

The second site of adult neurogenesis in the brain is in the sub-ventricular zone (SVZ) 

which lines the lateral ventricles (Figure 1.2). Neurogenesis in the SVZ begins in a 

similar manner to the dentate gyrus. Proliferating GFAP-expressing radial glia-like NPCs 

residing in the SVZ give rise to transit amplifying progenitors that then form Dcx-

expressing neuroblasts (Doetsch et al., 1999). However, unlike in the dentate gyrus, 

SVZ-derived neuroblasts do not mature and integrate locally at the lateral ventricle. 

SVZ-derived neuroblasts instead migrate away from the lateral ventricle to join a 

stream of migratory neuroblasts within a structure called the rostral migratory stream 

(RMS) and head tangentially towards the olfactory bulb (OB) (Ming and Song, 2011).  
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Figure 1.1: Endogenous adult hippocampal neurogenesis 

Adult hippocampal neurogenesis begins by proliferation of GFAP/SOX2+neural precursor cells 

(NPCs) in the sub-granular zone (SGZ) of the dentate gyrus (DG). Over time (~1 week) NPCs 

differentiate into Dcx+ neuroblasts which migrate into the granule cell layer (GCL). Maturing 

neurons begin to send out dendrites towards the molecular layer (ML) and project axons 

through the hilus towards the CA3 region of the hippocampus. By 4-5 weeks after birth 

surviving newborn dentate granule cells are fully mature and integrated NeuN+ neurons. Image 

adapted from: (von Bohlen und Halbach, 2011). 
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Figure 1.2: Endogenous adult SVZ-olfactory bulb neurogenesis 

Adult SVZ-olfactory bulb (OB) neurogenesis begins by slow proliferation of GFAP+ neural 

precursor cells (NPCs) in the sub-ventricular zone (SVZ) of the lateral ventricles which give rise 

to rapidly proliferating transit amplifying progenitors and then Dcx+ neuroblasts. Neuroblasts 

join the rostral migratory stream (RMS), undergoing tangential migration in a chain towards 

the OB, where they finally mature and integrate into NeuN+ granule or periglomerular cells. 

Image adapted from: (von Bohlen und Halbach, 2011). 
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In the RMS, neuroblasts migrate in chains (Lois et al., 1996) and are ensheathed by a 

network of astrocytes and blood vessels thought to act as a scaffold for their migration 

(Martoncikova et al., 2014). Similar to SGZ neuroblasts, SVZ neuroblast survival is 

subject to regulation and SVZ/RMS astrocytes have been suggested to have an 

important role in the provision of survival signals to migrating neuroblasts (Platel et al., 

2010). Further, migrating neuroblasts themselves have been suggested to remodel 

RMS-astroglial morphology to promote their own migration through the RMS (Kaneko 

et al., 2010). Upon reaching the OB, neuroblasts leave the RMS and migrate radially as 

individual cells towards the granule and periglomerular layers of the OB where they 

differentiate into mature granule and periglomerular neurons, respectively (Merkle et 

al., 2007).  However, immature neuron survival in the OB is also subject to regulation 

as shown by increased newborn neuron survival in an olfactory learning paradigm 

(Mouret et al., 2008). 

 

 Factors regulating adult neurogenesis  1.4.3

Neurogenesis is a multi-step process requiring NPC proliferation, differentiation into 

immature neurons, migration into the dentate gyrus GCL or towards the OB and lastly 

maturation into mature functional neurons. Thus, it would be expected for a complex 

network of factors to be involved in the regulation of adult neurogenesis. Indeed, 

multiple signalling pathways such as Notch, Sonic hedgehog, Wnt and Bone 

morphogenic protein have roles in neural stem cell (NSC) proliferation/maintenance 

(Ables et al., 2010; Imayoshi et al., 2010; Qu et al., 2010), NPC proliferation (Kuwabara 

et al., 2009; Lai et al., 2003; Machold et al., 2003), neuronal differentiation (Kuwabara 

et al., 2009) and/or neuroblast survival (Lim et al., 2000). A range of growth factors are 

also important in regulating NPC proliferation, newborn neuron survival and/or 

migration. These factors include brain-derived neurotrophic factor (BDNF) (Islam et al., 

2009; Matteo et al., 2008; Wei et al., 2015), epidermal growth factor (EGF) (Doetsch et 

al., 2002; O'Keeffe et al., 2009), insulin-like growth factor-1 (IGF-1) (Aberg et al., 2000; 

Hurtado-Chong et al., 2009), erythropoietin (EPO) (Chen et al., 2007c; Ransome and 

Turnley, 2007) and VEGF (Jin et al., 2002; Sun et al., 2006).  
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More recently, microglia have been identified as important regulators of adult 

neurogenesis. In adult hippocampal neurogenesis, disruption of fractalkine 

(CX3CL1)/CX3CR1 mediated microglia-neuron communication was found to decrease 

NPC proliferation and newborn neuron survival (Bachstetter et al., 2011). Microglia 

also play an important role in adult SVZ-OB neurogenesis, as their depletion leads to 

impaired RMS to OB migration and reduced neuroblast survival (Ribeiro Xavier et al., 

2015). Microglia also secrete factors such as BDNF and IGF-1 by which they may 

support adult neurogenesis under basal physiological and/or neural injury conditions 

(Choi et al., 2008; Elkabes et al., 1996). Further work is required to better understand 

the molecular mediators/mechanisms by which microglia regulate adult neurogenesis.  

 

Endogenous adult neurogenesis is also subject to regulation by environmental factors 

such as stress and exercise. Various acute and chronic stress paradigms have been 

shown to decrease NPC proliferation in rodents (Ferragud et al., 2010; Lagace et al., 

2010; Yap et al., 2006). Stress can modulate glucocorticoid, cytokine and neurotrophic 

factor signalling thereby effecting aspects of endogenous adult neurogenesis (Egeland 

et al., 2015). Unlike stress, exercise has been found to have a pro-neurogenic effect 

(Chae et al., 2014; Van Praag et al., 1999). Indeed, exercise has also been shown to 

overcome the deleterious effects of stress on adult neurogenesis (Castilla-Ortega et al., 

2014). This environmental regulation of adult neurogenesis also highlights the 

importance for ensuring consistent experimental conditions in studies of adult 

neurogenesis. It is important for all experimental animals to be exposed to the same 

housing and testing conditions to avoid confounding data. 

 

 Functional significance of adult neurogenesis  1.4.4

The functional significance of adult hippocampal and OB neurogenesis is being slowly 

unravelled. With respect to adult hippocampal neurogenesis, evidence is accumulating 

for its important roles in spatial memory (Deng et al., 2009; Jessberger et al., 2009; 

Snyder et al., 2005), spatial pattern separation (Clelland et al., 2009; Nakashiba et al., 

2012) and mood regulation (Schloesser et al., 2009; Snyder et al., 2011).  The 

significance of adult OB neurogenesis is not as well understood. However, recent 

studies suggest an important role for newly integrated OB neurons in olfactory 
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learning/plasticity and odour discrimination (Livneh et al., 2014; Nissant et al., 2009; 

Sakamoto et al., 2014). In addition to these important basal physiological functions, 

endogenous adult neurogenesis also has been shown to respond to CNS 

trauma/disease. This potentially neuroregenerative role for trauma induced 

endogenous adult neurogenesis is discussed in the following section. 

 

 Endogenous adult neurogenesis following TBI 1.5

 SGZ and SVZ responses to TBI 1.5.1

As introduced above, endogenous neurogenesis is of functional significance in the 

normal healthy brain. However, there is now increasing evidence in the literature of a 

potentially neuroregenerative role of endogenous adult neurogenesis. Increased 

proliferation of NPCs in both the SVZ and SGZ has been shown in multiple rodent and 

large animal models of traumatic brain injury (TBI) and stroke (Arvidsson et al., 2002; 

Chen et al., 2003; Costine et al., 2015b; Koketsu et al., 2006; Rola et al., 2006). The 

human brain also shows presence of enhanced neurogenesis after brain injury and 

certain neurodegenerative diseases (Marti-Fabregas and Romaguera-Ros, 2010; 

WeiMing et al., 2013; Zhao et al., 2008; Zheng et al., 2013).  Experimental TBI targeting 

the hippocampal region has been found to induce a long-term activation of SGZ-NPCs 

(Dash et al., 2001; Kernie et al., 2001). Further, injury-induced NPC activation has been 

associated with the selective apoptosis of pre-existing neuroblasts, suggesting that 

injury-induced NPCs may act to replace these potentially vulnerable neuroblasts with 

newly generated neurons to ensure their stable integration into the dentate gyrus 

following trauma (Miles and Kernie, 2008; Yu et al., 2008).  In terms of functional 

relevance, there is emerging evidence for a beneficial role of  injury-induced adult 

hippocampal neurogenesis for cognitive recovery after brain injury (Sun et al., 2015).  

 

Cortical injury TBI models also induce SVZ-NPC proliferation but unlike SGZ-derived 

neuroblasts, which remain and mature within the dentate gyrus even after injury, SVZ-

derived neuroblasts can deviate from their normal migration pathway towards the OB 

to instead migrate towards a cortical injury site (Ramaswamy et al., 2005; Saha et al., 

2013). Similar to SVZ-OB migration, SVZ-derived neuroblasts migrate towards the 

cortical injury site with the aid of blood vessels, astrocytes or independently directed 
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by chemoattractive cues generated by glial cells at the lesion site (Lalli, 2014; Saha et 

al., 2013). However, upon reaching the lesion site, very few or none of these 

neuroblasts go on to become mature neurons (Arvidsson et al., 2002; Kreuzberg et al., 

2010; Saha et al., 2013; Salman et al., 2004).  Despite being unable to generate 

significant numbers of new neurons to have functional benefit following TBI, recent 

work has suggested a neuroprotective role for SVZ-derived NPCs at the cortical lesion 

(Dixon et al., 2014).   

 

 Modulating endogenous adult neurogenesis for therapeutic benefit 1.5.2

There is promise in modulating endogenous adult neurogenesis for therapeutic benefit 

following injury and other disorders of the brain. However, there is still much to learn 

about the regulation of neurogenesis under both basal and diseased brain conditions.  

Indeed, exogenous stem cell therapy is also an active area of research and stem cell 

grafts have been shown to be therapeutically beneficial in models of Parkinson’s 

disease and in humans (Ganz et al., 2011; Parati et al., 2003; Parish et al., 2007). Long 

term functional recovery has also  been observed following NPC transplantation in 

brain injured mice (Shear et al., 2004) and multipotent adult progenitor cell 

transplantation found to have a positive effect in modulating the systemic 

inflammatory response post-TBI (Bedi et al., 2012). While exogenous stem cell 

transplantation may hold therapeutic promise, it comes with associated risks such as 

invasive surgery and development of immunogenicity or tumourogenicity from 

transplanted cells (Borlongan and Hess, 2006). Therefore, harnessing of the 

endogenous neurogenic potential may provide greater benefit for the treatment of 

mild injuries. 

 

Using either endogenous or exogenous means, increasing the numbers of new neurons 

at the injury site is likely not sufficient to achieve functional recovery following TBI. 

New neurons need to be able to survive long term and successfully integrate with the 

local circuitry.  In animal injury models, at best only small numbers of SVZ-derived 

neuroblasts have been found to survive and take on a mature neuronal phenotype at 

the cortical lesion (Arvidsson et al., 2002; Kreuzberg et al., 2010; Saha et al., 2013; 

Salman et al., 2004).  Thus, to achieve therapeutic benefit from endogenous or 
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exogenous NPCs, identifying factors that can enhance NPC proliferation, neuronal 

differentiation, integration and survival of newly born neurons is also required.  

 

 Oligodendrogenesis following TBI 1.6

Like neurons, myelin producing oligodendrocytes which reside primarily in the white 

matter tracts but also more sparsely in grey matter, are greatly sensitive to the direct 

and indirect effects of TBI. At acute time points following focal or diffuse injury, a 

significant loss in oligodendrocyte number is observed (Dent et al., 2015; Lotocki et al., 

2011). Oligodendrocyte loss is also associated with demyelination and axonal injury 

following TBI which can be a major contributor in the development of TBI associated 

behavioural deficits (Flygt et al., 2013).  However, at chronic time points post TBI, 

despite ongoing cell death, a recovery in oligodendrocyte cell number is seen and this 

is attributed to the birth of new oligodendroglial cells from endogenous 

oligodendrocyte precursor cells (OPCs) (Dent et al., 2015). OPCs in the adult brain can 

be identified by their expression of the chondroitin sulfate proteoglycan NG2 or 

platelet-derived growth factor receptor alpha (PDGFRα) (Rivers et al., 2008). Further, 

the entire oligodendrocyte lineage, from OPC to mature oligodendrocyte, can be 

identified by their expression of the marker Olig2 (Zhou et al., 2000). OPCs are found 

throughout the grey and white matter and are the main source of new myelinating 

oligodendrocytes in the adult brain under basal physiological conditions (Dawson et 

al., 2003; Rivers et al., 2008; Young et al., 2013). Following trauma or demyelinating 

lesions in rodent models, enhanced OPC proliferation is observed which gives rise to 

new myelinating oligodendrocytes at the lesion area (Armstrong et al., 2015; Dent et 

al., 2015; Flygt et al., 2013; Mason et al., 2000). Indeed, SVZ-derived NPCs can also 

generate oligodendrocytes in small numbers under physiological conditions and can 

greatly enhance this capacity after trauma events (El Waly et al., 2014; Menn et al., 

2006; Xing et al., 2014). 

 

 Neuroinflammation and its role in injury progression 1.7

 Inflammation post-TBI  1.7.1

A significant component of secondary TBI pathology is attributed to chronic 

inflammation. Trauma to the brain leads to cell death and damage which initiates a 
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cascade of molecular signalling events leading to the activation of astrocytes, 

microglial cells and, in the event of blood brain barrier breakdown, the infiltration of 

peripheral immune cells such as macrophages and neutrophils into the injury site 

(reviewed by (Cederberg and Siesjö, 2009)). Upon activation, these cells secrete 

inflammatory cytokines and produce substances such as reactive oxygen species (ROS) 

and proteinases. This post-TBI inflammatory environment is highly toxic to healthy 

neurons and glial cells and can greatly exacerbate the primary injury through death of 

previously unaffected cells (Acosta et al., 2013; Dent et al., 2015; Efthimios et al., 2012; 

Jia et al., 2012). Despite the long-term cytotoxic effects, the early inflammatory 

response is also important for the clearance of foreign particles or pathogens that may 

have been introduced by the injury and/or blood brain barrier breakdown and also for 

the phagocytosis and clearance of apoptotic cells (Fraser et al., 2010). Additionally, the 

pro-inflammatory response is accompanied by an anti-inflammatory response which is 

important in initiating repair (Guohua et al., 2013; Hu et al., 2012b; Turtzo et al., 2014). 

Therefore, understanding the balance of these inflammatory events after TBI is an 

important step towards the development of putative therapeutic strategies or at the 

very least to halt injury progression.  

  

 Astrogliosis and the astroglial scar post-TBI 1.7.2

Astrocytes are spread throughout the grey and white matter of the brain. They have 

established roles as support cells with a range of functions in CNS development 

(Christopherson et al., 2005; Powell and Geller, 1999; Ullian et al., 2001), regulation of 

metabolism (Brown et al., 2004; Rouach et al., 2008; Voutsinos-Porche et al., 2003) 

and synapse formation (Christopherson et al., 2005; Halassa et al., 2007).  Astrocytes 

also play important roles following neurotrauma as part of the injury-induced 

inflammatory response. Inflammatory cytokines and growth factors induced in 

response to brain injury trigger the activation of astrocytes in a process called reactive 

astrogliosis (Sofroniew, 2009). Reactive astrocytes are easily identified by their up-

regulation of GFAP expression and hypertrophic morphology (Wilhelmsson et al., 

2006) and this is also what is observed following mild diffuse TBI (Luo et al., 2014). In 

moderate to severe injuries, reactive astrogliosis is accompanied by astroglial 

proliferation and scar formation (Bush et al., 1999; Sofroniew, 2009). The astroglial 
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scar is largely made up by a dense network of newly proliferated reactive astrocytes 

and forms a barrier between healthy and necrotic tissue, playing an important role in 

the acute injury phase in isolating infiltrating peripheral immune cells, pathogens 

and/or cellular debris from healthy tissue. (Salman et al., 2004; Wanner et al., 2013). 

Indeed, allowing access to these inflammatory mediators by blocking astroglial scar 

formation increases neuronal loss in both spinal cord and brain injury models (Bush et 

al., 1999; Faulkner et al., 2004; Okada et al., 2006; Wanner et al., 2013). However, 

despite this beneficial role at an acute injury stage, the astroglial scar has been found 

to be inhibitory for regeneration and repair processes such as axonal sprouting at the 

chronic injury stage (Ribotta et al., 2004; Silver and Miller, 2004). The extracellular 

matrix molecule chondroitin sulphate proteoglycan which is highly produced by 

reactive astrocytes in the astroglial scar, is among the identified mediators of this axon 

growth inhibition (Silver and Miller, 2004; Smith-Thomas et al., 1995; Tom and Houlé, 

2008). Therefore, reactive astrogliosis is an important response in the injured CNS 

which has both beneficial and detrimental effects. At the level of therapeutic 

intervention, it will be important to further understand what factors regulate the 

astroglial scar such that it can be cleared or its inhibitory effects blocked at an 

appropriate chronic injury time point in order to encourage axonal regeneration and 

recovery of the lesion site. 

 

 Pro and anti-inflammatory microglia after TBI 1.7.3

Microglia are the resident immune cells of the brain and are thought to be derived 

from a monocyte lineage of cells during development (Alliot et al., 1999). In the 

developing brain they have an amoeboid morphology that becomes increasingly 

ramified, which is how they exist in their resting state in the adult brain (Nakajima and 

Kohsaka, 2001; Perry et al., 1985). In the un-injured brain, microglia are thought to 

play many complex roles other than regulation of the immune response. Microglia are 

important in mediating NPC apoptosis and phagocytosis to regulate endogenous adult 

hippocampal neurogenesis (Sierra et al., 2010) and have roles in RMS-OB migration of 

SVZ-derived neuroblasts and their survival (Ribeiro Xavier et al., 2015). Microglia also 

have a role in the synaptic pruning and plasticity of mature neurons and in regulating 
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learning-dependent synaptogenesis (Paolicelli et al., 2011; Parkhurst et al., 2013; 

Tremblay and Majewska, 2011).  

 

With respect to immune function, microglia continuously monitor their environment 

and are quickly activated and induced to proliferate by factors released from neurons 

and surrounding astrocytes in response to injury events (Benarroch, 2013; Biber et al., 

2007; Davalos et al., 2005). Activated microglia are important in phagocytosis of 

pathogens, apoptotic cells and other cellular debris (Kawabori and Yenari, 2015). 

Additionally, in a function similar to the astroglial scar, microglia near a lesion have 

been shown to extend their processes such that they surround the lesion and isolate it 

from the surrounding healthy cells (Davalos et al., 2005). Activated microglia also 

produce a range inflammatory cytokines which mediate the development of the injury-

induced inflammatory response. While this microglia mediated inflammatory response 

has been long associated only with adverse effects after TBI, the potential anti-

inflammatory role of microglia is now increasingly recognised (reviewed by (Loane and 

Byrnes, 2010)).  

 

Following activation, microglia can exist as either the M1 (classically activated) or M2 

(alternatively activated) subtype of cells. M1 microglia largely secrete pro-

inflammatory cytokines such as interferon-gamma (IFN-γ), tumor necrosis factor-alpha 

(TNF-α), interleukin (IL)-12, IL-1 and IL-6 together with cytotoxic molecules nitric oxide 

(NO) and reactive oxygen species (Cherry et al., 2014). M2 microglia largely secrete 

anti-inflammatory cytokines such as IL-10, IL-4, transforming growth factor-beta (TGF-

β) and do not produce cytotoxic molecules (Cherry et al., 2014). There is evidence to 

suggest that in the normal CNS the basal state of microglia is the M2 phenotype and 

under injury conditions a shift towards the M1 phenotype occurs (Ponomarev et al., 

2007). Indeed after injury, the early inflammatory response consists of a mixture of M1 

and M2 microglia that become increasingly M1-like over time (Hsieh et al., 2013).  

The M1/M2 subtypes have been better characterised in peripheral macrophages and 

the importance and complexity of both activation states established (reviewed by 

(Martinez and Gordon, 2014)). The potential roles for M1/M2 macrophage subtypes 

can be demonstrated in the peripheral wound healing process. A study assessing 
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expression of M1 and M2 markers during wound healing found increased M1 

macrophage marker expression early after injury  that transitioned  to increased M2 

macrophage marker expression at a later wound healing stage (Deonarine et al., 2007).  

In the CNS, the M1/M2 microglial response seems unable to function in this way after 

TBI.  A deregulation in the TBI induced inflammatory response is suggested by the 

transient peak in M2 microglia 3 to 5 days after trauma that becomes dominated by 

M1 microglia 7 days after trauma (Guohua et al., 2013; Hu et al., 2012b; Turtzo et al., 

2014). The presence of these M1 microglia can be detected days and weeks after the 

initial injury and this chronic M1 activation is associated with detrimental secondary 

damage (Cao et al., 2012; Frugier et al., 2010; Hsieh et al., 2013).   

 

There is some evidence to suggest that M2 microglia have better phagocytic ability to 

clear away necrotic tissue and give way to regeneration (Hu et al., 2012b; Mantovani 

et al., 2004). This property may be mediated by the complement protein C1q, the 

presence of which can enhance microglial ingestion of apoptotic neurons and suppress 

production of pro-inflammatory cytokines (Fraser et al., 2010). Therefore, the early 

peak in M2 microglia after TBI may be indicative of an attempt by anti-inflammatory 

microglia to begin the process of clean up and repair. Regulated activation of M1 

microglia is also important for clearance of invading pathogens from the lesion area 

(Mantovani et al., 2004). However, chronic M1 activation observed after TBI is highly 

detrimental for healthy neurons and oligodendrocytes. This is because extended 

generation of pro-inflammatory molecules, NO and superoxide free radicals causes 

ongoing cell death, which positively feeds the inflammatory response (Loane and 

Byrnes, 2010).  

 

 Modulating neuroinflammation as a therapeutic strategy for TBI  1.7.4

Neuroinflammation is a key component in TBI progression and it is an important 

endogenous response in managing the acute stages of trauma. As discussed above, the 

astroglial scar and microglial activation are important acute inflammatory responses 

for the separation of the potentially toxic tissue from healthy tissue. However, with 

high severity TBI this beneficial acute response is not able to resolve to give way to 

cellular regeneration and repair. Over time, chronic microglial activation exacerbates 
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the primary injury. However, the inflammatory response has the capacity to repair 

damaged tissue if the correct balance of pro-inflammatory and anti-inflammatory 

microglia and macrophages can be maintained.  

 

Thus far, studies have largely addressed the effects of administration of various anti-

inflammatory drugs at acute timepoints after experimental TBI. These drugs include 

glucocorticoids, specific pro-inflammatory cytokine inhibitors, statins and antibiotics 

such as minocycline (reviewed by (Bergold, 2015)). The major effect of these drugs is in 

general the inhibition of microglial and/or astroglial activation which in some studies is 

accompanied by improved neuronal survival at the injury site and improved functional 

outcome (Erlich et al., 2007; Haber et al., 2013; Li et al., 2009).  Also, any positive 

effects of anti-inflammatory drugs that have been observed in animal models of TBI 

are mostly associated with an early treatment between 5 min to 1 hour after injury 

and for many drugs the effects of administration at later clinically relevant time points 

are yet to be determined (Bergold, 2015). Further, for many drugs their mechanism of 

action is an unknown and this gap in knowledge needs to the addressed so that drugs 

can be targeted to specific time points after TBI and be appropriately matched with 

other drugs for combinatorial treatment. A better mechanistic understanding of injury-

induced inflammation is also required for the development of novel drugs targeting 

specific inflammatory mediators.  

 

 Suppressor of Cytokine Signalling-2 1.8

A therapeutic cocktail for the treatment of TBI would require a range of factors, 

including enhancers of endogenous adult neurogenesis and newborn neuron 

survival/integration, as well as modulation of the inflammatory response. Thus, 

identification of such factors requires a better understanding of the mechanisms 

regulating endogenous adult neurogenesis and neuroinflammation. Previous work has 

shown an important role for the suppressor of cytokine signalling (SOCS)-2 in the 

regulation of newborn adult hippocampal neuron survival under basal physiological 

conditions (Ransome and Turnley, 2008), as well as regulating peripheral immune 

responses, thus begging the question whether it may regulate these processes 

following TBI. 
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  SOCS2 and the SOCS protein family 1.8.1

SOCS2 is part of a family of eight SOCS protein members, namely, cytokine inducible 

Src homology 2 (SH2) domain containing protein (CIS) and SOCS1 to SOCS7. Members 

of the SOCS protein family can be characterised by having a SH2 domain, C-terminal 

SOCS box and a variable N-terminal domain (reviewed by (Larsen and Röpke, 2002)). 

Predominantly, SOCS proteins are involved in the down-regulation of the Janus kinase 

and signal transducer and activator of transcription (JAK-STAT) pathway which can be 

activated by a range of cytokines, growth factors and hormones. Members of the JAK 

protein family include JAK1, JAK2, JAK3 and TYK2. However, in the CNS, only JAK1 and 

JAK2 expression has been found at significant levels (De-Fraja et al., 1998). Following 

receptor activation, recruitment and activation of the appropriate JAK protein is first 

step in the JAK-STAT signalling cascade. Activated JAK proteins phosphorylate the 

receptor at specific tyrosine residues which become binding sites for specific STAT 

proteins. STAT proteins are a family of transcription factors comprised of STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6 (Ihle, 1996). Upon binding to the 

activated receptor complex, STATs are phosphorylated by JAKs allowing STAT protein 

dimerization. Dimerised STAT proteins translocate into the nucleus and regulate 

transcription of specific genes including SOCS genes (Larsen and Röpke, 2002). In a 

classic negative feedback loop, the SOCS proteins induced by JAK-STAT signalling now 

act to down-regulate it. Depending on the SOCS protein in question, down-regulation 

of signalling may be achieved by binding to and blocking the kinase activity of JAK 

proteins, binding to and blocking phosphorylation of key tyrosine residues or 

competing with  STAT proteins to bind the activated cytokine receptor and blocking its 

phosphorylation (Larsen and Röpke, 2002).  

 

SOCS2 has been best characterised as a negative regulator of growth hormone (GH), a 

regulator of postnatal growth. The generation of the SOCS2 knockout (SOCS2KO) and 

SOCS2 overexpressing transgenic (SOCS2Tg) mice has been instrumental in this 

functional characterisation of SOCS2 (Greenhalgh et al., 2002; Metcalf et al., 2000). 

SOCS2KO mice display an overgrowth phenotype where adult mice are up to 40% 

heavier than their wild-type (WT) counterparts. This weight increase is mainly 

attributed to an increase in organ size and bone length (Metcalf et al., 2000). 
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Interestingly, SOCS2Tg mice, which would be hypothesised to have stunted growth, 

also display an enhanced growth phenotype (Greenhalgh et al., 2002). This was in 

agreement with previous literature where high doses of SOCS2 in vitro enhanced GH 

signalling and low doses inhibited it (Favre et al., 1999). Therefore, at physiological 

levels SOCS2 is an inhibitor of GH but at high levels can also enhance GH signalling.   

 

It has not been fully established how SOCS2 down-regulates GH signalling, but it has 

been suggested to involve the blocking of STAT5 activation by competing for STAT5 

and SHP2 phosphatase binding sites on the activated GHR (Greenhalgh et al., 2002; 

Ram and Waxman, 1999; Turnley, 2005). Interestingly, SOCS1 and SOCS3 have also 

been shown to inhibit GH signalling in vitro and are also much more potent in action 

than SOCS2. SOCS1 seems to regulate GH signalling by binding JAK2 thereby 

preventing STAT5 activation and SOCS3 achieves this by binding to specific 

phosphorylated tyrosine residues on the activated receptor (Ram and Waxman, 1999). 

It has also been proposed that at supraphysiological concentrations SOCS2 may 

compete with SOCS3 for SOCS3 binding sites on the GHR, thereby enhancing signalling 

rather than inhibiting it (Greenhalgh et al., 2002).  

 

 Importance of SOCS2 in developmental and adult neurogenesis 1.8.2

Signalling via the JAK-STAT pathway is also important for certain aspects of neural 

precursor proliferation and differentiation (Bauer, 2009; Bonni et al., 1997; Kahn et al., 

1997). Following the discovery of SOCS proteins and their role in regulating the JAK-

STAT pathway, they were also examined for potential roles in the CNS.  

 

Analysis of the SOCS family gene expression in the developing forebrain of a WT mouse 

brought SOCS2 into the spotlight. SOCS1, SOCS2, SOCS3 and CIS gene expression was 

found at all ages examined from embryonic day (E) 10 to postnatal day (P) 25 

(Polizzotto et al., 2000). All genes had a common peak in expression between E14 and 

P8, however, SOCS2 expression level was much greater in comparison. Interestingly, 

SOCS2 expression was first up-regulated at the time of neuronal differentiation 

between developmental stages E10 and E12 (Polizzotto et al., 2000). The spatial 

pattern of SOCS2 mRNA expression also distinguished it from the other SOCS genes.  
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In-situ hybridisation analysis showed that all SOCS genes were expressed in the 

hippocampus during developmental and young adult stages. However, SOCS2 

expression was limited to the dentate gyrus and the CA3 region of the hippocampus in 

adults (Polizzotto et al., 2000). SOCS genes were also expressed, in a non-specific 

manner, in other brain regions such as the cortex and cerebellum. However, in later 

developmental stages, SOCS2 expression in the cortex was of a bilaminar pattern that 

suggested localisation to newborn neurons and precursor cells (Ransome et al., 2004; 

Ransome and Turnley, 2005).  

 

The interesting spatiotemporal expression of SOCS2 instigated further research into its 

possible role in neuronal development. Neural stem cells cultured from SOCSKO mice 

showed a marked reduction in the number of neurons generated upon induction of 

differentiation (Turnley et al., 2002), as opposed to SOCS2Tg mice which showed an 

increase (Scott et al., 2006). Additionally, transfected PC12 cells overexpressing SOCS2 

and neurons cultured from SOCS2Tg mice displayed increased neurite outgrowth 

(Goldshmit et al., 2004a; Goldshmit et al., 2004b; Scott et al., 2006; Turnley et al., 

2002). In vivo analysis of neuronal populations in adult SOCS2KO mice revealed a 30% 

reduction in cortical neuron density, decreased cortical neuron dendritic branching 

and increased astrocyte numbers (Ransome et al., 2004).  The same analysis in 

SOCS2Tg mice revealed a modest 9% increase in cortical neuron density and increased 

cortical neuron branching, but no difference in astrocyte numbers (Ransome and 

Turnley, 2005).  Also, modulation of GH signalling by SOCS2 was found to be important 

during developmental neurogenesis. This was demonstrated by an increase in 

neuronal differentiation upon GH inhibition in neural stem cell cultures from SOCS2KO 

mice (Turnley et al., 2002). Additionally, expression of the basic helix-loop-helix 

transcription factor Neurogenin-1 (Ngn1), an important regulator for neuronal 

differentiation, was found to be decreased in the brains of developing SOCS2KO mice. 

Inhibition of neuronal differentiation by GH in vitro and was accompanied by an 

inhibition of Ngn1 expression that was overcome by SOCS2 overexpression (Turnley et 

al., 2002). Thus, in the developing brain, SOCS2 may have an important role in 

encouraging neuronal differentiation by blocking the inhibition of Ngn1 by GH. 
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Given that SOCS2 is expressed in the dentate gyrus and hippocampal CA3 region of the 

adult WT mouse brain, a study looking at hippocampal neurogenesis in adult SOCS2Tg 

and GH receptor-KO mice was also carried out (2008). This study found that SOCS2Tg 

mice, under basal physiological conditions, showed an increase in the survival of newly 

born adult hippocampal neurons. Interestingly, no changes in adult hippocampal 

neurogenesis were observed in GH receptor-KO mice. Additionally, SOCS2Tg mice 

performed better than WT animals in the Morris water maze test, which probes 

hippocampal-dependent cognition and they also showed a reduced anxiety 

phenotype, as assessed by the elevated plus maze (Ransome and Turnley, 2008).  

 

As indicated by the apparent GH independent effect of SOCS2 on adult hippocampal 

neurogenesis, SOCS2 can regulate signalling of factors other than GH. As described 

earlier, neuron cultures from SOCS2Tg mice display enhanced neurite outgrowth and 

this was attributed to SOCS2 regulation of EGF receptor (EGFR) activation. It was found 

that the inhibition of EGF signalling but not an absence of GH in SOCS2Tg neuron 

cultures abolished SOCS2 mediated neurite outgrowth (Goldshmit et al., 2004a; Scott 

et al., 2006). Also, overexpression of SHP2 phosphatase in transfected PC12 cells 

blocked SOCS2 induced neurite outgrowth (Goldshmit et al., 2004b). Further, SOCS2 

was shown to bind the SHP2 binding site on the EGFR suggesting a mechanism by 

which SOCS2 may block SHP2 binding thereby prolonging EGFR activation and 

promoting neurite outgrowth (Goldshmit et al., 2004b). SOCS2 is also important in 

neurotrophin signalling as it was recently shown to regulate nerve growth factor (NGF) 

mediated neurite outgrowth in DRG neurons. The mechanism was suggested to involve 

a SOCS2 regulated alteration in protein turnover or cellular localisation of the NGF 

receptor, TrkA (Uren et al., 2014).  SOCS has also been found to regulate EPO signalling 

via the EPO receptor. Haematopoietic cell lines, when stimulated with EPO, show an 

induction of SOCS2 (Jegalian and Wu, 2002). Additionally, EPO treated adult rat SVZ-

derived NPCs show increased neuronal differentiation and SOCS2 expression (Wang et 

al., 2004). A role for SOCS2 in signalling through the glycoprotein 130 (gp130) and the 

leukaemia inhibitory factor (LIF) receptor complex has also been suggested. The 

cytokines LIF, ciliary neurotrophic factor (CNTF) and oncostatin M (OSM) all signal 

through the gp130/LIF complex and were found to induce SOCS2 expression in E10 
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neuroepithelial cultures, as did interferon-γ (IFNγ) to a lesser extent (Turnley et al., 

2002). 

 

 SOCS2 and inflammation 1.8.3

SOCS proteins have been long characterised in the periphery to have important roles in 

innate and adaptive immune functions by regulating cytokine signalling via the 

JAK/STAT pathway (Alexander and Hilton, 2004). The best characterised of the SOCS 

family in this respect are SOCS1 and SOCS3. SOCS1 has been described as important 

regulator of IFN-γ signalling. This role is demonstrated by the phenotype of SOCS1KO 

mice which die by three weeks of age from a severe and complex inflammatory disease 

pathology caused by IFN-γ hyper-responsiveness (Starr et al., 1998). SOCS1 has also 

been found to have a role in T-cell mediated immune responses and T helper cell 

differentiation towards a Th1 cell fate (Tamiya et al., 2011). SOCS3KO mice have an 

embryonic lethal phenotype, a result of placental defects from deregulated LIF 

signalling (Takahashi et al., 2003). Conditional SOCS3KO animals that are deficient of 

SOCS3 expression in the liver or macrophages have identified it as an important 

negative regulator of IL-6 signalling in the adult mouse (Croker et al., 2003; Yasukawa 

et al., 2003). Like SOCS1, SOCS3 is also expressed in T cells and seems to have a role in 

promoting T helper cell differentiation towards a Th2 cell fate (Tamiya et al., 2011).  

 

The role of SOCS2 in immune response regulation has only recently started to be 

addressed. SOCS2 has been suggested to be important regulator of lipoxinA4 (LXA4) 

mediated immune responses. Lipoxins belong to the eicosanoid family of molecules 

and are important in anti-inflammatory response generation to various inflammatory 

disorders and parasitic infections.  SOCS2KO mice challenged with Toxoplasma gondii 

to induce a LXA4 mediated inflammatory response showed enhanced pro-

inflammatory cytokine expression and increased mortality compared to WT animals. 

Additionally, the anti-inflammatory effect of LXA4 and aspirin treatment was absent in 

infected SOCS2KO (Machado et al., 2006). SOCS2KO mice have also been studied in the 

context of Chaga’s disease caused by the parasite Trypanosoma cruzi (Esper et al., 

2012). Following T. cruzi infection SOCS2KO mice were again found to express more 

pro-inflammatory cytokines and had reduced levels of parasitaemia. Interestingly, a 

26 

 



Literature Review     Chapter 1 

 

reduction in the expression of SOCS1 and SOCS3 mRNA was also observed in the 

spleens and hearts of these SOCS2KO animals. Additionally, macrophages from 

SOCS2KO mice were hyper-responsive to IFN-γ stimulation, produced more NO and 

had greater parasite killing ability. A role for SOCS2 in Th cell differentiation has also 

been described (Knosp et al., 2011). This was analysed in SOCS2 deficient activated 

CD4+ T cells that showed a bias towards Th2 differentiation and an increase in SOCS1 

and SOCS3 expression.  

 

SOCS1 to 3 also have roles in M1/M2 macrophage polarization. Again these roles are 

best characterised for SOCS1 and SOCS3. Polarization towards the anti-inflammatory 

M2 phenotype and a role for regulating M1 pro-inflammatory responses has been 

suggested for SOCS1 (Baetz et al., 2004; Whyte et al., 2011). SOCS1 is proposed to 

inhibit M1 polarisation by down regulating IFN-γ signalling through JAK2/STAT1 and 

also signalling through the Toll like receptor (TLR)/Nuclear factor (NF)-κB pathway 

(Yoshimura et al., 2007). Additionally, lipopolysaccharide (LPS) stimulated M1 

macrophages induce expression of microRNA-155 which has been identified as a 

repressor of SOCS1 (Androulidaki et al., 2009). SOCS3 has the reciprocal role to SOCS1 

and polarises macrophages towards the M1 phenotype. Macrophages deficient of 

SOCS3 were found to have enhanced activity of its regulatory target STAT3, increased 

expression of M2-like markers, reduced synthesis of inflammatory mediators such as 

NO and also increased SOCS1 expression (Liu et al., 2008c). SOCS3 can direct M1 

polarisation by inhibition of signalling through JAK1/STAT3, TGF-β/TLR induced SMAD3 

and IL-4 induced PI3K (Liu et al., 2008b; Liu et al., 2008c). Due to this strong correlation 

of SOCS1 and SOCS3 with M2 and M1 polarisation respectively, the use of a 

SOCS1/SOCS3 ratio has been suggested as a marker for M1/M2 polarisation (Wilson, 

2014).  SOCS2 and its role in macrophage polarisation has not yet been well 

established. As described earlier, infection of SOCS2KO mice with T. gondii and T. cruzi 

results in an enhanced pro-inflammatory response compared to WT control animals. 

Also, SOCS2KO mice fed a high fat diet have an increased expression of pro-

inflammatory mediators such as IFN-γ in their livers and adipose tissue (Zadjali et al., 

2012). Similar to T. cruzi infection, analysis of bone marrow derived macrophages from 

SOCSKO mice demonstrated an increased phagocytic ability, secreted more pro-
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inflammatory cytokines and had decreased levels of the NF-κB inhibitor IκBα (Zadjali et 

al., 2012). Indeed LPS induced TLR/NF-κB signalling has been shown to induce SOCS2 in 

a STAT3 and STAT5 dependent manner in human dendritic cells (Hu et al., 2012a). 

These findings suggest a role for SOCS2 in mediating anti-inflammatory responses 

following infection and therefore potentially a role in M2 polarization.  

The role for SOCS2 in neuroinflammatory processes is yet to be addressed. However, a 

limited number of studies have looked at SOCS1 and SOCS3 regulated immune 

response in the CNS and have found varied cell-specific roles (reviewed by (Baker et 

al., 2009)). Depletion of SOCS1 and SOCS3 expression in astrocytes was found to 

increase IFN-β induced chemokine expression and promote macrophage/microglia and 

T-cell migration, suggesting roles for SOCS1 and SOCS3 in regulating CNS immune cell 

migration (Qin et al., 2008). SOCS3 has also been shown to be important in STAT3 

regulated astroglial scar formation after spinal cord injury (Okada et al., 2006). This 

study found that increased astrocytic STAT3 signalling achieved by astrocyte-specific 

SOCS3 deletion was associated with more rapid astroglial scar formation, improved 

blockade of infiltrating immune cells and improved motor function recovery. While 

SOCS3 may be beneficial to recovery following spinal cord injury, it has been shown to 

have a detrimental effect following stroke, where knockdown of SOCS3 expression 

increased lesion volume and functional deficit (Raghavendra Rao et al., 2002). Also, 

SOCS3 has both protective and detrimental effects in demyelinating disease models by 

having either a pro or anti-inflammatory effect, alluding to a complex and broad role 

for SOCS3 in the CNS (Emery et al., 2006; Li et al., 2006; Liu et al., 2008a). Further, 

recent work using myeloid-specific SOCS3-deficient mice, showed enhanced infiltration 

of immune cells and increased inflammatory cytokines in the cerebellum after 

experimental autoimmune encephalomyelitis (EAE) (Qin et al., 2012). In the same 

study, in vitro analysis of SOCS3-deficient macrophages found them to be polarised 

towards the M1 phenotype, suggesting an anti-inflammatory role for SOCS3 in EAE 

(Qin et al., 2012).  SOCS1 down-regulates IFN-γ signalling in the periphery (Starr et al., 

1998), a role which was also shown to be important in the CNS.  Oligodendrocyte 

specific expression of SOCS1 was found to protect mature and developing 

oligodendrocytes from the harmful pro-inflammatory effects of IFN-γ associated with 

demyelinating diseases (Balabanov et al., 2006). Further, SOCS1 down-regulation by 
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microRNA-155 in microglia has been suggested to be important for LPS induced NO 

production and inflammatory cytokine expression (Cardoso et al., 2012). Thus, SOCS 

proteins have important roles in the regulation of CNS immune responses and they 

may provide novel therapeutic targets for the treatment of TBI-induced chronic 

inflammation.  A summary of the complex roles of SOCS proteins in inflammation is 

provided in Table 1.1.  

 

 The major questions addressed in this thesis 1.9

SOCS2 overexpression leads to enhanced neurite outgrowth in neuronal cells lines 

(Goldshmit et al., 2004a; Scott et al., 2006; Turnley et al., 2002) and enhanced survival 

of newborn neurons in the dentate gyrus of adult animals under basal physiological 

conditions (Ransome and Turnley, 2008). However, it has not been established 

whether the enhanced newborn neuron survival seen in SOCS2 overexpressing mice is 

a neuron specific effect or the result of global SOCS2 overexpression. Further, it 

remains to be seen whether SOCS2 can modulate neurite outgrowth of newborn 

dentate granule cells in vivo. The enhanced newborn neuron survival seen in SOCS2Tg 

mice also raises the question of whether SOCS2 overexpression may improve newborn 

neuron survival following experimental TBI. Additionally, SOCS2 has anti-inflammatory 

roles in the periphery which may also be reflected in the CNS upon immune challenge 

or trauma. Therefore, this project aims to better understand the role of SOCS2 in the 

CNS under both basal physiological and injury conditions. The aims that will be 

addressed in each results chapter are outlined below: 

 

Chapter 3 will examine the role of SOCS2 in endogenous adult hippocampal 

neurogenesis in the adult SOCS2KO mouse by examining levels of NPC proliferation 

and newborn hippocampal neuron survival. This chapter will also dissect the effects of 

SOCS2 deficiency on newborn adult hippocampal neuron dendritic tree and spine 

morphology with aim of identifying a potential mechanism by which SOCS2 may aid 

newborn neuron survival.  

 

Chapters 4 and 5 will examine adult SOCS2 overexpressing (SOCS2Tg) mice following 

mild and moderately-severe TBI, respectively. These chapters aim to address whether  
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Table 1.1: Summary of SOCS 1, 2 and 3 roles in peripheral and CNS inflammation in the adult animal 

SOCS 
protein 

Inflammatory mediator or 
cell type effected  

Pro or anti-
inflammatory 

role 
SOCS action 

SOCS1 Peripheral 
role 

IFN-γ Anti Inhibits signalling. (Starr et al., 1998) 
Th-cell Pro Mediates Th cell  Th1 subtype. (Tamiya et al., 2011) 
Macrophage Anti Promotes M2-like polarization by downregulating IFN-γ signalling. (Baetz et al., 2004; 

Whyte et al., 2011; Yoshimura et al., 2007) 
microRNA-
155 

Pro Downregulates SOCS1 to promote M1-like macrophage polarization. (Androulidaki et 
al., 2009) 

CNS role Astrocyte - Promotes macrophage/microglia and T-cell migration. (Qin et al., 2008) 
microRNA-
155 

Pro Downregulates SOCS1 in microglia inducing NO production and inflammatory cytokine 
expression. (Cardoso et al., 2012) 

SOCS2 Peripheral 
role 

IFN-γ Anti Inhibits signalling. (Esper et al., 2012) 
Th-cell Pro Mediates Th cell  Th1 subtype. (Knosp et al., 2011) 
LXA4 Anti Promote or mediate LXA4 action following parasitic infection. (Machado et al., 2006) 

CNS role Unknown   
SOCS3 Peripheral 

role 
IL-6 Pro Inhibits signalling. (Croker et al., 2003; Yasukawa et al., 2003) 
Th-cell Anti Mediates Th cell  Th2 subtype. (Tamiya et al., 2011) 
Macrophage Pro Promotes M1-like polarization by inhibiting JAK1/STAT3, TGF-β/TLR induced SMAD3 

and IL-1 induced PI3K signalling. (Liu et al., 2008b; Liu et al., 2008c) 
CNS Role Astrocyte - Promotes macrophage/microglia and T-cell migration. (Qin et al., 2008) 

Regulates STAT3 mediated astroglial scar formation. (Okada et al., 2006) 
LIF Pro Inhibits LIF signalling which is important for oligodendrocyte survival following 

demyelination injury. (Emery et al., 2006) 
Dendritic 
cell 

Anti Dendritic cells expressing SOCS3 help direct Th cells towards a Th2 subtype. (Li et al., 
2006) 

Macrophage Pro Promotes pro-inflammatory TLR-4 mediated macrophage response. (Liu et al., 2008a) 
Anti Mediates polarization towards M2-like macrophage subtype. (Qin et al., 2008) 

Abbreviations: IFN-γ; interferon gamma , IL-1/6; interleukin-1/6, JAK1; Janus kinase 1, LIF; leukaemia inhibitory factor, LXA4; lipoxinA4, NO; nitric oxide, STAT3; signal 

transducer and activator of transcription, Th cell; T helper cell, TGF-β; transforming growth factor-β and TLR; Toll-like receptor. 
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SOCS2 overexpression can enhance newborn neuron survival at the injury site and/or 

affect the injury-induced inflammatory response. Chapter 5 will also examine the 

potential effects of SOCS2 overexpression on motor function outcome and cognitive 

behaviour following TBI. 
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 Animals 2.1

Mice were obtained from breeding colonies maintained at University of Melbourne. 

Animals were housed in a specific pathogen free facility in individually ventilated cages 

with food and water ad libitum and kept on a constant 12h light/dark cycle. All mouse 

strains were on the C57Bl/6 background and both male and female mice were used. 

The use of experimental animals was approved by the Animal Experimentation Ethics 

Committee of the Florey Institute of Neuroscience and Mental Health, University of 

Melbourne, Australia. The mouse strains used are listed below. 

 

2.1.1 SOCS2KO and SOCS2Tg 

SOCS2 null (knockout; KO) mice do not express SOCS2 as they lack the entire SOCS2 

coding region (Metcalf et al., 2000).  Mice were bred and maintained as a homozygous 

KO x KO colony, therefore aged matched wild-type (WT) C57Bl/6 controls obtained 

from the Animal Resource Centre, Western Australia were used as controls. SOCS2 

transgenic (Tg) mice constitutively overexpress SOCS2 driven by the human ubiquitin C 

promoter in all tissues (Greenhalgh et al., 2002). Mice hemizygous for the SOCS2 

transgenic allele were used with littermate WT mice as controls.  

 

2.1.2 SOCS2Tg and SOCS2KO x Nes-CreERT2 5.1/mTmG  

Nes-CreERT2 5.1/mTmG animals (Nes-CreERT2/mTmG) are the progeny of a cross 

between Nes-CreERT2 5.1 and mTmG expressing mice. In Nes-CreERT2 5.1 mice, the 

neural precursor cell (NPC) specific promoter Nestin (Nes) drives the expression of Cre 

recombinase (CreERT2) (Deng et al., 2009). The recombinase function of CreERT2 is 

activated upon Tamoxifen administration enabling excision of loxP flanked transgenes 

in NPCs. In mTmG mice, there is global expression of a loxP flanked membrane 

targeted tdTomato fluorescent protein (mT) followed by a Cre-ER T2 inducible 

membrane targeted eGFP (mG) (Sahay and Hen, 2007).  Thus, in Nes-CreERT2/mTmG 

mice, activation of CreERT2 by Tamoxifen leads to the excision of the mT sequence and 

induction of mG expression in NPCs. Membrane targeted fluorescent proteins are 

useful for clear resolution of dendrite and spine structures of neurons facilitating 

analysis of various aspects of neuron morphology. Therefore, to label and study the 

morphology of newborn adult hippocampal neurons of SOCS2Tg and SOCS2KO mice, 
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they were crossed with Nes-CreERT2/mTmG animals (a gift from Drs Kageyama and 

Merson) to obtain SOCS2Tg x Nes-CreERT2/mTmG and SOCS2KO x Nes-CreERT2/mTmG 

mouse lines respectively. SOCS2Tg, SOCS2KO and littermate WT mice hemizygous for 

Nes-CreERT2/mTmG were used. 

 

 Genotyping 2.2

 Genomic DNA extraction for genotyping PCR 2.2.1

Genomic DNA was extracted from mouse tail samples using the REDExtract-N-AmpTM 

Tissue PCR Kit (Sigma, Sydney, Australia) as per manufacturer’s instructions. To each 

tail sample, extraction solution (100µL) and tissue preparation solution (25µL) was 

added and the mixture incubated at RT for 10min and then at 95°C for 3min.  

Neutralization buffer (100µL per sample) was then added and mixed by vortex. The 

extracted DNA was stored at 4°C until use in genotyping PCR. 

 

 

Table 2.1: List of primers for genotyping PCR 

Transgene Primer Sequence 5’3’ 

SOCS2Tg 

AT156 GTTGGCGAGTGTGTTTTGTG 

AT157 CCCCAGTACCATCCTGTTTG 

AT065 GGATGTGATGGCATCACAGAAGAGA 

AT066 TGTCACCGCTAAAGAAGCGCCCGAT 

SOCS2KO 

Ivg1 GTCACGTTGGTGTAGATGGGCGC 

Ivg7 GGCTCCAGGCACCGCAGGGTCAT 

Ivg8 TGGTACAGAACACGCAGGCGGAGGAGT 

Cre 
CreF CGTATAGCCGAAATTGCCAG 

Cre2-1 CAAAACAGGTAGTTATTCGG 

tdTomato 
tdTomato FWD GGCTTCAAGTGGGAGCGCGT 

tdTomato REV GGCCGCCCTTGGTCACCTTC 
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 SOCS2Tg genotyping 2.2.2

Each sample of SOCS2Tg genotyping PCR contained the following: 

REDExtract-N-AmpTM PCR Reaction Mix 10µL 

Control primer AT065 (100µM) 0.4µL 

Control primer AT066 (100µM) 0.4µL 

SOCS2 transgene primer AT156 (100µM) 0.2µL 

SOCS2 transgene primer AT157 (100µM) 0.2µL 

Nuclease-free water 4.8µL 

Genomic DNA 4µL 

Total volume 20µL 

The cycling conditions for the PCR were: 

1 cycle - 94°C (3min), 35 cycles - [94°C (30sec), 49°C (30sec), 72°C (30sec)], 1 cycle - 

72°C (1min) and 4°C hold.  

The SOCS2 transgene was identified by the presence of a 350bp product. The control 

WT allele (Myelin basic protein) produced a 149bp product.  

 

 SOCS2KO genotyping 2.2.3

Each sample of SOCS2KO genotyping PCR contained the following: 

REDExtract-N-AmpTM PCR Reaction Mix 10µL 

Ivg1 primer (5µM) 1µL 

Ivg7 primer (5µM) 1µL 

Ivg8 primer (5µM) 1µL 

Nuclease-free water 3µL 

Genomic DNA 4µL 

Total volume 20µL 

The cycling conditions for the PCR were: 

1 cycle - 94°C (3min), 35 cycles - [94°C (30sec), 60°C (30sec), 72°C (1min)], 1 cycle - 

72°C (10min) and 4°C hold.  

The primer pair Ivg7 and Ivg8 amplifies the wildtype SOCS2 allele whereas the primer 

pair Ivg7 and Ivg1 amplifies the SOCS2KO allele. A wildtype SOCS2 or SOCS2KO allele 

was identified by the presence of a 369bp or 646bp product, respectively. 
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  SOCS2Tg and SOCS2KO x Nes-CreERT2/mTmG genotyping 2.2.4

Three genotyping PCRs were carried out for the SOCS2Tg and SOCS2KO x Nes-

CreERT2/mTmG strains in order to identify the SOCS2Tg or SOCS2KO alleles and 

hemizygosity for CreERT2 and mTmG. The SOCS2Tg and SOCS2KO PCRs were performed 

as detailed above in 2.2.2 and 2.2.3, respectively.  Presence of CreERT2 and mTmG 

(determined by amplifying the tdTomato transgene) was determined by using the PCR 

protocols detailed below. 

 

Each sample of CreERT2 genotyping PCR contained the following: 

REDExtract-N-AmpTM PCR Reaction Mix 10µL 

CreF primer (10µM) 1µL 

Cre2-1 primer (10µM) 1µL 

Nuclease-free water 4µL 

Genomic DNA 4µL 

Total volume 20µL 

The cycling conditions for the PCR were: 

1 cycle - 94°C (5min), 35 cycles - [94°C (30sec), 59°C (1.5min), 72°C (30sec)], 1 cycle - 

72°C (7min) and 4°C hold.  

The CreERT2 transgene was identified by the presence of a 200bp product.  

 

Each sample of tdTomato genotyping PCR contained the following:  

REDExtract-N-AmpTM PCR Reaction Mix 10µL 

tdTomato FWD primer (10µM) 1µL 

tdTomato REV primer (10µM) 1µL 

Nuclease-free water 4µL 

Genomic DNA 4µL 

Total volume 20µL 

The cycling conditions for the PCR were: 

1 cycle - 94°C (5min), 30 cycles - [94°C (30sec), 65°C (30sec), 72°C (1min)], 1 cycle - 

72°C (5min) and 4°C hold.  

The mTmG transgene was identified by the presence of a 616bp product. 
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 Cell labelling 2.3

 EdU labelling of proliferative cells  2.3.1

To label proliferating cells in the brain the thymidine analogue 5-ethynyl-2’-

deoxyuridine (EdU; Invitrogen (Life technologies), Melbourne, Australia) was used. EdU 

incorporates into the DNA of dividing cells during the S-phase of mitosis (Livneh et al., 

2014). All animals were administered EdU via intra-peritoneal injection using a 30G 

insulin syringe (BD, Sydney, Australia) at a dose of 50 mg/kg in saline. Mild and 

moderately-severe TBI SOCS2Tg animals were administered one daily dose of EdU for 

7d commenced immediately post-injury. Moderately-severe TBI animals were also 

administered erythropoietin (EPO) or saline control combined with the EdU. Both mild 

and moderately-severe TBI groups were perfused 35d post-TBI. Uninjured SOCS2KO 

animals were administered EdU daily for 7d. One cohort was perfused 8d post-EdU 

labelling to assess NPC proliferation. A second cohort was perfused 35d post-EdU 

labelling to assess survival of newborn neurons. For a detailed timeline of EdU 

administration, see Figures 3.1 (SOCS2KO), 4.1 (SOCS2Tg mild TBI) and 5.1 (SOCS2Tg 

moderately-severe TBI). 

 

 NPC specific eGFP induction via Tamoxifen 2.3.2

To induce eGFP reporter expression in the Nes-CreERT2/mTmG strains outlined in 

section 2.1.2, 8 week old mice were administered one dose of 20mg/kg of Tamoxifen 

in corn oil (Sigma). Tamoxifen was delivered by oral gavage using disposable plastic 

20G x 30 mm gavaging needles (Walker Scientific, Joondalup DC, WA). Animals were 

perfused at 35d post-Tamoxifen delivery for assessment of newborn adult 

hippocampal neuron morphology. See Figure 3.1 for a detailed timeline of Tamoxifen 

administration. 

 

 Erythropoietin administration 2.3.3

Recombinant human erythropoietin-alpha (EPO; ProSpecBio, Ness-Ziona, Israel) was 

administered via intra-peritoneal injection at a dose of 5000IU/kg in saline after 

moderately-severe TBI. EPO or a saline control was administered daily with EdU in a 

single injection for 7d. See Figure 5.1 for a detailed timeline of EPO administration. 
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 Controlled Cortical Impact   2.4

The controlled cortical impact (CCI) model of brain injury was used on 8-12 week old 

young adult SOCS2Tg mice. Animals were anaesthetised with 5% isoflurane in an 

induction chamber. Anaesthesia was maintained at 1-2% isoflurane following 

placement of the animal onto a stereotaxic frame. Fur on the head was shaved, the 

area cleaned with 80% v/v Ethanol and eyes moistened with Lacri-Lube (Allergan, 

Sydney, Australia). Meloxicam (Troy laboratories, Sydney, Australia), 100µl at 1:10 

dilution in saline, was administered subcutaneously in the back of the animals for 

analgesia. An incision was made on the midline of the head to expose the skull. A flat 

1.8mm diameter Ketron® PEEK impactor tip (Alternative Engineering, Melbourne, 

Australia) attached to a computer controlled LinMot® linear motor (LinMot, 

Spreitenbach, Switzerland) and stereotaxic frame (David Kopf Instruments, California, 

USA), was placed over the target injury site at +2.5mm lateral and 0mm to bregma. 

These coordinates target the left sensory motor cortex, resulting in a motor deficit of 

the right forepaw following injury (Tennant et al., 2011). The impactor tip was used as 

a guide to mark a 3mm diameter circle over the injury site and a fine drill (KF 

Technology, Roma, Italy) used to thin the bone along the marking until the circular 

bone piece could be lifted off. The impactor tip was then lowered onto the exposed 

dura until it just touched the surface and the linear motor activated to induce the 

injury. A mild or moderate severity injury was induced by changing the tip dwell time 

parameters (detailed in Table 2.2) of the linear motor on LinMot-Talk 5 software.  

Following injury the exposed dura was covered with a 3.4mm diameter plastic disc 

(depth adjustment spacer discs included in the ALZET Brain Infusion Kit 3, Bioscientific, 

Sydney, Australia) and secured with Loctite 454 (superglue) gel. The skin was closed 

with 5-0 silk sutures and the animal moved into a Thermacage (Datesand Ltd, 

Manchester, UK) animal warming cabinet set at 30°C for at least 30min to aid recovery.  
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Table 2.2: TBI parameters 

Parameter Mild TBI Moderately-severe TBI 

Impactor tip diameter 1.8 mm 1.8 mm 

Impact velocity 5 metres/s 5 metres/s 

Impact depth 2 mm 2 mm 

Impact duration 100 ms 1000 ms 

 

 Behavioural analyses pre and post-TBI 2.5

 Horizontal ladder 2.5.1

Motor function of mice given moderately-severe TBI was analysed using the horizontal 

ladder test. The apparatus consisted of a 100cm long horizontal ladder made of evenly 

spaced (1cm apart) rounded metal ladder rungs. The ladder was placed within a clear 

Plexiglas holding frame 50cm in height such that the ladder sat 30cm above the 

ground.  For the test, mice were placed on one end of the ladder and recorded on 

video as they walked across 50cm of the ladder to the other end. The home cage of the 

mouse was placed at the ladder end to encourage their movement across the ladder. 

Mice were run across the ladder three times or until two good runs were recorded 

from a maximum of 5 runs. A run was considered good if the mouse ran across at a 

constant speed without pauses.  The best two runs were used to count the number of 

foot faults made. A foot fault was defined as when the right forepaw slipped through 

the ladder rungs. Counts from the best two 50cm runs were summed and a score of 

foot faults made over 100cm of the horizontal ladder obtained for each animal. The 

scores were normalised by subtracting post-TBI scores from pre-TBI scores which were 

averaged to obtain a score for the group. 

 

 DigiGait 2.5.2

DigiGait analysis was performed to look at alteration in gait following TBI. DigiGait 

(Mouse Specifics Inc., Framingham, Massachusetts) is an automated gait analysis 

system where mice are run on a transparent treadmill and video of their foot 

placement recorded from below. The videos are analysed using DigiGait analysis 

software (Mouse Specifics Inc.) to generate gait data for each individual limb. The 
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parameters analysed included paw area, paw angle, stride length, braking time, 

propulsion time, swing time, stance time and stride time. 

 

Mice were prepared for DigiGait analysis by painting their foot pads red with food 

colouring (Pillar Box Red, Queen, Brisbane, Australia). This was to enable better 

detection of the paw prints by the analysis software. A single mouse was placed on the 

treadmill and the belt started at a walking speed of 15cm/s. Video was recorded until 

at least 10 steps of an evenly paced walking stretch were recorded and only that 10 

step portion saved. Once all mice were recorded, the videos were analysed using the 

DigiGait analysis software. Only the right and left forepaw data was analysed. 

Occasionally, steps were missed or wrongly added by the software during video 

analysis and these were manually corrected. Quantitative data for the various gait 

parameters was automatically generated by the DigiGait analysis software. 

 

 Elevated plus maze 2.5.3

To test for anxiety behaviours the elevated plus maze (San Diego Instruments, San 

Diego) was used. The platform of the plus shaped maze stood 40cm above the ground 

and had two open arms, two closed arms and an open centre. The animal was placed 

on the open centre facing a closed arm and allowed to explore the maze for 5min. 

Movement of the animal in the maze was automatically tracked by TopScan software 

(CleverSys Inc., Reston, Virginia). An animal was considered to have entered an open 

arm, closed arm or centre area when it had crossed at least half of its body length into 

a given area. Parameters such as time spent in closed and open arms and total 

distance travelled were automatically computed by TopScan software. 

 

 Y-maze 2.5.4

The Y-maze (San Diego Instruments) was used to measure changes in hippocampus 

related spatial learning and memory. The maze was set-up with visual cues at the end 

of each arm to aid learning. In the learning trial, one arm of the Y-maze was closed 

with a removable barrier leaving only two arms available for exploring. The animal was 

placed on the end of one of the two arms and allowed to explore for 5min. The animal 

was then removed from the maze and placed back into its cage for a period of 1.5h. 
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After 1.5h the animal was introduced back into the Y-maze for the test trial. In the test 

trial, the barrier of the blocked arm was removed and the three arms of the Y-maze 

referred to as the home, familiar or novel arm, the home arm being where the animal 

is first placed to begin exploring, the familiar arm being the arm previously explored in 

the learning trial and the novel arm being the new unexplored arm. The test trial was 

also done for a period of 5min. Movement of the animal in the maze was automatically 

tracked by TopScan software. An animal was considered to have entered the home, 

familiar or novel arm when it had crossed at least half of its body length into a given 

area. Parameters such as time spent in the home, familiar or novel arms were 

automatically calculated by TopScan software. 

 

 Brain tissue dissection and processing for cellular analysis 2.6

 Transcardial perfusion  2.6.1

Mice were anaesthetised with 300µl of equal parts Lethabarb (Virbac, Sydney, 

Australia) and saline. Upon absence of a foot pinch reflex mice were secured on their 

back onto a Styrofoam block using pins. The ribcage was carefully cut away to reveal 

the heart. A 25G butterfly infusion needle connected to a Masterflex perfusion pump 

(John Morris Scientific Pty Ltd, Sydney, Australia), was inserted into the left ventricle.  

The right atrium cut and then 0.1M Phosphate Buffered Saline (PBS; 16mM Na2HPO4 

(Chem-Supply Pty Ltd., Adelaide, Australia), 4mM NaH2PO4.H20 (Chem-Supply Pty Ltd.) 

and 150mM NaCl (Ajax FineChem Pty Ltd.) adjusted to pH 7.4) (20mL) was perfused 

through to flush out the blood followed by 4% w/v paraformaldehyde (PFA; Sigma) in 

PBS (20mL) for fixing the tissue. The brain was dissected out and placed in 4% w/v PFA 

at 4°C overnight followed by 30% w/v sucrose (Chem-Supply Pty Ltd.) in PBS at 4°C for 

48h.  

 

Brains were hemisectioned with the aid of a mouse brain blocker (David Kopf 

Instruments, Sydney, NSW). The coronal cut was made at slot number 5 such that the 

front half of the tissue block contained lateral ventricles and the other half the 

hippocampus. Brains were placed cut side down into plastic Tissue-Tek® Cryomolds 

(Grale Scientific Pty Ltd., Australia), covered in in Tissue-Tek® optimum cutting 
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temperature compound (O.C.T.; Grale Scientific Pty Ltd.), frozen in isopentane cooled 

over dry ice and stored at −80°C until use. 

 

 Tissue sectioning 2.6.2

Sectioning of brain tissue was done on a Leica cryostat. All free floating sections were 

collected in 24 well plates containing 500µl PBS. For TBI brains, free floating serial 

coronal sections, 30µm thick were collected through the injury site (bregma −1.2mm 

to 1.20mm). For each animal, 9 wells containing 6-8 sections spaced 300µm apart were 

collected. Every 10th consecutive section was collected onto a Superfrost® Plus slide 

(Grale Scientific Pty Ltd.) for Haemotoxylin and Eosin staining (see 2.7.4) and stored at 

−80°C until staining. For SOCS2KO brains, free floating serial coronal sections, 40µm 

thick were collected through the hippocampus (bregma −1.34mm to −2.54mm). For 

each animal, 6 wells containing 6 sections spaced 240µm apart were collected. For 

Nes-CreERT2/mTmG brains, 4 adjacent coronal hippocampal sections of 80µm thickness 

were collected (bregma −1.5mm to −1.82mm). Following collection of all free floating 

sections, PBS was replaced with 500µl of anti-freeze (15% w/v sucrose (Chem-Supply 

Pty Ltd.) and 30% v/v Ethylene Glycol (Chem-Supply Pty Ltd.) in PBS) and sections 

stored at −20°C until staining.  

 

 Immunohistochemistry  2.7

 Single marker labelling  2.7.1

Floating serial sections were washed in PBS three times for at least 5min at RT. For 

most experiments, sections were blocked with 5% w/v normal goat serum (Invitrogen) 

or normal donkey serum (Sigma) and 0.02% v/v Triton X-100 (Sigma) in PBS for at least 

1h at RT. Sections were incubated with primary antibody diluted in blocking solution 

overnight at 4°C. The primary antibodies and their dilutions used are listed in Table 2.4. 

Sections were then washed in PBS and incubated with a fluorophore-tagged secondary 

antibody diluted in PBS for 2h at RT. The secondary antibodies and their dilutions used 

are listed in Table 2.5.  For anti-GFP staining of thick Nes-CreERT2/mTmG floating 

sections, PBS wash duration was increased to 10min per wash and sections blocked for 

at least 3h with an increased Triton X-100 (Sigma) concentration of 1.5% v/v. For 
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overnight primary antibody incubation Triton X-100 (Sigma) concentration was 

reduced to 0.5% v/v, followed by incubation in secondary antibody for 3h.  

 

Sections were given a final wash with DAPI (1:5000, Invitrogen D1306) in PBS, slide 

mounted and coverslipped using Mowiol or Dako fluorescence mounting medium 

(Dako, Sydney, Australia). Mowiol was prepared by dissolving 24 analytical grade 

glycerol (Chem-Supply Pty Ltd.), 9.6g Mowiol 4-88 (Sigma), 24ml Milli-Q water and 

48ml 0.2M tris(hydroxymethyl)aminomethane (Tris; Chem-Supply Pty Ltd.) buffer pH 

8.5. Following overnight stirring at RT the medium was centrifuged at 5000G for 15min 

to remove undissolved solids and the clean supernatant stored at −20°C in 900µl 

aliquots. To use, 100µl of 0.1% w/v p-phenylenediamine (PPD; Sigma) was added to a 

thawed Mowiol aliquot. A thawed Mowiol aliquot was wrapped in aluminium foil and 

kept at 4°C until used or discarded if the solution developed a pink tint. 

 

 Double labelling with EdU 2.7.2

 EdU labelling was performed following cell type specific antibody staining detailed 

above. After secondary antibody labelling, sections were washed in PBS and blocked 

with 5% w/v bovine serum albumin (Sigma) and 0.5% v/v Triton X-100 (Sigma) in PBS 

for 30min. Sections were washed in PBS and incubated in a reaction cocktail prepared 

from the Click-iT® EdU Alexa Fluor® 555 Imaging Kit (Molecular probes (Life 

technologies), Melbourne, Australia) for 45min at 4°C. Components of the Click-iT® 

reaction cocktail were prepared as per manufacturer’s instructions however a reduced 

total volume of 300µl per tissue well was used.  Also, the Alexa Fluor® 555 azide 

dilution was increased by dissolving the stock in 140µl of DMSO instead of 70µl and 

using 1.25µl of working stock per ml of reaction cocktail instead of 2.5µl.  Additionally, 

component D (1x Click-iT® reaction buffer) was replaced with PBS. Sections were given 

a final wash with DAPI in PBS and slide mounted as above. 
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Table 2.3: Primary antibodies and dilutions used 

Antibody Target cells Host 
species Dilution Supplier Catalogue 

number 
Arginase 1 

(Arg1) 
M2 Microglia/ 
macrophages  Goat 1:250 Santa Cruz SC-18354 

CD11b Microglia/ 
Macrophages Rat 1:500 Millipore CBL1313 

CD16/32 M1 Microglia/ 
Macrophages Rat 1:800 BD 

Pharmigen 553141 

CD206 M2 Microglia/ 
Macrophages Rabbit 1:50 Abcam AB64693 

Ly-6B.2  Neutrophils Rat 1:1000 Serotec MCA771GA 

Doublecortin 
(Dcx) Immature neurons Goat 1:200 Santa Cruz SC-8066 

GFAP Reactive astrocytes Rabbit 1:500 DAKO Z0334 

GFP eGFP expressing cells Chicken 1:2000 Aves Labs 
Inc. GFP-1020 

NeuN Mature neurons Mouse 1:500 Chemicon MAB377 

Olig2 Oligodendrocyte 
lineage Rabbit 1:500 Millipore AB9610 

 

 

Table 2.4: Secondary antibodies and dilutions used 

Antibody Host 
species Fluorophore Dilution Supplier Catalogue 

number 

Mouse IgG Goat Alexa Fluor® 488 1:500 Molecular 
Probes A11001 

Rabbit IgG Donkey Alexa Fluor® 488 1:500 Molecular 
Probes A21206 

Rat IgG Goat Alexa Fluor® 488 1:500 Molecular 
Probes A11006 

Chicken 
IgY(IgG)(H+L) Donkey FITC 1:200 Jackson Immuno 

Research 703095155 
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 Haematoxylin and Eosin (H&E) staining for analysis of lesion areas 2.7.3

Slide mounted frozen sections were thawed and stained with H&E.  Slides were air 

dried for 30sec, fixed in 10% w/v Neutral buffered formalin for 1min and placed in 

Haematoxylin for 30sec. Slides were then washed in tap water, placed in Scott’s tap 

water for 30sec and again washed in tap water before placing in 1% v/v Eosin for 

30sec. Slides were given a quick wash in water and then dehydrated in 100% Ethanol 

for 1min and moved to fresh 100% Ethanol twice for 30sec each. Lastly, slides were 

cleared in Xylene for 3min and moved to fresh Xylene twice for 2min each before 

coverslipping with D.P.X. mounting medium (Sigma).  

 

 Imaging, cell counting and analysis of lesion areas 2.8

All standard fluorescence and bright field imaging was done using an Olympus 1X81 

inverted microscope with a mercury burner and white light source. Cell counts were 

performed using ImageJ (NIH, Maryland, USA) with the aid of the cell counter plugin 

and the hyper-stack channel tool for determining co-localisation of more than one 

label.  

 

For the SOCS2KO hippocampal neurogenesis study (Chapter 3), the dentate gyrus was 

imaged at x10 magnification from 6 serial sections. The dentate gyrus was defined as 

the dense DAPI positive region of the superior and inferior blades. For each section, 

the area of this DAPI positive region was measured on ImageJ to normalise for slight 

differences in anatomy or cutting angle. Counts for each section were converted to 

cells/mm2 and averaged for each animal.  For a group the results are expressed as cells 

per mm2 ± SEM per cortex section. 

 

For the mild and moderate 35d TBI experiments (Chapters 4 and 5), three frames at 

x20 magnification were captured of the ipsilateral cortex around the lesion edge and 

also three frames at equivalent regions of the contralateral cortex. Counts from the 

three frames were totalled for each side of the cortex and converted to mm2. Total 

counts from 6 serial sections spaced 300µm apart were averaged for each animal.  For 

a group the results are expressed as cells per mm2 ± SEM per ipsilateral or contralateral 

cortex section. 
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For the moderately-severe 7d TBI experiments (Chapter 5), one frame at x4 

magnification was captured of the ipsilateral cortex centred at the lesion for analysis of 

CD11b, CD206 and CD16/32 immunohistochemistry. Two overlapping frames at x4 

magnification were taken and merged to capture the entire ipsilateral cortex for 

analysis of EdU immunohistochemistry. Images were analysed using the threshold 

function on Image J. A threshold was set for each image such that it covered the entire 

stained area of the ipsilateral cortex. The area covered by the threshold in the 

ipsilateral cortex was then measured. Areas of 6 matching serial sections were 

averaged to obtain an average lesion area over the injury site from bregma −600µm to 

900µm. For a group the results are expressed as ipsilateral cortical area covered by 

threshold (mm2). Two frames at x20 magnification, one either side of the lesion were 

taken for analysis of Olig2, Dcx and Neutrophil immunohistochemistry. Images were 

analysed by totalling the counts from each frame per section and converting to mm2. 

Total counts from 6 serial sections spaced 300µm apart were averaged for each 

animal.  For a group the results are expressed as the cells per mm2 ± SEM of ipsilateral 

cortex. 

 

For determining lesion area of all TBI tissue from H&E, bright field images at 4x 

magnification were obtained of the lesion site. ImageJ was used to calculate the area 

by tracing damaged or abnormal looking tissue in the ipsilateral cortex. Areas of 6 

matching serial sections were averaged for a group to obtain an average lesion area 

every 300µm over the injury site from bregma position −600µm to 900µm.  

 

 Assessment of adult dentate granule cell morphology 2.9

 Confocal imaging of spines and dendritic trees  2.9.1

Imaging was performed using a Zeiss LSM 780 upright confocal microscope maintained 

by the Florey Microscopy Platform at the University of Melbourne. Images of spines 

were acquired using a x63/1.4 Plan-Apochromat oil objective, 0.09µm-x/y by 0.2µm-z 

voxel size and 512x128 pixel frame size. Eight strongly labelled dendrite segments 

located at 110-130µm from the cell body, one from each dentate gyrus from four 

80µm sections of medial hippocampus per animal were chosen for analysis of spine 

morphology. Images of dendritic trees were acquired as a 3x3 tile with 10% overlap 
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using a x40/1.4 Plan-Apochromat oil objective, 0.07µm-x/y by 0.2µm-z voxel size and 

1024x1024 pixel frame size. Granule cells with cell bodies that had migrated at least 

half way up into the GCL, located midsection and were mostly isolated from other GFP 

labelled cells were chosen for dendritic tree imaging. Acquired images of spines and 

dendrites were de-convolved using Huygens Remote Manager v3.1.1 (Scientific 

Volume Imaging B.V., Hilversum, Netherlands) before processing on Imaris 3D, as 

described below. 

 

 Analysis of spine and dendritic tree morphology with Imaris 3D 2.9.2

Spine and dendrite morphology were analysed on Imaris 3D (Bitplane, Zurich, 

Switzerland) using the Filament Tracer tool. The semi-automated AutoDepth algorithm 

of Filament Tracer was used for tracing spines or dendrites from confocal z-stack 

images. AutoDepth allows manual tracing of the length of a spine or dendrite from any 

point of a 3D rendered image while automatically detecting depth based on local 

intensity of the fluorescent label. The Filament Tracer tool automatically computes 

statistics for dendritic tree or spine tracings. 

 

For analysis of spines, AutoDepth was used to trace the dendrite segment of interest 

following which the Creation Wizard was used to automatically detect spines along it.  

Following spine detection, any incorrectly identified or missing spines were manually 

deleted or added respectively. Once the spine tracing was corrected the statistical data 

for the trace was exported from Imaris as a Microsoft Excel file. Data for maximum 

spine length, maximum spine diameter, maximum spine neck diameter and branching 

value was used to classify the spines into mushroom, thin, stubby and branched 

morphologies. Spine morphologies were assigned based on criteria adapted from 

Harris et al. (1992) and are listed in Table 2.6. Classification of spines was automated 

using the IF function in Microsoft Excel. The IF function classifies a given criteria as true 

or false and the formulas used for spine classification are detailed in Chapter 3, Table 

3.1. The formulas were set up such that when a criterion was proven true it was 

assigned the value 1 and when proven false it was assigned the value 0. A given spine 

could only be proven true for one of the four morphology classifications. The true and 

false values were summed for each classification to obtain a total number of branched, 

48 

 



 Materials and Methods     Chapter 2 

stubby, mushroom or thin spines. Total spine number was divided by the length of the 

dendrite analysed to obtain a spine density per µm of dendrite. For a group the results 

are expressed as spine density/µm ± SEM. 

 

For analysis of dendritic trees, AutoDepth was used to trace all dendritic segments of a 

granule cell starting from the cell body. The statistical data for the trace was exported 

from Imaris as aMicrosoft Excel file. Data for sum dendrite length (µm) and total 

dendrite segments was graphed for analysis. 

 

 Real-Time PCR post-TBI 2.10

 Fresh tissue collection 2.10.1

Mice were deeply anaesthetised with 5% isoflurane in an induction chamber as per 

section 2.4. Anaesthesia was confirmed by checking for a paw pinch reflex. The head 

was quickly severed and the brain removed. For each animal, 15-30mg of tissue from 

the ipsilateral cortex within and surrounding the injury site was collected. The 

equivalent region from the contralateral cortex was also collected. Tissue from naïve 

animals was collected in the same manner. Isolated tissue was placed in a 

RNAse/DNAse free 1.5ml tube and snap frozen on dry ice. Samples were immediately 

moved to −80°C for storage until they were processed for RNA extraction. 

 

 RNA extraction  2.10.2

Fresh frozen tissue was homogenised in 1 mL of TRIzol Reagent (Invitrogen), 

centrifuged at 4°C, 12000G for 10min and the RNA containing supernatant transferred 

into a new tube. Chloroform (200µl; Sigma) was added, the tube vigorously shaken by 

hand for 15sec and then incubated for 2-3min at RT. Following centrifugation at 4°C, 

12000G for 15min the supernatant was transferred to a new tube. Isopropanol (500µl; 

Sigma) was added to precipitate the RNA and vortexed to mix. Following incubation for 

30min at RT the tube was centrifuged at 4°C, 12000G for 10min. The supernatant was 

discarded and the remaining RNA pellet left to air-dry for 15min. RNase-free water 

(100µl) was added and gently mixed to resuspend the pellet. The tube was incubated 

at 57°C for 10min to ensure complete re-suspension of the RNA pellet. RNA was 
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further purified with the RNeasy® Mini Kit (Qiagen, Melbourne, Australia) as per 

manufacturer’s instructions for RNA cleanup. Buffer RLT (350µl) was added to the RNA 

followed by 100% Ethanol (250µl; Sigma), the solution was mixed after each addition. 

This mixture was transferred onto a RNeasy Mini spin column placed in a 2ml 

collection tube, centrifuged at RT, 8000G for 15sec and the flow through discarded. 

Buffer RPE (500µl) was then added to the RNeasy Mini spin column, centrifuged at RT, 

8000G for 15sec and the flow through discarded. The buffer RPE step was repeated 

and this time centrifuged at RT, 8000G for 2min. The RNeasy Mini spin column was 

then placed in a new 2ml collection tube and centrifuged at RT, maximum speed for 

1min. The RNeasy Mini spin column was then placed in a 1.5ml collection tube 

provided with the kit and 30µl of RNase-free water added to elute the RNA. The tube 

was centrifuged at RT, 8000G for 1min and this step repeated with a further 30µl of 

RNase-free water added to the RNeasy Mini spin column. The eluted RNA was 

quantified using a NanoVue Plus spectrophotometer (GE Healthcare Life Sciences, 

Sydney, Australia) and stored at −80°C. 

 

 cDNA synthesis 2.10.3

First strand cDNA synthesis was carried out using the SuperScript® III Reverse 

Transcriptase (Invitrogen) kit as per manufacturer’s instructions. RNA was first primed 

with random hexamers followed by the addition of SuperScript® III RT for cDNA 

synthesis. The random hexamer mix consisted of: 1µl random hexamers (50ng/µl), 1µl 

dNTP mix (10mM), 250ng RNA and RNase-free water to a total volume of 13µl. The 

SuperScript® III RT mix consisted of: 4µl 5x First-Strand Buffer, 1µl DTT (0.1 M), 1µl 

SuperScript® III RT (200U/µl) and 1µl RNAse-free water. The PCR method used for 

cDNA synthesis was: Random hexamer mix at 65°C for 5min, Pause program - tubes on 

ice for 1min followed by addition of SuperScript® III RT mix (new total volume 20µl), 

25°C (10min), 50°C (60min), 70°C (15min) and 4°C hold. The cDNA was quantified using 

a NanoVue Plus spectrophotometer (GE Healthcare Life Sciences) and samples stored 

at −20°C. 
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 Real-Time PCR protocol 2.10.4

Real-Time PCR reactions were set-up using Platinum® SYBR® Green qPCR SuperMix-

UDG (Invitrogen). A 5µl total volume was used per reaction consisting of 2.5µl 

Platinum® SYBR® Green qPCR SuperMix-UDG, 0.25µl Forward primer (10µM), 0.25µl 

Reverse primer (10µM) and 2µl cDNA (at 2.5ng/µl for 5ng total). The target genes and 

their corresponding primers used are listed in Table 2.3. Reactions were plated in 

triplicate on a MicroAmp® Optical 384-Well Reaction Plates (Applied Biosystems (Life 

technologies), Melbourne, Australia) using the epMotion Liquid Handling Robot 

(Eppendorf, Sydney, Australia) and the plates sealed with MicroAmp® Optical Adhesive 

Film (Applied Biosystems). The qPCR was run on a ViiA7 qRT-PCR machine (Applied 

Biosystems) using the standard SYBR® Green protocol: 1 cycle - 50°C (2min), 1 cycle - 

95°C (10min), 40 cycles - [95°C (15sec), 60°C (1min)] and melt curve - [95°C (15sec), 

60°C (1min), 95°C (15sec)].  

 

 Analysis of Real Time PCR 2.10.5

Real-Time PCR results were analysed by the comparative ΔΔCt method. The ΔCt values 

for each target gene for the TBI samples and naïve control samples were first 

calculated to normalise the target gene expression to the internal control GAPDH. Next 

the ΔΔCt values for each target gene were calculated to obtain the fold difference in 

target gene expression in TBI samples relative to naïve controls. The results are 

expressed as fold difference compared to naïve control from an N of 3-6 per group. 

The formulae used to calculate ΔCt, ΔΔCt and fold difference were: 

ΔCt TBI sample(ispilateral or contralateral) = Ct Target Gene  – Ct GAPDH 

ΔCt Naïve sample = Ct Target Gene  – Ct GAPDH 

ΔΔCt = ΔCt TBI sample(ispilateral or contralateral) – ΔCt Naïve sample. 

Fold difference = 2-ΔΔCt 
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Table 2.5: Primers for M1 and M2-like genes used for qPCR 

Gene Primer Sequence 5’3’ 
M1-like  

iNOS F: CAA GCA CCT TGG AAG AGG AG 
R: AAG GCC AAA CAC AGC ATA CC 

CD32 F: AAT CCT GCC GTT CCT ACT GAT C 
R: GTG TCA CCG TGT CTT CCT TGA G 

CD16 F: TTT GGA CAC CCA GAT GTT TCA 
R: GTC TTC CTT GAG CAC CTG GAT C 

CD86 F: GAC CGT TGT GTG TGT TCT GG 
R: GAT GAG CAG CAT CAC AAG GA 

CD11b F: CCA AGA CGA TCT CAG CAT CA 
R: TTC TGG CTT GCT GAA TCC TT 

IFN-γ F: ACA CTG CAT CTT GGC TTT GC 
R: CGA CTC CTT TTC CGC TTC CT 

M2-like  

CD206 F: CAA GGA AGG TTG GCA TTT GT 
R: CCT TTC AGT CCT TTG CAA GC 

Arg1 F: TCA CCT GAG CTT TGA TGT CG 
R: CTG AAA GGA GCC CTG TCT TG 

CCL-22 F: CTG ATG CAG GTC CCT ATG GT 
R: GCA GGA TTT TGA GGT CCA GA 

Ym1/2 F: CAG GGT AAT GAG TGG GTT GG 
R: CAC GGC ACC TCC TAA ATT GT 

Control  

GAPDH F: TCC CAG AGC TGA ACG GGA AG 
R: TCA GTG GGC CCT CAG ATG C 

 

 

 

 Statistical analysis 2.11

GraphPad Prism 5 was used for all statistical analyses and graph generation. For 

SOCS2KO neurogenesis experiments all data was analysed using un-paired t-test 

except for SOCS2Tg and SOCS2KO spine density analysis where data was analysed with 

Two-way analysis of variance (ANOVA). For SOCS2Tg TBI experiments all 

immunohistochemistry and behavioural data was analysed using One-way or Two-way 

ANOVA. Where significance was observed with ANOVA, Bonferroni post-hoc testing 

was performed.  For all experiments results were considered significant when P<0.05. 

 

52 

 



 

  

 

 

 

 

 

 

 

 

3 CHAPTER 3: ENDOGENOUS ADULT 
HIPPOCAMPAL NEUROGENESIS IN THE 
SOCS2KO MOUSE 

 

 

  

53 

 



 

 

  Endogenous adult hippocampal neurogenesis in the SOCS2KO mouse     Chapter 3 

 Introduction 3.1

Neurogenesis or the birth of new neurons occurs throughout life in the adult brain. The 

sub-ventricular zone (SVZ) of the lateral ventricles and the sub-granular zone (SGZ) of the 

hippocampal dentate gyrus are the two major neurogenic niches of the adult brain. 

Neural precursor cells (NPCs) residing in the SVZ and SGZ proliferate and give rise to 

immature neurons called neuroblasts (Ming and Song, 2011). SVZ derived neuroblasts 

leave the lateral ventricle and migrate to the olfactory bulb (OB) via the rostral migratory 

stream where they mature and integrate as various interneuron types (Lledo et al., 2006). 

SGZ derived neuroblasts remain within the dentate gyrus and migrate only a short 

distance to the granule cell layer (GCL), where they mature and integrate as dentate 

granule cells  (Ming and Song, 2011).  

 

Elucidation of the functional importance of endogenous adult neurogenesis remains an 

active area of research. Thus far, adult hippocampal neurogenesis has been implicated in 

roles such as the regulation of mood, learning and memory (Deng et al., 2009; Sahay and 

Hen, 2007) and adult OB neurogenesis has importance in the regulation of olfactory 

circuit plasticity (Livneh et al., 2014). A role for endogenous adult neurogenesis in neural 

repair and regeneration is also suggested by increased NPC proliferation and/or ectopic 

NPC migration  in animal models of neurotrauma (Ramaswamy et al., 2005). Indeed 

evidence for enhanced endogenous adult neurogenesis also exists in the human brain 

after trauma (Marti-Fabregas and Romaguera-Ros, 2010; WeiMing et al., 2013). Disrupted 

adult neurogenesis has also been correlated with certain neurodegenerative disease 

states (Grote and Hannan, 2007). Therefore, endogenous neurogenesis is an important 

process for the normal functioning of the adult brain.  

 

Gaining a thorough understanding of factors that regulate aspects of NPC proliferation, 

differentiation and newborn neuron survival is important to allow us to explore strategies 

by which this process can be manipulated as a therapeutic strategy for 

neurodegenerative disease and/or trauma.  Identification and characterisation of factors 

involved in the regulation of newborn neuron survival and/or neural differentiation is 

particularly crucial with respect to the treatment of traumatic or ischemic brain injuries. 

This is because despite large increases in NPC proliferation following injury, very few of 
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these cells survive to functional maturity and the remaining majority are directed towards 

a glial fate (Saha et al., 2013). One such factor which may be of importance in regulating 

newborn neuron survival and have potential anti-inflammatory roles in the broader 

context of the CNS is the suppressor of cytokine signalling-2 (SOCS2). 

 

SOCS2 is one of eight members of the SOCS protein family and was originally 

characterised for its role in the periphery as a negative regulator of growth hormone (GH) 

(Metcalf et al., 2000). SOCS2 has since also been identified as an important regulator of 

lipoxin mediated anti-inflammatory responses in the periphery  (Machado et al., 2006) 

and to have roles both dependent and independent of GH in the CNS (Rico-Bautista et al., 

2006). In the developing CNS, SOCS2 has been shown to overcome the inhibitory effects 

of GH signalling on SVZ-derived neurogenesis by regulating expression of the neurogenic 

basic helix- loop-helix (bHLH) transcription factor neurogenin-1 (Ngn1) (Turnley et al., 

2002). SOCS2 has also been identified as a downstream regulator of Epidermal Growth 

Factor (EGF) and Nerve Growth Factor (NGF), promoting neurite outgrowth in cultured 

cortical and dorsal root ganglia neurons, respectively (Goldshmit et al., 2004a; Goldshmit 

et al., 2004b; Uren et al., 2014). Further, brains of adult SOCS2 overexpressing transgenic 

(SOCS2Tg) mice had increased cortical neuron density coupled with increased dendrite 

arborisation (Ransome and Turnley, 2005).  They also show increased adult hippocampal 

neurogenesis, with enhanced survival of newborn adult hippocampal neurons both under 

basal physiological and voluntary running conditions, independent of GH signalling 

(Ransome and Turnley, 2008). In addition to EGF and NGF signalling, SOCS2 has been 

shown to associate with the Brain Derived Neurotrophic Factor (BDNF) receptor TrkB (A. 

Zamani, personal communication; unpublished) and to modulate erythropoietin 

signalling, both of which have pro-neurogenic roles and may play a role in SOCS2 

regulation of neurogenesis(Uren et al., 2014; Wang et al., 2004; Wei et al., 2015; Yu et al., 

2002).  

 

In SOCS2Tg mice, SOCS2 expression is driven by the Ubiquitin C promoter and, as such, is 

expressed in most cell types (Greenhalgh et al., 2002). However, in the normal adult brain 

SOCS2 is predominantly expressed in the dentate gyrus and the adjacent CA3 region 

(Polizzotto et al., 2000). Such specific endogenous SOCS2 expression suggests it plays a 
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role in normal hippocampal neurogenesis but it remains to be determined whether the 

pro-survival phenotype observed in SOCS2Tg mice was the result of an NPC-specific effect 

or due to a pro-neuron survival effect of the hippocampal microenvironment generated 

by global SOCS2 overexpression.  

 

Functional integration of newborn neurons is required for newborn neuron survival 

(Turnley et al., 2014) and this is at least in part regulated by dendritic arborisation and 

synapse formation. As SOCS2 overexpression enhances neurite outgrowth of primary 

neurons (Goldshmit et al., 2004a; Uren et al., 2014) and neurons differentiated from 

SOCS2Tg NPCs (Scott et al., 2006) in vitro, it is possible that the enhanced newborn adult 

hippocampal neuron survival observed in SOCS2Tg mice may be mediated by improved 

integration of those cells by increased dendritic arborisation in vivo.  

 

Therefore, this chapter aims to address whether there is an endogenous NPC or newborn 

neuron-specific role for SOCS2 in newborn adult hippocampal neurogenesis and neuron 

survival by the assessment of adult neurogenesis in SOCS2 knockout (SOCS2KO) mice. This 

study also aims to address a potential functional mechanism for SOCS2 mediated 

newborn adult hippocampal neuron survival by analysing dendritic tree and spine 

morphology of newborn hippocampal neurons in SOCS2Tg and SOCS2KO mice.  

 

 Aims 3.2

This study aims to examine endogenous adult hippocampal neurogenesis in SOCS2KO 

mice under basal physiological conditions, with the hypothesis that SOCS2KO mice would 

display aberrant adult hippocampal neurogenesis.  
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 Results 3.3

Adult SOCS2KO mice and WT controls were administered EdU daily for 7d and brains 

analysed at 8d and 35d to study NPC proliferation/neuroblast generation and newborn 

neuron survival, respectively (Figure 3.1). Adult SOCS2KO and SOCS2Tg mice on a Nes-

CreERT2/mTmG background were also used in this study to examine newborn adult 

dentate granule cell morphology. These mice were administered a single dose of 

tamoxifen for induction of NPC-specific membrane bound eGFP and taken at 35d 

induction for morphological analysis of newborn mature eGFP expressing dentate granule 

cells.  

 
Figure 3.1: Timeline of experiments with SOCS2KO and SOCS2KO/SOCS2Tg x Nes-

CreERT2/mTmG animals 

Young adult SOCS2Tg and WT animals were administered 50mg/kg of EdU by intra-peritoneal 

injection daily for 7 days and brains taken at 8d or 35d post EdU labelling for the assessment 

of NPC proliferation or newborn neuron survival, respectively. Young adult SOCS2KO or 

SOCS2Tg x Nes-CreERT2/mTmG animals were administered a single 20mg/kg dose of 

Tamoxifen by oral gavage for NPC specific GFP induction and brains taken at 35d post GFP 

induction for analysis of newborn dentate granule cell morphology. See methods 2.3, 2.6, 2.7 

and 2.9. 
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 Numbers of newborn neuroblasts at 8d was similar in SOCS2KO and WT mice 3.3.1

To assess whether NPC proliferation in the dentate gyrus was affected in SOCS2KO mice, 

tissue taken at 8d post EdU labelling was immunostained for EdU and doublecortin (Dcx; 

immature neuron marker) (Figure 3.2).  Cells positive for EdU only (EdU+) or double 

positive for EdU and Dcx (EdU+Dcx+) were counted. A lower number of EdU+ cells was 

found in SOCS2KO compared to WT mice but no significant difference between genotypes 

was observed in the number of EdU+Dcx+ cells or the proportion of EdU+ cells that co-

labelled with Dcx+. Further, the dentate gyrus in SOCS2KO mice had a smaller area 

compared to WT mice.  

 

 Numbers of surviving newborn adult hippocampal neurons at 35d were reduced in 3.3.2

SOCS2KO mice 

Tissue taken at 35d post EdU labelling was immunostained for EdU and NeuN (mature 

neuron marker) to assess the survival of mature newborn dentate granule cells (Figure 

3.3). There was no statistically significant difference observed in the number of EdU+ cells 

in the dentate gyrus between genotypes. However, SOCS2KO mice displayed a 

significantly lower number of EdU+NeuN+ cells in the dentate gyrus compared to WT and 

this was accompanied by a significantly lower proportion of EdU and NeuN co-labelled 

cells. As observed in the 8d cohort of animals, SOCS2KO mice in the 35d cohort were also 

found to have a reduced dentate gyrus area compared to WT. 

 

 A change in mushroom spine density but not dendritic tree arborisation was 3.3.3

observed in SOCS2KO mice compared to WT 

SOCS2 overexpression or absence has been shown to enhance or reduce neurite 

outgrowth of cortical neurons (Goldshmit et al., 2004a; Ransome et al., 2004; Ransome 

and Turnley, 2005). To determine if SOCS2 may regulate newborn adult hippocampal 

neuron survival in-vivo through modulation of newborn neuron morphology, confocal z-

stacks of newborn GFP-expressing adult dentate granule cells from SOCS2Tg or SOCS2KO 

x Nes-CreERT2/mTmG mice and their WT littermates were analysed in a semi-automated 

manner using Imaris 3D (see methods section 2.9).  
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Figure 3.2: No difference in the generation of neuroblasts in the dentate gyrus of 

SOCS2KO or WT mice. 

Immunohistochemical staining with the immature neuron marker doublecortin (Dcx; green) 

and EdU (red) was performed on coronal hippocampal sections (see methods 2.6.2 and 2.7.2) 

of WT and SOCS2KO animals 8d post EdU administration (A). Arrows indicate EdU and Dcx co-

labelled cells, scale bar 100µm.  A significant decrease in EdU+ cells was seen in the dentate 

gyrus of SOCS2KO animals (B) but no differences were present in the number of EdU+ cells co-

labelled with Dcx (C) and the proportion of EdU+ cells that were Dcx+ (D). SOCS2KO animals 

also showed a significantly reduced dentate gyrus area (E). Results show mean ± SEM, n=4-8 

mice/group; *P<0.05 (Unpaired Student’s T-test; B-E). 
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Figure 3.3: Density of surviving newborn neurons in the dentate gyrus of SOCS2KO mice 

were reduced. 

Immunohistochemical staining with NeuN (green) and EdU (red) was performed on coronal 

hippocampal sections (see methods 2.6.2 and 2.7.2) of WT and SOCS2KO animals 35d post 

EdU administration (A). Arrows indicate EdU and NeuN co-labelled cells, scale bar 100µm. No 

differences were seen in EdU+ cell density in the dentate gyrus of SOCS2KO and WT animals 

(B) but a significant decrease was present in the number of EdU+ cells co-labelled with NeuN 

(C) and the proportion of EdU+ cells that were NeuN+ (D).  SOCS2KO animals also showed a 

significantly reduced dentate gyrus area (E). Results show mean ± SEM; n=6-8 mice/group; 

*p<0.05, **p<0.01 (Unpaired Student’s T-test; B-E). 
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Spine morphology and density was assessed for SOCS2Tg and SOCS2KO x Nes-

CreERT2/mTmG mice (see Table 3.1 for criterion of morphological classification).  In 

SOCS2Tg x Nes-CreERT2/mTmG mice, no significant differences in branched, stubby, 

mushroom, thin or total spine densities were present compared to WT (Figure 3.4A). In 

SOCS2KO x Nes-CreERT2/mTmG mice branched, stubby, thin and total spines were present 

in similar densities to littermate WT mice (Figure 3.4B). However, a significantly greater 

density of mushroom spines was present in the SOCS2KO x Nes-CreERT2/mTmG mice 

compared to WT. 

 

Table 3.1: Criteria for classification of spine morphology on Microsoft Excel from Imaris 

3D generated statistics 

Morphology Criteria IF Function formula 

Branched If branching value ≥ 1 =IF(branching value≥1, 1, 0) 

Stubby 

If branching value = 0 

If maximum spine diameter = 

maximum spine neck diameter 

If maximum spine length < 1µm 

=IF(AND(branching value=0, 

maximum spine diameter 

value=maximum spine neck 

diameter value, maximum spine 

length value<1), 1, 0) 

Mushroom 

If branching value = 0 

If maximum spine diameter > 

maximum spine neck diameter 

If maximum spine length < 1µm 

=IF(AND(branching value=0, 

maximum spine diameter value> 

maximum spine neck diameter 

value, maximum spine length 

value<1), 1, 0) 

Thin 

If branching value = 0 

If maximum spine diameter ≥ 

maximum spine neck diameter 

If maximum spine length > 1µm 

=IF(AND(branching value=0, 

maximum spine diameter value≥ 

maximum spine neck diameter 

value, maximum spine length 

value>1), 1, 0) 
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Figure 3.4: Analysis of branched, stubby, mushroom, thin and total spine densities of 

newborn adult hippocampal neurons of SOCS2Tg and SOCS2KO mice. 

The spine morphologies of newborn adult hippocampal neurons from SOCS2Tg x Nes-

CreERT2/mTmG (A) and SOCS2KO x Nes-CreERT2/mTmG (B) animals were analysed compared 

to WT littermates. For each animal 6-8 dendrite segments were imaged, spines traced on 

Imaris 3D and statistics generated for analysis (see methods 2.9 and Table 3.1).  

Representative confocal z-stack images of dendrite segments analysed for spine analysis are 

shown, scale bar = 2µm. No significant difference in branched, stubby, mushroom, thin or 

total spine density was observed in SOCS2Tg x Nes-CreERT2/mTmG animals compared to WT. 

SOCS2KO x Nes-CreERT2/mTmG animals showed no differences in branched, stubby, thin or 

total spine density but had a significant increase in mushroom spine density compared to WT. 

Results show mean ± SEM; n=5-6 mice/group; *P<0.05 (Two-way ANOVA with Bonferroni 

post hoc; A and B). 
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The dendritic tree morphology of newborn adult hippocampal neurons from SOCS2KO 

Nes-CreERT2/mTmG mice  showed no significant differences in the extent of dendritic 

arborisation, as assessed by measurting the total dendritic length (calculated by the 

addition of individual dendrite segment lengths), number of dendritic segments and 

number of dendritic branch points for each neuron (Figure 3.5). 

 

 
Figure 3.5: Analysis of newborn adult hippocampal neuron dendritic tree morphology of 

SOCS2KO mice. 

The dendritic tree morphologies of newborn adult hippocampal neurons from SOCS2KO x 

Nes-CreERT2/mTmG and WT littermate animals were analysed.  For each animal 3-4 neurons 

were imaged, traced on Imaris 3D and statistics generated for analysis (see methods 2.9).  An 

example of a dendritic tree tracing is shown (A, scale bar = 20µm).  No significant differences 

were found between SOCS2KO and WT animals in total dendritic length (B), number of 

dendritic segments (C) and number of dendritic branch points (D).  Results show mean ± SEM; 

n=5-6 mice/group; B-D. 
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 Discussion   3.4

This study examined endogenous adult hippocampal neurogenesis in the SOCS2KO mouse 

and newborn adult hippocampal neuron morphology in SOCS2KO and SOCS2Tg mice. 

While no deficits in NPC proliferation or differentiation were observed, SOCS2 deficiency 

resulted in reduced numbers of surviving newborn adult hippocampal neurons.  SOCS2 

deficient newborn adult hippocampal neurons also showed an increase in mushroom 

spine density but no statistically significant differences in dendritic tree arborisation were 

observed compared to WT animals. 

 

 SOCS2 regulates newborn neuron maturation and/or survival 3.4.1

Despite a decrease in EdU+ cells in the dentate gyrus of SOCS2KO animals at 8d post EdU 

labelling, no difference in EdU+Dcx+ immature neuron numbers or proportion of EdU+ cells 

that were Dcx+ was observed compared to WT animals. Thus, SOCS2 deficiency did not 

have an effect on NPC proliferation or the extent to which labelled EdU+ NPCs 

differentiated into Dcx+ neuroblasts. NPC proliferation was similarly not altered in the 

dentate gyrus under SOCS2 overexpressing conditions (Ransome and Turnley, 2008). 

However, the significance of reduced EdU+ cell density in the SOCS2KO dentate gyrus is 

unclear. NPCs also give rise to a small percentage of astrocytes together with neurons in 

the dentate gyrus (Bonaguidi et al., 2011). Therefore, this result may hold significance for 

altered adult hippocampal astrogliogenesis in SOCS2KO animals. However, as NPC 

proliferation/differentiation was unaffected, this was not investigated further.   

 

In support of the previously defined role for SOCS2 in newborn adult hippocampal neuron 

survival (Ransome and Turnley, 2008), in which SOCS2 overexpression promoted survival, 

a significant reduction in EdU+NeuN+ cells was observed in the dentate gyrus of SOCS2KO 

animals at 35d after initiation of EdU labelling. This result was accompanied by the 

concurrent finding of a reduced proportion of EdU+ cells co-labelled with NeuN cells in the 

SOCS2KO dentate gyrus. In addition, the average area/section of the dentate gyrus, as 

assessed by measuring the area covered by DAPI-stained dentate granule cell nuclei, was 

decreased in the SOCS2KO animals at both time points. Together, these findings suggest 

an important role for SOCS2 in the regulation of newborn adult hippocampal neuron 
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survival by modulating aspects of newborn neuron maturation and/or mature neuron 

integration.  

 

The mechanism through which SOCS2 may be regulating adult hippocampal neurogenesis 

remains to be elucidated. GH signalling, which is regulated by SOCS2 during 

developmental SVZ-derived cortical neurogenesis (Turnley et al., 2002), was previously 

found to not have a role in SOCS2 mediated newborn adult hippocampal neuron survival 

(Ransome and Turnley, 2008). However, delivery of exogenous GH to adult animals has 

been shown to have positive effects on adult neurogenesis (Aberg et al., 2009; Devesa et 

al., 2011). Whether this is through a direct or indirect action of GH remains to be 

determined as exogenous GH has been suggested to induce pro-neurogenic factors such 

as EPO and BDNF (Arámburo et al., 2014). In the current study, SOCS2KO mice, which 

display excessive GH signalling (Metcalf et al., 2000), were found to have decreased adult 

hippocampal neurogenesis, suggesting other factors may play a role. BDNF has a better 

defined role in adult hippocampal neurogenesis and specifically in newborn hippocampal 

neuron survival (Matteo et al., 2008; Wei et al., 2015). There is recent evidence for the 

regulation of the BDNF receptor, TrkB, by SOCS2 (Uren et al., 2014, A. Zamani, personal 

communication; unpublished). Therefore, modulation of TrkB signalling may be a 

plausible mechanism by which SOCS2 regulates newborn adult hippocampal neuron 

survival/maturation. Furthermore, BDNF regulates dendritic morphology and dendritic 

spine formation (reviewed in (Sala and Segal, 2014)), which may correlate with enhanced 

dendritic spine maturation observed in the SOCS2KO animals. 

 

  Altered mushroom spine density of newborn adult hippocampal neurons of 3.4.2

SOCS2KO mice may be a secondary response to aberrant neurogenesis 

Given the role for SOCS2 in the regulation of EGF and NGF mediated neurite outgrowth 

(Goldshmit et al., 2004a; Goldshmit et al., 2004b; Uren et al., 2014), development of the 

mature granule cell dendritic arbour was proposed as a mechanism by which SOCS2 may 

regulate newborn neuron survival in the hippocampus. However, no defects in dendritic 

arborisation were detected in the newborn adult hippocampal neurons of SOCS2KO mice. 

While no differences in spine morphology/density of newborn adult hippocampal neuron 

dendrites were observed for SOCS2Tg mice compared to WT, neurons from SOCS2KO 
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mice showed a significant increase in mushroom spine density.  Mushroom spines are 

considered the most stable subtype of spines and are found in increasing abundance as a 

granule cell matures (Zhao et al., 2006). Also, mushroom spine density is positively 

correlated with the synaptic activity of a neuron (Bourne and Harris, 2007). Therefore, 

greater numbers of mushroom spines on SOCS2KO newborn adult hippocampal neurons 

would suggest increased synaptic activity of those cells compared to WT. However, the 

correlation between increased synaptic activity and reduced newborn adult hippocampal 

neuron numbers in SOCS2KO mice seems counterintuitive. This is because increased 

synaptic activity would at first instance suggest an improved capacity for neuronal circuit 

integration and in turn increased rather than reduced survival of newborn neurons. Thus, 

the potentially increased synaptic activity of SOCS2KO newborn neurons may be a 

secondary response to reduced adult hippocampal neurogenesis to perhaps functionally 

compensate for fewer mature neurons in the dentate. Alternatively, this may be a 

neuroprotective response to a potentially increased neuronal work load. Indeed, 

increased spine density is hypothesised to be neuroprotective under conditions of 

excessive electrical stimulation (Segal, 2010). Assessment of synaptic bouton density on 

newborn adult hippocampal neuron dendrites of SOCS2KO mice compared to WT may be 

the first step towards addressing this hypothesis in future studies. Further, a possible 

difference in the baseline spine density between SOCS2Tg and SOCS2KO strains was 

suggested by a higher total spine density in SOCS2Tg mice and WT littermates compared 

to SOCS2KO mice and WT littermates. This may be indicative of potential strain 

differences between SOCS2Tg and SOCS2KO transgenic lines and requires further 

exploration.  

 

 Mechanisms by which SOCS2 could regulate dendritic spine maturation 3.4.3

While the mechanism by which SOCS2 could regulate dendritic spine maturation remains 

to be determined, possibilities include downstream effects on expression of synaptic 

proteins or activation of Rho GTPases.  SOCS2 regulates signalling downstream of multiple 

growth factors, including GH, EGF and neurotrophins. Administration of GH has been 

shown to enhance hippocampal synaptic function in the context of reduced GH levels 

induced by sleep deprivation (Kim et al., 2010a) and SOCS2KO mice are hyper-responsive 

to GH signalling (Metcalf et al., 2000). However, neurotrophins, and in particular BDNF, 
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are better known for their role in regulation of dendritic spine morphology and may be 

more likely candidates to play a role in SOCS2-mediated changes.  

 

 A time-course study is necessary to further unravel the regulatory role of SOCS2 in 3.4.4

adult hippocampal neurogenesis 

The absence of gross morphological deficits in mature SOCS2KO newborn hippocampal 

neurons at 35d was somewhat surprising, given the previously observed robust effects of 

SOCS2 on neurite outgrowth in vitro (Goldshmit et al., 2004a; Ransome and Turnley, 

2005; Scott et al., 2006; Uren et al., 2014). However, the effects on neurite outgrowth in 

these in vitro studies were observed in short term (24-72hr) cultures and it remains 

possible that differences would disappear in longer term cultures containing more mature 

neurons. This suggests that SOCS2 may be important for dendritic arborisation at earlier 

stages of newborn neuron maturation or that only those neurons that were able to 

achieve WT level dendritic arborisation in SOCSKO animals were able to survive to the 

35d time point. Indeed, the first few weeks following birth are the most critical for 

determining the long-term survival of a newborn dentate granule cell (Kempermann et 

al., 2003). Studies using mice with mutant expression of proteins involved in synapse 

formation provide interesting correlates to the current study. For example, 

overexpression of Neuroligin-1, which is important for functional synapse formation 

(Craig and Kang, 2007), in hippocampal NPCs increased dendritic spines at 21d (Schnell et 

al., 2012), while its knockdown decreased dendritic arborisation at 14d which recovered 

by 28d but which had no effect on spine numbers. In the same study, Neuroligin-1 

knockdown also reduced survival of the newborn adult hippocampal neurons, which 

became evident between weeks 2-3 (Schnell et al., 2014). Thus, if newborn hippocampal 

neuron dendrite development was affected in the SOCS2KO mice, it may occur at an 

earlier time point. To address this hypothesis a time course study to examine SOCSKO 

newborn adult hippocampal neuron dendritic development at several time points 

between 7-35d following birth would be required.  

 

 Summary 3.5

This study confirmed an important role for SOCS2 in the regulation of endogenous adult 

hippocampal neurogenesis. It was shown that adult SOCSKO mice have a reduced number 
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of surviving newborn hippocampal neurons. Previous studies suggested a role for SOCS2 

in modulating dendritic development of newborn neurons. However, this study found no 

large differences in dendritic morphology between SOCS2KO and WT newborn adult 

hippocampal neurons in vivo. Therefore, further work is necessary to understand the 

molecular and functional mechanism by which SOCS2 regulates adult hippocampal 

neurogenesis. Also, this study supports further investigation into a role for SOCS2 

overexpression in aiding newborn neuron survival following traumatic brain injury and 

this will be the focus of Chapters 4 and 5. 
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 Introduction 4.1

Traumatic brain injury (TBI) affects millions of people worldwide. In the United Sates alone 

up to 1.7 million people report to have sustained a TBI annually (Faul et al., 2010). Despite 

its high prevalence and socioeconomic impact, strategies for treatment of TBI are lacking. 

Primary trauma and secondary neuroinflammatory events lead to neuronal loss and this is 

accompanied by a range of behavioural and cognitive deficits whose exact nature and 

extent varies depending on the location, mode and severity of injury (Iverson, 2005; 

Raghupathi, 2004). Replacement of lost neurons to recover function/s after TBI remains an 

important bottleneck in the development of effective therapeutic treatments. Strategies 

under investigation to overcome this bottleneck include exogenous neural precursor cell 

(NPC) transplantation and also stimulation of endogenous adult neurogenesis. While 

exogenous stem cell therapy seems a tempting approach for all TBI conditions and short 

term functional benefits have been noted in animal models, its safety and effectiveness in 

achieving long term benefits with respect to neuronal replacement is yet to be established 

(Gold et al., 2013). Importantly, exogenous methods are invasive, involving penetration of 

the brain for delivery of cells into the desired region/s. While exogenous NPC 

transplantation may be necessary in cases of severe penetrating TBI to achieve large scale 

tissue remodelling, the invasive procedure is not desirable in mild TBI cases where it could 

create more damage than it fixes. Therefore, it is of importance to better understand the 

processes of injury-induced endogenous adult neurogenesis in order to harness its potential 

for the treatment of mild TBI. 

 

Endogenous adult neurogenesis occurs throughout life in the adult brain and is localised to 

the sub-ventricular zone (SVZ) of the lateral ventricles and the sub-granular zone (SGZ) of 

hippocampal dentate gyrus (Ming and Song, 2011). It is now well established that 

endogenous adult neurogenesis responds to TBI and evidence for this exists in rodents, 

swine, non-human primates and humans (Costine et al., 2015a; Koketsu et al., 2006; 

Ramaswamy et al., 2005; Zheng et al., 2011). It is still controversial, however, if injury-

induced NPC proliferation is associated with an increase in newborn neurons after TBI. 

Indeed in a rat model of fluid percussion injury which produced a cognitive functional 

deficit, the time point of spontaneous cognitive functional recovery coincided with an 

increased number of integrated newborn neurons in the GCL of the dentate gyrus (Sun et 
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al., 2007). However, a recent study in mice after a controlled cortical impact injury, found 

only enhanced NPC proliferation at the SGZ and no associated increase in integrated 

newborn neurons in the GCL (Gao and Chen, 2013). TBI also enhances NPC proliferation at 

the SVZ of the lateral ventricles and SVZ-derived NPCs/neuroblasts are re-directed from 

their normal migratory path towards the OB to instead migrate towards the cortical lesion 

site (Ramaswamy et al., 2005; Saha et al., 2013). Similar to injury-induced adult 

hippocampal neurogenesis, evidence for these newly proliferated migrating NPCs surviving 

to become newborn neurons at the lesion site is mixed. Indeed only a handful of studies 

have identified limited numbers of newborn neurons in the perilesional cortex after TBI 

(Blizzard et al., 2011; Saha et al., 2013; Salman et al., 2004). These findings suggest that 

endogenous adult neurogenesis has the potential to be reparative after TBI but needs to be 

aided with appropriate factors that can stimulate sufficient NPC proliferation, to provide an 

ideal microenvironment for successful NPC differentiation and importantly enhance 

newborn neuron survival. 

 

In terms of enhancing newborn neuron survival after TBI, Suppressor of Cytokine Signalling 

2 (SOCS2) may be one such factor of interest. SOCS2 overexpressing (SOCS2Tg) mice show 

an enhanced survival of newborn adult hippocampal neurons under basal physiological 

conditions  (Ransome and Turnley, 2008). The importance of SOCS2 in this role was further 

confirmed in Chapter 3 where SOCS2KO mice were found to have reduced numbers of 

surviving newborn adult hippocampal neurons. Also, in a rat model of transient forebrain 

ischemia, an up-regulation of SOCS2 expression in the GCL of the dentate gyrus has been 

reported and suggested by the authors to play a role in ischemia induced endogenous 

hippocampal neurogenesis (Choi et al., 2009). In terms of cortical neuron replacement 

following TBI, SVZ rather than SGZ derived NPCs are of greater importance as only they are 

able to migrate to ectopic injury locations (Salman et al., 2004). While the role for SOCS2 in 

the regulation of adult SVZ-olfactory bulb neurogenesis has not yet been studied, SOCS2Tg 

mice show greater cortical neuron dendritic arborisation under basal physiological 

conditions (Ransome and Turnley, 2005). This suggests that SOCS2 overexpression may be 

able to encourage SVZ-derived NPC survival in the cortex following TBI by potentially 

improving neuronal circuit integration through enhanced dendritic arborisation. Given the 

role of SOCS2 in regulating neurotrophic factors such as epidermal growth factor, nerve 
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growth factor and erythropoietin, it remains to be established whether this effect of SOCS2 

is neuron specific or due to a pro-neurogenic cortical microenvironment generated by global 

SOCS2 overexpression (Goldshmit et al., 2004a; Goldshmit et al., 2004b; Uren et al., 2014). 

We hypothesised that in either context SOCS2 overexpression would encourage newborn 

neuron survival at the cortical injury site.   

 

TBI not only stimulates endogenous neurogenesis but also activates oligodendrogenesis, 

astrogliogenesis and macrophage/microglial proliferation at the site of injury (Buffo et al., 

2010; Dent et al., 2015; Turtzo et al., 2014). Similar to adult neurogenesis, 

oligodendrogenesis aims to replace oligodendrocytes lost to the injury by activation of 

oligodendrocyte precursor cells (OPCs) that proliferate and mature into new myelinating 

oligodendrocytes. Astrogliogenesis and macrophage/microglial activation form an acute 

protective immune response to TBI that aims to contain the lesion and associated debris 

such that the surrounding healthy tissue is protected from secondary damage (Asya et al., 

2009; Davalos et al., 2005). However, especially in cases of moderate to severe TBI, this 

initial protective inflammatory response can develop into chronic inflammation that 

exacerbates the injury by causing neurotoxicity (Cherry et al., 2014; Hu et al., 2012b; Jia et 

al., 2012). Therefore, understanding and modulating the glial and inflammatory cell 

response is equally as important as understanding and modulating endogenous adult 

neurogenesis after TBI. Interestingly, there is evidence in the literature for a peripheral role 

of SOCS2 in regulating lipoxin mediated anti-inflammatory responses (Machado et al., 

2006). Therefore, to determine whether SOCS2 may similarly regulate neuroinflammatory 

responses, the glial and inflammatory cell response was also analysed in SOCS2Tg mice after 

TBI. 

 

 Aims 4.2

This study aims to determine whether newborn neurons have greater survival at the 

perilesional cortex in adult SOCS2Tg mice compared to wildtype littermates after a mild TBI. 

Additionally, effects of SOCS2 overexpression on recently generated inflammatory and 

oligodendroglial cells in the perilesional cortex after mild TBI will be analysed. 
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 Results 4.3

Young adult (8-12 week old) SOCS2Tg and WT mice were subjected to a mild TBI and pulsed 

with a daily dose of EdU for 7d after injury (Figure 4.1). The perilesional cortex of SOCS2Tg 

and WT mice was assessed by immunohistochemical staining 35d post mild TBI for effects 

on neurogenesis, oligodendrogenesis, astrocytic gliosis and inflammatory cell proliferation. 
 

 

Figure 4.1 Mild TBI and EdU delivery timeline 

Young adult SOCS2Tg and WT mice were subjected to a mild TBI or sham surgery procedure. All 

mice were administered 50mg/kg of EdU by intra-peritoneal injection daily for 7 days 

immediately post-injury and brains dissected after perfusion at 35d post-TB for analysis by 

immunohistochemistry (see methods 2.3, 2.6 and 2.7). 

 

 No newborn neurons were observed in the cortex after a mild TBI in SOCS2Tg or WT 4.3.1

mice 

To assess the presence of newborn neurons in the cortex of injured or sham SOC2Tg or WT 

mice, tissue was immunostained for the mature neuron marker NeuN and EdU detected 

using the “Click-IT” reaction. No EdU+NeuN+ cells were identified in the ipsilateral or 

contralateral cortex of sham or injured SOC2Tg or WT mice (Figure 4.2). 
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Figure 4.2: Staining for EdU+NeuN+ cells to identify newborn neurons after mild TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed at 35d post mild TBI or sham 

surgery for EdU and NeuN co-labelled (EdU+NeuN+) cells. Representative images of WT (A, C, E, 

G) and SOCS2Tg (B, D, F, H) are shown.  No EdU+NeuN+ cells were present in the sham group 

contralateral cortex (A, B), injured group contralateral cortex (C, D), sham group ipsilateral 

cortex (E,F) or injured group ipsilateral cortex (G, H). Scale bar = 100 µm. 
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 SOCS2Tg mice had greater injury-induced cell proliferation in the ipsilateral cortex 4.3.2

than WT mice 

Assessment of injury-induced cell proliferation in the cortex was analysed by EdU+ cell 

counts. A statistically significant effect of injury was found (Figure 4.3A; F(3,26)=83.17; 

P=<0.0001) with SOCS2Tg and WT injured mice having greater numbers of EdU+ cells in the 

ipsilateral cortex compared to sham mice.  Further, a statistically significant effect of 

genotype (F(1,26)=7.34; P=0.0118) and a significant interaction between injury and genotype 

(F(3,26)=6.92; P=0.0014) was also observed.  Post hoc analysis revealed SOCS2Tg injured mice 

as having greater number of EdU+ cells in the ipsilateral cortex compared to WT injured 

mice. No differences between groups were observed in the contralateral cortex.  

 

 SOCS2Tg mice displayed enhanced microglial/macrophage proliferation after a mild 4.3.3

TBI 

As no EdU and NeuN  co-labelled cells were found in the cortex, it was hypothesised that the 

majority of newly proliferated EdU+ cells most likely consisted of inflammatory cells and 

oligodendroglia because these are generally the biggest responders  to TBI-induced cell 

proliferation (Chirumamilla et al., 2002; Tatsumi et al., 2005). Therefore, to further 

characterise the EdU+ cell population, tissue was first labelled for EdU and the activated 

macrophage/microglial marker CD11b (Figure 4.3). Quantification of EdU+CD11b+ cells 

revealed a statistically significant effect of injury (Figure 4.4B; F(3,26)=91.86; P=<0.0001) with 

SOCS2Tg and WT injured mice having a greater number of EdU+CD11b+ cells in the ipsilateral 

cortex compared to sham. No or few EdU+CD11b+ cells were observed in the contralateral 

cortex of all mice. A statistically significant effect of genotype (F(1,26)= 6.390; P=0.0179) and a 

significant interaction between injury and genotype (F(3,26)=5.498; P=0.0046) was also 

observed for the EdU+CD11b+ cell response.  Similar to the EdU only cell counts, post hoc 

analysis revealed SOCS2Tg injured mice had a greater number of EdU+CD11b+ cells in the 

ipsilateral cortex compared to WT mice. Therefore, the larger EdU+ cell population in 

SOCS2Tg injured mice was most likely a reflection of increased macrophage/ microglial 

proliferation compared to WT injured mice. No difference in EdU+CD11b+ cell density was 

observed between groups in the contralateral cortex. 
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Figure 4.3: Staining for EdU+CD11b+ cells to identify newly proliferated macrophages/microglia 

after mild TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed at 35d post mild TBI or sham 

surgery for EdU and CD11b co-labelled (EdU+CD11b+) cells. Representative images of WT (A, C, E, 

G) and SOCS2Tg (B, D, F, H) cortex are shown and examples of EdU+CD11b+ indicated by arrows 

in G and H.  EdU+CD11b+ cells were present in the sham group ipsilateral cortex (E, F) and in 

highest number in the injured group ipsilateral cortex (G, H). Few EdU+CD11b+ cells were seen in 

the sham group contralateral cortex (A, B) and injured group contralateral cortex (C, D). Scale 

bar = 100 µm.  
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Figure 4.4: Total EdU+ cells and newly proliferated EdU+CD11b+ macrophages/microglia 

numbers were enhanced in SOCS2Tg mice after mild TBI  

The perilesional cortex of SOCS2Tg and WT mice was analysed 35d post mild TBI or sham 

surgery for EdU+ (A) and EdU+CD11b+ cells (B, C). Coronal sections from a defined region of injury 

site were stained for EdU and CD11b to analyse overall injury-induced cell proliferation and the 

level of contribution of activated macrophages/microglia to that EdU+ cell population (see 

methods sections 2.6.2, 2.7.2 and 2.8). In injured mice there was a significant increase in EdU+ 

cells in the ipsilateral cortex and this increase was 2 fold greater in SOCS2Tg mice compared to 

WT (A). There was also an injury-induced increase in EdU+CD11b+ cells in the ipsilateral cortex 

which was enhanced in SOCS2Tg mice compared to WT (B). The proportion of EdU+ cells that 

were CD11b+ positive in the ipsilateral cortex of injured mice was not different between 

genotypes (C). Results show mean ± SEM; n=5-6 mice/group; **P<0.01, ***P<0.001, **** 

P<0.0001 (Two-way ANOVA with Bonferroni post hoc; A-C). 
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There was a significant effect of injury but not genotype on the proportion of EdU+ cells co-

labelled cells with CD11b (Figure 4.4C; F(3,26)=42.85; P=<0.0001). Post hoc analysis revealed a 

significantly greater proportion of EdU+ cells co-labelled cells with CD11b in the ipsilateral 

cortex of WT injured mice compared to sham but not between the ipsilateral cortex of 

SOCS2Tg injured and sham mice or between groups in the contralateral cortex. 

 

 Astrocyte and oligodendroglial proliferation was increased after a mild TBI but was 4.3.4

unaffected by SOCS2 

Newly proliferated microglia accounted for 40% of the EdU+ cell population in the 

perilesional cortex after mild TBI. Therefore, for further characterisation of EdU+ cells, tissue 

was immunostained for EdU and GFAP (astrocyte marker) or Olig2 (oligodendrocyte lineage 

marker) (Figures 4.5 and 4.6). Quantification of EdU+GFAP+ (Figure 4.7A) and EdU+Olig2+ 

(Figure 4.7C) cells revealed a statistically significant effect of injury (F(3,24)=38.02; P=<0.0001 

and F(3,24)=11.06; P=<0.0001, respectively) but not of genotype. Post hoc analysis showed 

increased numbers of EdU+GFAP+ and EdU+Olig2+ cells in the ipsilateral cortex of SOCS2Tg 

and WT Injured mice compared to sham, with a further increase in EdU+GFAP+ cells in the 

SOCS2Tg ipsilateral cortex compared to WT. No or few EdU+GFAP+ and EdU+Olig2+ cells were 

observed in the contralateral cortex of sham and injured mice.  

 

The proportion of EdU+ cells that were GFAP+ (Figure 4.7B) or Olig2+ (Figure 4.7D) was also 

not different between genotypes but there was a significant effect of injury (F(3,26)=15.46; 

P=<0.0001, F(3,26)=88; P=<0.0001, respectively). While, post hoc analysis found a greater 

proportion of EdU and Olig2 co-labelled cells in the SOCS2Tg and WT sham ipsilateral cortex 

compared to injured, no significant differences in the proportion of EdU and GFAP co-

labelled cells were present between injury groups.  
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Figure 4.5: Staining for EdU+GFAP+ cells to identify newly proliferated astrocytes after mild TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed 35d post mild TBI or sham surgery 

for EdU and GFAP co-labelled (EdU+GFAP+) cells. Representative images of WT (A, C, E, G) and 

SOCS2Tg (B, D, F, H) cortex are shown and examples of EdU+GFAP+ indicated by arrows in G and 

H.  EdU+GFAP+ cells were present in the sham group ipsilateral cortex (E, F) and at much greater 

density in the injured group ipsilateral cortex (G, H). Few EdU+GFAP+ cells were seen in the sham 

group contralateral cortex (A, B) and injured group contralateral cortex (C, D). Scale bar = 100 

µm.  
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Figure 4.6: Staining for EdU+Olig2+ cells to identify newly proliferated oligodendrocytes after 

mild TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed 35d post mild TBI or sham surgery 

for EdU+Olig2+ cells. Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) cortex are 

shown.  EdU+Olig2+ cells were present in the sham group ipsilateral cortex (E, F) and at much 

greater density in the injured group ipsilateral cortex (G, H). Few EdU+Olig2+ cells were seen in 

the sham group contralateral cortex (A, B) and injured group contralateral cortex (C, D). Scale 

bar = 100 µm. Examples of co-labelled cells are indicated by arrows in G and H. 

  

84 

 



 Neuronal, inflammatory and glial cell responses in SOCS2Tg mice after a mild TBI     Chapter 4 

 
Figure 4.7: Newly proliferated EdU+GFAP+ astrocyte and EdU+Olig2+ oligodendroglia density 

were not different between SOCS2Tg and WT mice after mild TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed 35d post mild TBI or sham surgery 

for EdU+GFAP+ (A, B) and EdU+Olig2+ (C, D) cells to analyse injury-induced astrocyte and 

oligodendroglial lineage proliferation, respectively (see methods sections 2.6.2, 2.7.2 and 2.8). 

In the ipsilateral cortex of SOCS2Tg and WT injured mice there was an injury-induced increase in 

EdU+GFAP+ which was further enhanced in SOCS2Tg mice (A). There was also an injury induced 

increase in EdU+Olig2+ cells but no genotype difference (C).  The proportion of EdU+ cells that 

were GFAP+ positive was not different between injured and sham mouse ipsilateral cortex for 

both genotypes (B). The proportion of EdU+ cells that were Olig2+ positive was higher in sham 

mouse ipsilateral cortex compared to injured for both genotypes (D). Results show mean ± SEM, 

n=3-5 mice/group; *P<0.05, **P<0.01, **** P<0.0001 (Bonferroni post hoc comparisons).  
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 Discussion   4.4

 Absence of newborn neurons in the perilesional cortex may have been a function of 4.4.1

the mild TBI paradigm rather than an absence of adult neurogenesis 

Newborn neurons are readily seen in the injured striatum of rats after stroke induced by 

middle cerebral artery occlusion (MCAO) (Arvidsson et al., 2002; Parent et al., 2002). 

However, there is only mixed success in the literature in finding newborn neurons at or near 

the injured cortex after TBI (Blizzard et al., 2011; Liu et al., 2009; Saha et al., 2013; Salman et 

al., 2004). This variation in whether or not newborn neurons are seen in the cortex after TBI 

is difficult to explain due to the lack of consistency in experimental parameters between TBI 

studies. However, the greater success in observing newborn neurons after ischemic injury 

by MCAO than in open head cortical TBI models may in part be due to mechanistic 

differences. For example, unlike open head cortical TBI models, a lack of physical tissue loss 

after MCAO may induce an altered inflammatory response that may be more permissive for 

newborn neuron survival and/or the close proximity of the damaged striatum to the SVZ 

may allow more NPCs to reach the lesion site therefore increasing the likelihood of 

observing newborn neurons. 

 

In the current study, no newborn neurons were found in the perilesional cortex of both 

SOCS2Tg and WT mice after mild TBI. As a result, it still cannot be concluded whether or not 

SOCS2 overexpression can enhance the survival of SVZ-derived newborn neurons after TBI. 

Potentially, the mild TBI paradigm may have been a limiting factor in observing 

neurogenesis in the perilesional cortex as it may not have induced a robust enough 

proliferation of SVZ-NPCs and in turn their migration in sufficient numbers towards the 

lesion site. Also, NPCs are highly sensitive to their environment and the inflammatory 

microenvironment of the injured cortex is not ideal for NPC survival and their differentiation 

towards a neuronal fate (Christie and Turnley, 2012). Indeed, SVZ-derived NPCs have the 

capacity to generate astrocytes and oligodendrocytes in the presence of specific growth 

factors in-vitro and have been shown to do so preferentially after TBI in-vivo (Kernie et al., 

2001; Kim et al., 2010b; Shear et al., 2004). Therefore, any role for SOCS2 in enhancing the 

survival of newborn neurons in the injured cortex will need to be confirmed in a TBI 

paradigm where newborn neurons can be observed in the injured cortex of both SOCS2Tg 

and WT mice. This will be assessed in the next chapter (Chapter 5). 
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 SOCS2 may have a novel role in the modulation of the macrophage/microglial cell 4.4.2

response after mild TBI 

Mild TBI induced a robust inflammatory and oligodendroglial cell response in SOCS2Tg and 

WT mice. An injury-induced increase in newly proliferated EdU+CD11b+ macrophages/ 

microglia was observed in all groups. Interestingly, CD11b+ macrophage/microglial 

proliferation was found to be enhanced in SOCS2Tg injured mice compared to WT. The 

almost 2 fold difference in EdU+CD11b+ cells in the SOCS2Tg perilesional cortex compared to 

WT suggests this may be an important effect of SOCS2 overexpression in the injured cortex. 

This is a novel finding as no roles for SOCS2 have yet been defined in neuroinflammatory 

processes and as such the functional significance of this result requires further investigation. 

SOCS2 has however been shown to act as an important regulator of anti-inflammatory 

responses in the periphery and roles for it in directing macrophage polarisation towards an 

anti-inflammatory phenotype have been suggested (Esper et al., 2012; Machado et al., 

2006). Thus, if SOCS2 can exert effects similar to the periphery in the CNS, the enhanced 

macrophage/microglial proliferation in SOCS2Tg mice may be indicative of an altered 

inflammatory response after TBI that may potentially be anti-inflammatory in nature. 

However, an anti-inflammatory effect of SOCS2 overexpression seems counterintuitive 

given the greater and not reduced density of EdU+CD11b+ macrophages/microglia at 35d 

post mild TBI. Studies characterising the pro (M1) and anti-inflammatory (M2) 

macrophage/microglial responses after TBI have showed that the initial inflammatory 

response is dominated by M2-like cells and after 7-14d shifts to M1-like cells (Hsieh et al., 

2013; Hu et al., 2012b). Therefore, to determine if SOCS2 overexpression may have an effect 

on the M2-like macrophage/microglial cell response, earlier post-TBI time points need to be 

analysed. Other SOCS family members, namely SOCS1 and SOCS3, have been shown to have 

important roles in regulating both peripheral and CNS immunity (Baker et al., 2009; Croker 

et al., 2003; Qin et al., 2008; Whyte et al., 2011). In terms of CNS macrophage/microglial 

immune responses, SOCS1 and SOCS3 have also been suggested to play anti-inflammatory 

roles  as they can inhibit interferon or lipopolysaccharide induced MHC class II and CD40 

expression on microglia thereby suppressing immune system activity (Qin et al., 2006a; Qin 

et al., 2006b).  
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Encouraging an anti-inflammatory environment after TBI has been associated in some 

studies with various degrees of improvement in functional outcomes (Bye et al., 2007; Chen 

et al., 2007b). The mild TBI paradigm used in the current study targets the sensorimotor 

cortex but does not result in measurable motor deficits after 3d post injury (Kimberly J. 

Christie, Unpublished data). Therefore, any effects of the altered inflammatory response in 

SOCS2Tg mice on motor function recovery during the 35d recovery period could not be 

addressed. 

 

 SOCS2 may have a higher baseline of microglial cell proliferation or hypersensitive 4.4.3

microglia compared to WT mice 

Despite a greater density of EdU+CD11b+ cells in SOCS2Tg mice, the proportion of EdU+ cells 

that were CD11b+ was the same between genotypes. In both SOCS2Tg and WT mice 

approximately 40% of EdU+ cells were found to be CD11b+ in the injured ipsilateral cortex. 

Interestingly, while no significant differences were present between SOCS2Tg sham and 

injured mouse ipsilateral cortex, the ipsilateral cortex of WT injured mice showed a 

significantly greater proportion of EdU+CD11b+ cells compared to WT sham. A similar, 

though not statistically significant, trend was observed in the contralateral cortex where 

SOCS2Tg sham mice had a higher proportion of EdU+CD11b+ cells, of a level similar to the 

injured groups, compared to WT sham mice. This may be indicative of SOCS2Tg mice having 

either a higher baseline of microglial proliferation allowing a quicker response to TBI or that 

they have microglia that are better primed to respond to the immune challenge compared 

to WT mice. Further studies are required to elucidate the mechanisms involved. 

 

 SOCS2 overexpression increased astrogliosis after mild injury and had no effect on 4.4.4

oligodendrogenesis 

TBI also increased densities of EdU+GFAP+ and EdU+Olig2+ cells in the ipsilateral cortex. 

Similar to CD11b+ macrophages/microglia, an increased density of EdU+GFAP+ cells was 

found in the SOCS2Tg injured ipsilateral cortex compared to WT. This suggests SOCS2 

overexpression may be having an effect on injury-induced astrogliosis. Indeed, SOCS2 has 

been shown to down-regulate SOCS3 mediated signalling (Tannahill et al., 2005) which has 

been implicated in inhibiting injury induced astroglial responses (Okada et al., 2006). 

Therefore, SOSC2 overexpression may be affecting the activity of SOCS3 and SOCS3 
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mediated astrogliosis in the CNS. This interaction between SOCS2 and SOCS3 in injury-

induced astrogliosis should be explored in future studies. 

 

Astrocytes contributed to only 5% of the EdU cells in the injured ipsilateral cortex and very 

few EdU+GFAP+ cells were detected in the contralateral cortex of all groups. The severity of 

injury has a significant impact on the kind of astroglial response that is observed. Milder 

injuries largely induce activation of pre-existing astrocytes whereas higher severity injuries 

also induce proliferation of new astrocytes (Buffo et al., 2010). The relatively small number 

of EdU+GFAP+ cells observed in the injured ipsilateral cortex may be representative of the 

mild nature of the TBI performed in this study.  

 

The response of oligodendroglial proliferation was a little different to microglia and 

astrocytes after TBI.  While a greater density of EdU+Olig2+ cells was present in the injured 

ipsilateral cortex compared to sham, the proportion of EdU+ cells that were Olig2+ cells 

showed an inverse pattern. A significantly greater proportion of EdU+ cells that were Olig2+ 

was found in the sham ipsilateral cortex (~30%) compared to injured ipsilateral cortex 

(~10%). This inverse skew is most likely a function of the significantly greater induction of 

inflammatory cells in the injured ipsilateral cortex. However, in small part it may also 

suggest a negative impact of the cortical injury environment on the ability of newly 

proliferated oligodendrocyte precursor cells (OPCs) to differentiate and/or survive to 

become mature oligodendroglia. Like neurons, mature oligodendrocytes are highly 

susceptible to the cell death after TBI and OPCs are induced to proliferate in response to 

mature oligodendrocyte cell death (Dent et al., 2015; Lotocki et al., 2011). Also, SVZ-derived 

NPCs can be a source for new oligodendrocytes in the adult brain (Menn et al., 2006). 

However, both NPCs and OPCs can also be induced to differentiate into GFAP+ astrocytes 

when exposed to inflammatory mediators near an injury site (Liu et al., 2014b; Tanner et al., 

2011; Tatsumi et al., 2005). Therefore, the lower proportion of EdU and Olig2 co-labelled 

cells observed in the ipsilateral cortex may be due to a combination of higher inflammatory 

cell induction after injury and to a smaller extent a reduction in newborn oligodendrocyte 

survival or shift towards astroglial fate of NPCs and OPCs.  
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 Inclusion of naïve controls, potentially in place of sham surgery controls, may be 4.4.5

important for all TBI studies 

In both sham or injured SOCS2Tg and WT mice, macrophages/microglia, astrocytes and 

oligodendrocytes were found to make up 70-80% of the EdU+ cells in the ipsilateral cortex. 

Therefore, while total counts for EdU and CD11b or GFAP co-labelled cells in sham mouse 

ipsilateral cortex were lower than for injured mouse ipsilateral cortex, the proportion of 

EdU+ cells that co-labelled with these markers did not differ between injury groups. This 

suggests that despite having only undergone a craniotomy procedure without brain impact, 

the process of drilling and/or dura exposure caused some injury to the brain of sham mice 

and produced a milder version of the inflammatory response observed in injured mice. 

Therefore, sham mice are effectively also injured which may render them  as ineffective 

controls for discriminating smaller differences between uninjured and injured brain cell 

responses (Jeffrey et al., 2011). Thus, in studies addressing the inflammatory response 

which is highly sensitive to the smallest of trauma, it should be of importance to include 

naïve controls in addition to sham controls to avoid confounding of results.   

 

 Summary 4.5

SOCS2Tg and WT mice were subjected to a mild TBI and the neuronal, inflammatory and 

oligodendroglial responses analysed at 35d post injury. It was hypothesised that SOCS2Tg 

mice would show enhanced survival of newborn neurons in the perilesional cortex. 

However, no EdU+NeuN+ newborn neurons were identified in the ipsilateral or contralateral 

cortex of either WT or SOCS2Tg mice. Upon quantification of EdU+ cells, they were found to 

be increased by two fold in the injured ipsilateral cortex of SOCS2Tg mice compared to WT 

mice. This greater EdU+ cell response was found to be attributed to enhanced 

macrophage/microglial proliferation in injured SOCS2Tg mice. Overall, this study showed a 

novel role for SOCS2 in neuroinflammatory processes in the injured cortex.  

 

The next chapter (Chapter 5) will aim to further explore a role for SOCS2 in mediating 

newborn neuron survival in the perilesional cortex after TBI. This will be carried out by 

encouraging further stimulation of neurogenesis through an increased injury severity and 

provision of a neuroprotective agent. Chapter 5 will also further examine the role for SOCS2 

in inflammatory cell response modulation after TBI.
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 Introduction 5.1

It is necessary to establish appropriate mouse model conditions to successfully address 

experimental aims. In Chapter 4 it was observed that the mild TBI paradigm did not 

show evidence of injury-induced adult neurogenesis or measurable long term 

functional deficit in both SOCS2Tg and WT mice. Thus, any effect of SOCS2 

overexpression on injury-induced adult neurogenesis or behavioural outcomes could 

not be established. The limiting factor for both these outcomes was hypothesised to 

be an insufficient severity of injury. Therefore, in this chapter SOCS2Tg and WT mice 

were subjected to a moderately-severe TBI to produce a quantifiable long term motor 

deficit and to encourage a more robust injury-induced NPC response. The severity of 

injury produced by controlled cortical impact (CCI) can be modulated by changing one 

or multiple parameters such as, injury depth, impact velocity, impact tip diameter or 

impact tip dwell time (Dixon et al., 1991; Kempermann et al., 2003; Segal, 2010). In this 

study the impact dwell time was increased from 100ms, used to achieve a mild TBI in 

Chapter 4, to 1000ms to achieve a moderately-severe TBI.  

 

In addition to increased injury severity, SOCS2Tg and WT mice were treated with 

erythropoietin (EPO) after TBI to aid in the survival of injury-induced newborn neurons.  

EPO was originally described for its peripheral role in erythropoiesis in the bone 

marrow (Krantz et al., 1988). EPO and EPO receptor are now also known to be 

expressed in the brain (Baciu et al., 2000). While the role of endogenous brain derived 

EPO remains to be further elucidated, EPO signalling has been shown to be important 

for the developing brain in the regulation of cell apoptosis and protection against 

oxidative stress (Yu et al., 2002). Importantly, systemic EPO administration can have 

neuroprotective effects in various mouse models of brain injury by protecting against 

hypoxic damage, increasing neuron survival and/or reducing inflammatory cell 

responses (Cherian et al., 2007; Chong et al., 2003; Hellewell et al., 2013; Xiong et al., 

2011; Yatsiv et al., 2005). Also, in the uninjured brain, systemic EPO administration 

induces a transient increase in hippocampal NPC proliferation (Ransome and Turnley, 

2007). Further, a relationship between SOCS2 and EPO has been suggested in a study 

where EPO induced neuronal differentiation of SVZ-NPCs was associated with SOCS2 

up-regulation (Wang et al., 2004). Therefore, the neuroprotective effects of EPO 
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observed in the literature and its potential pro-neurogenic relationship with SOCS2 

made it the neuroprotective drug of choice for this study.  

 

SOCS2Tg mice were found to have an altered macrophage/microglial response after 

mild TBI in Chapter 4. Thus, it was also of interest in the current study to examine 

injury-induced inflammation in SOCS2Tg mice after moderately-severe TBI. Given the 

evidence in the periphery of a role for SOCS2 in regulating anti-inflammatory 

responses (Machado et al., 2006), it was hypothesised that SOCS2 may have similar 

effects in the CNS. In WT mice, after CCI-induced TBI, the acute inflammatory response 

is dominated by anti-inflammatory M2-like macrophages/microglia and later taken 

over by pro-inflammatory M1-like macrophages/microglia (Guohua et al., 2013; Turtzo 

et al., 2014). It may be that the greater macrophage/microglia cell densities seen in 

injured SOCS2Tg mice 35d post TBI are a remnant of greater M2-like anti-inflammatory 

macrophages/microglia cell numbers during the acute injury phase. To address this 

hypothesis, an acute 7d post-TBI time point was also included in addition to a 35d time 

point as per Chapter 4, to assess M1 and M2-like macrophage/microglia responses. 

This time point also allows for analysis of early injury-induced doublecortin (Dcx)-

expressing neuroblast numbers in the perilesional cortex. 

 

 Aims 5.2

This study aims to examine whether newborn neurons migrate to and survive at the 

perilesional cortex in adult SOCS2Tg and WT mice after a moderately-severe TBI and if 

EPO treatment can aid or enhance this by exerting a neuroprotective effect. An acute 

7d post-TBI time point will additionally be examined to assess the M1 and M2 

macrophage/microglial response in the perilesional cortex of SOCS2Tg and WT mice. 

Further, spatial memory, anxiety behaviours and motor function of injured SOCS2Tg 

and WT mice will be assessed over time.   
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 Results 5.3

Three cohorts of young adult (8-12 week old) SOCS2Tg and WT mice were subjected to 

a moderately-severe TBI or sham surgery (Figure 5.1). Two cohorts were pulsed with 

EdU daily for 7d immediately after TBI, one of which was given EPO treatment or saline 

control combined with EdU and underwent behavioural testing at -14d and 2, 7 & 33d 

post-injury. The third cohort was given a TBI only for collection of fresh perilesional 

cortex tissue at 7d post-injury for q-PCR.  Brains from the EdU only and EdU + EPO 

cohorts were taken following perfusion at 7d and 35d post-injury, respectively for 

immunohistochemical analysis. 

 

 

Figure 5.1: Moderately-severe TBI and EdU + EPO/ Saline delivery timeline 

Three cohorts of young adult SOCS2Tg and WT mice were subjected to a moderately-

severe TBI or sham surgery procedure. One cohort received TBI only and fresh perilesional 

cortex tissue taken 7d post-injury for q-PCR analysis (see methods 2.10), the second cohort 

was administered 50mg/kg of EdU by intra-peritoneal injection daily for 7d immediately 

post-injury and perfused 7d post-injury for immunohistochemical analysis (see methods 

2.3, 2.6 and 2.7). In the third cohort EdU was combined with 5000IU/kg of EPO or saline 

control and the group underwent behavioural testing at -14d and 2, 7 & 33d post-injury 

before perfusion at 35d post-injury for immunohistochemical analysis (see methods 2.3 

and 2.5-2.7). 
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 Newborn neurons were observed after a moderately-severe TBI in SOCS2Tg and 5.3.1

WT mice independent of EPO treatment 

The perilesional cortex of injured SOCS2Tg and WT mice was assessed for the presence 

of newborn neurons by staining for EdU and the mature neuron marker NeuN. A small 

number of EdU and NeuN co-labelled cells (EdU+NeuN+) were identified in both the 

ipsilateral and contralateral cortex of all SOCS2Tg and WT mouse groups (Figures 5.2 

and 5.3). However, a large variation in newborn neuron cell density was present within 

the ipsilateral cortex of each group and no significant difference was observed 

between genotype or EPO treatment (Figure 5.4A). A statistically significant effect of 

injury was present (Figure 5.4A; F(7,75)=12; P<0.0001), however post-hoc analysis did 

not show differences between sham and injured group ipsilateral cortices. The 

proportion of EdU+ cells that became NeuN+ also showed a statistically significant 

effect of injury (Figure 5.4B; F(7,76)=11; P<0.0001), but no differences between injured 

group ipsilateral cortices was present in post hoc analyses. 
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Figure 5.2: Staining for EdU+NeuN+ cells to identify newborn neurons after a 

moderately-severe TBI in saline treated mice 

The perilesional cortex of saline treated SOCS2Tg and WT mice was analysed at 35d post 

moderately-severe TBI or sham surgery for EdU and NeuN co-labelled (EdU+NeuN+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) tissue are shown and 

examples of EdU+NeuN+ cells indicated by arrows in G and H.  Few EdU+NeuN+ cells were 

observed in the sham group contralateral cortex (A, B), sham group ipsilateral cortex (E, F) 

or injured group contralateral cortex (C, D) with a greater cell density in injured group 

ipsilateral cortex (G, H). Scale bar = 100 µm.   
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Figure 5.3: Immunohistochemical staining for EdU+NeuN+ cells to identify newborn 

neurons after moderately-severe TBI in EPO treated mice 

The perilesional cortex of EPO treated SOCS2Tg and WT mice was analysed at 35d post 

moderately-severe TBI or sham surgery for EdU and NeuN co-labelled (EdU+NeuN+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) tissue are shown and 

examples of EdU+NeuN+ cells indicated by arrows in G and H.  Few EdU+NeuN+ cells were 

observed in the sham group contralateral cortex (A, B), sham group ipsilateral cortex (E, F) 

or injured group contralateral cortex (C, D) with a greater cell density in injured group 

ipsilateral cortex (G, H). Scale bar = 100 µm.   
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Figure 5.4: Newborn EdU+NeuN+ neurons were present in the perilesional cortex of 

SOCS2Tg and WT mice at similar densities 35d post moderately-severe TBI 

The perilesional cortex of SOCS2Tg and WT mice was analysed at 35d post moderately-

severe TBI or sham surgery for the presence of newborn neurons. Coronal sections from a 

defined region of injury site) were stained for EdU and NeuN and co-labelled cells counted 

(see methods sections 2.6.2, 2.7.2 and 2.8). There was no significant difference observed 

between genotypes and/or EPO treatment on the density of EdU+NeuN+ cells in sham or 

injured mice (A).  A trend for injury-induced increase in EdU+NeuN+ cells was observed in 

the injured mouse ipsilateral cortex compared to sham but this was not significant. There 

was also no significant difference observed between genotypes, EPO treatment and/or 

injury on the proportion of EdU+ cells that that were NeuN+ in sham or injured mouse 

ipsilateral cortex (B). Results show mean ± SEM; n=5-6 mice/group. 
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 SOCS2Tg mice did not display enhanced microglial inflammation after a 5.3.2

moderately-severe TBI 

To determine the extent to which macrophage and microglial proliferation occurred in 

the perilesional cortex after moderately-severe TBI in WT and SOCS2Tg mice, tissue 

was stained for EdU and the macrophage/microglial marker CD11b (Figures 5.5 and 

5.6). Quantification of EdU only (EdU+) cells revealed a statistically significant effect of 

injury but not of genotype or EPO treatment (Figure 5.7A; F(7,76)=175; P<0.0001) where 

a greater density of EdU+ cells was present in the ipsilateral cortex of all injured 

SOCS2Tg and WT mice compared to sham ipsilateral cortex. No differences were 

present in the contralateral cortex between groups. Quantification of EdU and CD11b 

co-labelled cells (EdU+CD11b+) also revealed a statistically significant effect of injury 

but not of genotype or EPO treatment (Figure 5.7B; F(7,76)=51.80; P<0.0001), where 

injured SOCS2Tg and WT mice had a greater density of EdU+CD11b+ cells in the 

ipsilateral cortex compared to sham. No or few EdU+CD11b+ cells were observed in the 

contralateral cortex of all mice. The proportion of EdU+ cells that were CD11b+ was 

again not different between genotypes or EPO treatment but there was a significant 

effect of injury (Figure 5.7C; F(7,76)=14.64; P<0.0001), however no specific group 

differences were found in post hoc analyses. 
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Figure 5.5: Staining for EdU+CD11b+ cells to identify newly proliferated macrophages 

and microglia after moderately-severe TBI in saline treated mice 

The perilesional cortex of saline treated SOS2Tg and WT mice sacrificed at 35d post 

moderately-severe TBI or sham surgery was analysed for EdU and CD11b co-labelled 

(EdU+CD11b+) cells. Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) 

cortex are shown and examples of EdU+CD11b+ cells indicated by arrows in G and H.  

EdU+CD11b+ cells were present in the sham group ipsilateral cortex (E, F) and at greater 

density in the injured group ipsilateral cortex (G, H). Few EdU+CD11b+ cells were seen in 

the sham group contralateral cortex (A, B) and injured group contralateral cortex (C, D).  
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Figure 5.6: Staining for EdU+CD11b+ cells to identify newly proliferated macrophages 

and microglia after moderately-severe TBI in EPO treated mice 

The perilesional cortex of EPO treated SOS2Tg and WT mice sacrificed at 35d post 

moderately-severe TBI or sham surgery was analysed for EdU and CD11b co-labelled 

(EdU+CD11b+) cells. Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) 

cortex are shown and examples of EdU+CD11b+ cells indicated by arrows in G and H. 

EdU+CD11b+ cells were present in the sham group ipsilateral cortex (E, F) and at greater 

density in the injured group ipsilateral cortex (G, H). Few EdU+CD11b+ cells were seen in 

the sham group contralateral cortex (A, B) and injured group contralateral cortex (C, D). 

Scale bar = 100 µm. 
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Figure 5.7: The density of newly proliferated EdU+CD11b+ macrophages/microglia in 

the perilesional cortex was not different between genotypes after moderately-

severe TBI 

The perilesional cortex of SOS2Tg and WT mice sacrificed at 35d post moderately-severe 

TBI or sham surgery was analysed to assess overall injury-induced cell proliferation and 

proliferation of CD11b+ macrophages and microglia. Coronal sections from a defined 

region of injury site were stained for EdU and CD11b (see methods sections 2.6.2, 2.7.2 

and 2.8). In SOCS2Tg and WT mice there was a significant increase in EdU+ cells in the 

injured ipsilateral cortex compared to sham (A). There was also an injury-induced increase 

in EdU+CD11b+ cells in the ipsilateral cortex of all mice compared to sham (B). The 

proportion of EdU+ cells that were CD11b+ positive was not different between sham and 

injured mice in both the ipsilateral and contralateral cortex (C). Results show mean ± SEM; 

n=5-6 mice/group; **P<0.01, ***P<0.001, **** P<0.0001 (Two-way ANOVA with 

Bonferroni post hoc; A-C).  
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 Astrocyte and oligodendroglial proliferation was increased after a moderately-5.3.3

severe TBI 

Astrogliosis and oligodendrogenesis was assessed 35d after moderately-severe TBI in 

WT and SOCS2Tg mice by staining for EdU and GFAP (astrocyte marker; Figures 5.8 and 

5.9) or Olig2 (oligodendrocyte lineage marker; Figures 5.10 and 5.11). Astrogliosis 

showed a statistically significant effect of injury but not genotype or EPO treatment 

(Figure 5.12A; F(7,76)=33; P<0.0001) where a greater density of EdU+GFAP+ cells were 

present in the ipsilateral cortex of all injured SOCS2Tg and WT mice compared to 

sham.  The contralateral cortex of all sham and injured mice had no or few EdU+GFAP+ 

cells. The proportion of EdU+ cells that were GFAP+ also showed a significant effect of 

injury but not genotype or EPO treatment (Figure 5.12B; F(7,76)=21.24; P<0.0001), 

however post hoc analysis did not find significant differences between  injured and 

sham group ipsilateral cortex.  

  

A significant effect of injury but not genotype or EPO treatment was seen on 

oligodendrogenesis after moderately-severe TBI in SOCS2Tg and WT mice (Figure 

5.12C; F(7,76)=14; P<0.0001) but post hoc analysis did not reveal specific differences 

between injured and sham group  ipsilateral cortex. The proportion of EdU+ cells that 

were Olig2+ also showed a significant effect of injury but not genotype or EPO 

treatment (Figure 5.12D; F(7,76)=42; P<0.0001).  There was also a trend for greater 

proportions of EdU+Olig2+ cells in the ipsilateral cortex of all sham mice compared to 

injured, but was not statistically significant. 
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Figure 5.8: Staining for EdU+GFAP+ cells to identify newly proliferated astrocytes after 

moderately-severe TBI in saline treated mice 

The perilesional cortex of saline treated SOS2Tg and WT mice was analysed at 35d post 

moderately-severe TBI or sham surgery for EdU and GFAP co-labelled (EdU+GFAP+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) cortex are shown and 

examples of EdU+GFAP+ cells indicated by arrows in G and H.  EdU+GFAP+ cells were 

present in the sham group ipsilateral cortex (E, F) and at greater density in the injured 

group ipsilateral cortex (G, H). Only a few EdU+GFAP+ cells were seen in the sham group 

contralateral cortex (A, B) and injured group contralateral cortex (C, D). Scale bar = 100 

µm.  
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Figure 5.9: Staining for EdU+GFAP+ cells to identify newly proliferated astrocytes after 

moderately-severe TBI in EPO treated mice 

The perilesional cortex of EPO treated SOS2Tg and WT mice was analysed 35d post 

moderately-severe TBI or sham surgery for EdU and GFAP co-labelled (EdU+GFAP+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) cortex are shown and 

examples of EdU+GFAP+ cells indicated by arrows in G and H.  EdU+GFAP+ cells were 

present in the sham group ipsilateral cortex (E, F) and at greater density in the injured 

group ipsilateral cortex (G, H). Only a few EdU+GFAP+ cells were seen in the sham group 

contralateral cortex (A, B) and injured group contralateral cortex (C,D). Scale bar = 100 µm. 

Examples of co-labelled cells are indicated by arrows in E and F. 
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Figure 5.10: Staining for EdU+Olig2+ cells to identify newly proliferated 

oligodendroglia after moderately-severe TBI in saline treated mice 

The perilesional cortex of saline treated SOS2Tg and WT mice was analysed at 35d post 

moderately-severe TBI or sham surgery for EdU and Olig2 co-labelled (EdU+Olig2+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) cortex are shown with 

examples of EdU+Olig2+ cells indicated by arrows in G and H.  EdU+Olig2+ cells were present 

in the sham group ipsilateral cortex (E, F) and at greater density in the injured group 

ipsilateral cortex (G, H). Some EdU+Olig2+ cells were seen in the sham group contralateral 

cortex (A, B) and injured group contralateral cortex (C, D). Scale bar = 100 µm.  
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Figure 5.11: Staining for EdU+Olig2+ cells to identify newly proliferated 

oligodendroglia after moderately-severe TBI in EPO treated mice 

The perilesional cortex of EPO treated SOS2Tg and WT mice was analysed at 35d post 

moderately-severe TBI or sham surgery for EdU and Olig2 co-labelled (EdU+Olig2+) cells. 

Representative images of WT (A, C, E, G) and SOCS2Tg (B, D, F, H) cortex are shown and 

examples of EdU+Olig2+ cells indicated by arrows in G and H.  EdU+Olig2+ cells were present 

in the sham group ipsilateral cortex (E, F) and at greater density in the injured group 

ipsilateral cortex (G, H). Some EdU+Olig2+ cells were seen in the sham group contralateral 

cortex (A, B) and injured group contralateral cortex (C, D). Scale bar = 100 µm.  
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Figure 5.12: Astrogliogenesis and oligodendrogenesis was induced after moderately-

severe TBI but was not affected by SOCS2 overexpression or EPO treatment 

The perilesional cortex of SOS2Tg and WT mice was analysed at 35d post moderately-

severe TBI or sham surgery was analysed to assess injury-induced astrogliosis and 

oligodendrogenesis. Coronal sections from a defined region of injury site were 

immunostained for EdU and GFAP+ astrocytes or Olig2+ oligodendroglia (see methods 

sections 2.6.2, 2.7.2 and 2.8). In the ipsilateral cortex of injured SOCS2Tg and WT mice 

there was a significant increase in EdU+GFAP+ cells compared to sham (A). The proportion 

of EdU+ cells that were GFAP+ positive in the ipsilateral cortex was similar for sham and 

injured mice (B). No significant difference was present between sham and injured 

contralateral or ipsilateral cortex EdU+Olig2+ cell counts (C) or the proportion of EdU+ cells 

that became Olig2+ (D).  Results show mean ± SEM; n=5-6 mice/group; *P<0.05, 

***P<0.001, ****P<0.0001 (Two-way ANOVA with Bonferroni post hoc; A-D).  
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 A comparison of injury-induced cell proliferation after mild and moderately-5.3.4

severe TBI in SOCS2Tg and WT mice 

As discussed in Chapter 4, mild TBI induced an enhanced proliferation of cells in the 

perilesional cortex of SOCS2Tg mice compared to WT mice. However, in the current 

study, following a moderately-severe TBI both SOCS2Tg and WT mice were found to 

have similar densities of EdU+ cells in the perilesional cortex. In order to analyse how 

the EdU+ cell response changed between the two injury severities, EdU cell counts 

from mild TBI and saline treated moderately-severe TBI SOCS2Tg and WT mice were 

compared (Figure 5.13). This comparison suggested that SOCS2Tg mice had similar 

EdU+ cell denisty after mild and moderately-severe TBI. This was unlike WT mice which 

had significantly lower EdU+ cell density compared to SOCS2Tg mice after mild TBI, 

which increased to SOCS2Tg levels after moderately-severe TBI.  

 

 
Figure 5.13: Comparison of injury-induced cell proliferation between mild and 

moderately-severe TBI in SOCS2Tg and WT mice 

EdU cell counts from mild TBI (Chapter 4) and saline treated moderately-severe TBI 

SOCS2Tg and WT mice (current study) were compared. SOCS2Tg mice were found to have 

a comparable EdU+ cell density in the perilesional cortex after mild and moderately-severe 

TBI. WT mice had approximately 2 fold lower EdU+ cell density in the perilesional cortex 

after mild TBI compared to mild TBI SOCS2Tg mice or moderately-severe TBI SOCS2Tg and 

WT mice. Results show mean ± SEM, n=5-6 mice/group; **P<0.001 (Two-way ANOVA with 

Bonferroni post hoc).  
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 SOCS2Tg mice displayed an improved motor function outcome on the horizontal 5.3.5

ladder test at 7d post moderately-severe TBI independent of EPO treatment  

All SOCS2Tg and WT mice underwent motor function testing at -14 and 3, 7 and 33d 

post moderately-severe TBI. A naïve WT mouse group was also tested together with 

the sham and injured groups at these time points. The horizontal ladder test was used 

to assess motor function deficit in the right forepaw. Horizontal ladder pre-test 

showed that both SOCS2Tg and WT mice made foot faults in the naïve state and this 

was not different between genotypes (Figure 5.14A).  While the average number of 

foot faults pre-injury for both groups was 2, there was a large variation between 

individual mice ranging from 0 to 6 foot faults within each group. Given this large 

variation in pre-injury foot fault number, foot fault data was analysed relative to pre-

test following TBI. After moderately-severe TBI statistical analysis showed a significant 

effect of injury at 2 (F(1,38)=5.8; P=0.0209), 7 (F(1,37)=11.18; P=0.0019) and 33d 

(F(1,38)=7.2; P=0.0107). Post hoc analysis showed a significantly greater number of foot 

faults relative to pre-test for injured WT saline treated mice compared to the sham WT 

saline treated group at 2, 7 and 33d post-injury (Figure 5.14B-D). Injured SOCS2Tg 

saline treated mice showed a significantly greater number of foot faults relative to pre-

test at 2d post-TBI, but no significant differences were found at 7 or 33d post TBI. 

Injured SOCS2Tg and WT EPO treated mice showed no significant differences in foot 

faults relative to pre-test compared to sham SOCS2Tg and WT EPO treated groups at 

any time point post-injury.  
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Figure 5.14: Horizontal ladder test pre and post moderately-severe TBI in SOCS2Tg 

and WT mice indicates improved functional recovery by SOCS2 overexpression and 

EPO treatment  

The number of foot faults made by the right forepaw of SOCS2Tg and WT mice was 

examined using the horizontal ladder 14 days pre-injury and 2, 7 & 33 days post injury 

(dpi) (see methods 2.5.1). All mice made right forepaw foot faults prior to injury but no 

genotype differences were present (A). At 2dpi injured only WT saline and injured SOCS2 

saline treated mice showed a significant increase in foot faults compared to sham groups 

(B). At 7 (C) and 33dpi (D) only injured WT saline treated mice showed significantly greater 

foot faults compared to sham. Results show mean foot fault score ± SEM relative to pre-

test (Score = Post TBI – Pre TBI); n= 23-33 mice/group (pre-injury) and n=5-10 mice/group 

(2, 7 & 33dpi); *P<0.05, **P<0.01, ****P<0.0001 (Two-way ANOVA with Bonferroni post 

hoc; B-D).  
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 A genotype but no injury effect was present in motor function as assessed by 5.3.6

DigiGait  

The overall gait of SOCS2Tg and WT mice was also assessed before and after 

moderately-severe TBI by DigiGait analysis. Pre-injury data was first analysed for 

potentially confounding genotype differences (Figure 5.15). DigiGait analyses did 

reveal genotype differences for some gait parameters. Naïve SOCS2Tg mice had a 

longer stride time, stance time, stride length and swing time and a reduced stride 

frequency compared to naïve WT mice. The parameters for braking time and 

propulsion time were unchanged between genotypes.  To determine if the genotype 

specific pre-test differences were further confounded by gender differences, the data 

was separated into male and female groups and re-analysed (Figure 5.16). No gender 

differences were observed for SOCS2Tg mice. However, a gender difference 

accompanied by a significant gender/genotype interaction was observed for the 

braking time parameter in WT females which had a shorter braking time than WT 

males (Figure 5.16E; Gender: F(1,43)=7.8; P=0.0078, Interaction: F(1,43)=4.7; P=0.0357). 

While not significant, there was also a trend towards WT females having a shorter 

stride length and increased stride frequency than WT males. Additionally, the stride 

length and frequency parameter values for WT males were similar to SOCS2Tg males 

and females. Due to the inherent gait differences identified between genotype and 

gender, post TBI data was analysed relative to pre-test to control for these 

confounders and address TBI-specific genotype differences  

 

At 2d post moderately-severe TBI, no significant effects of injury or genotype/EPO 

treatment were identified for any DigiGait parameters relative to pre-test (Figure 

5.17). The same was true at 7d post moderately-severe TBI where no overall effect of 

injury or genotype/EPO treatment was seen (Figure 5.18). However, post hoc analysis 

showed a significant increase in stance time and reduced stride frequency in injured 

WT saline treated mice compared to sham at 7d post moderately-severe TBI (Figure 

5.18B and D). There were no significant differences in DigiGait parameters at 33d post 

moderate injury (Figure 5.19). 
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Figure 5.15: DigiGait analysis of SOCS2Tg and WT mice 14d prior to moderately-

severe TBI indicated genotype differences in gait parameters 

DigiGait was used to perform automated gait analysis on SOCS2Tg and WT mice 14d prior 

to moderately-severe TBI (see methods 2.5.2). SOCS2Tg mice were found to have a longer 

stride time, stance time, stride length, swing time and a reduced stride frequency 

compared to WT mice. Results show mean gait value ± SEM; n=23 mice/group;. *P<0.05, 

**P<0.01 (Un-paired Student’s T-test; A-G). 
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Figure 5.16: DigiGait analysis showed subtle gender specific differences in SOCS2Tg 

and WT mice 14d prior to moderately-severe TBI 

DigiGait pre-test data was re-analysed to assess potential gender differences in the gait of 

SOCS2Tg and WT mice. A significant gender difference was found only for WT mouse 

braking time (E). Results show mean gait value ± SEM; n=10-14 mice/group; **P<0.01 (Un-

paired Student’s T-test; A-G). 
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Figure 5.17: DigiGait analysis showed no differences in SOCS2Tg and WT mouse gait 

2d post moderately-severe TBI 

DigiGait was used to perform automated gait analysis on SOCS2Tg and WT mice 2d post 

moderately-severe TBI. No significant effect of injury or genotype/EPO treatment was seen 

in any gait parameters after injury. Results show mean gait value ± SEM, relative to pre-

test (Score = Post TBI – Pre TBI); n=5-10 mice/group; A-G) 
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Figure 5.18: DigiGait analysis showed subtle changes WT mouse gait 7d post 

moderately-severe TBI 

DigiGait was used to perform automated gait analysis on SOCS2Tg and WT mice 7d post 

moderately-severe TBI. No significant effect of injury or genotype/EPO treatment was seen 

in gait parameters after injury. However, post hoc analysis showed a significant increase in 

stance time and reduction in stride frequency of injured WT saline treated mice compared 

to sham. Results show mean gait value ± SEM, relative to pre-test (Score = Post TBI – Pre 

TBI); n=4-8 mice/group; *P<0.05 (Two-way ANOVA with Bonferroni post hoc; A-G). 
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Figure 5.19: DigiGait analysis showed no differences in SOCS2Tg and WT mouse gait 

33d post moderately-severe TBI 

DigiGait was used to perform automated gait analysis on SOCS2Tg and WT mice 33d post 

moderately-severe TBI. No significant effect of injury or genotype/EPO treatment was seen 

in gait parameters after injury. Results show mean gait value ± SEM, relative to pre-test 

(Score = Post TBI – Pre TBI); n=5-10 mice/group; A-G) 
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 No genotype or injury differences were present in spatial memory or anxiety 5.3.7

behaviours 

The elevated plus maze (EPM) and Y maze (YM) were used for the assessment of any 

anxiety and spatial memory deficits following TBI, respectively. SOCS2Tg and WT mice 

were tested on the elevated plus maze -14 and 2, 7 and 33d post moderately-severe 

TBI. A naïve WT mouse group was also tested together with the sham and injured 

groups at these time points. Mice were allowed to explore the EPM for 5min at each 

time point. The pre-test did not show any significant differences in behaviour of 

SOCS2Tg and WT mice (Figure 5.20). Both SOCS2Tg and WT groups spent similar 

proportions of time in the closed and open arms of the EPM and made similar numbers 

of bouts into the open arms. They also did not show differences in level of activity 

while in the EPM as assessed by the total distance travelled. The test was repeated 

following injury but no injury/genotype/EPO treatment effects on anxiety behaviour 

were found at 2, 7 or 33d post-injury (Figure 5.21, 5.22 and 5.23). 

 

The spatial memory of SOCS2Tg and WT mice was tested by YM at -14 and 33d post 

moderately-severe TBI. For all trials, mice were first allowed to explore two of three 

arms in the maze with spatial cues for 5min. The arm where mice were first introduced 

into the maze was termed the home arm and the other available arm termed the 

familiar arm. Following a 1.5h inter-trial interval mice were returned back to the maze 

for a 5 minute test trial with access to a third novel arm. The pre-test did not show 

significant differences in genotype for the proportion of time spent in the three arms, 

number of bouts into a particular arm and the total distance travelled (Figure 5.24B, C 

and D). However, WT mice showed a significantly shorter latency to enter the novel 

arm than familiar arm (Figure 5.24A). SOCS2Tg mice also showed a trend for this but it 

was not statistically significant. At 33d post injury, no significant effect of injury or 

genotype/EPO treatment was seen on the proportion of time spent in the three YM 

arms, number of bouts into a YM arm and the total distance travelled relative to pre-

test (Figure 5.25B, C and D). However, post-hoc analysis showed increased latency to 

enter the familiar arm by injured SOCS2Tg saline treated mice compared to injured WT 

saline treated mice relative to pre-test (Figure 5.25A). 
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Figure 5.20: Pre-TBI elevated plus maze test found no differences in SOCS2Tg and WT 

mouse anxiety behaviours 

SOCS2Tg and WT mouse anxiety behaviours were tested 14d prior to moderately-

severe TBI (see methods 2.5.3). No significant genotype differences were identified in % 

time spent in closed arms (A), % time spent in open arms (B), number of bouts into 

open arm (C) and the total distance travelled in the maze (D). Results show mean ± 

SEM; n=24-36 mice/group; A-D. 
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Figure 5.21: Elevated plus maze test showed no differences in SOCS2Tg and WT 

mouse anxiety behaviours 2d post moderately-severe TBI 

SOCS2Tg and WT mouse anxiety behaviours were tested 2d post to moderately-severe 

TBI. No significant effect of injury or genotype/EPO treatment was identified in % time 

spent in closed arms (A), % time spent in open arms (B), number of bouts into open 

arm (C) and the total distance travelled in the maze (D) relative to pre-test (Score = 

Post TBI – Pre TBI), where zero means no difference, a positive number means 

increased time and a negative number means decreased time. Results show mean ± 

SEM; n=5-10 mice/group; A-D.  
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Figure 5.22: Elevated plus maze test showed no differences in SOCS2Tg and WT 

mouse anxiety behaviours 7d post moderately-severe TBI 

SOCS2Tg and WT mouse anxiety behaviours were tested 7d post to moderately-severe 

TBI. No significant effect of injury or genotype/EPO treatment was identified in % time 

spent in closed arms (A), % time spent in open arms (B), number of bouts into open 

arm (C) and the total distance travelled in the maze (D) relative to pre-test (Score = 

Post TBI – Pre TBI), where zero means no difference, a positive number means 

increased time and a negative number means decreased time. Results show mean ± 

SEM; n=5-10 mice/group; A-D. 
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Figure 5.23: Elevated plus maze test showed no differences in SOCS2Tg and WT 

mouse anxiety behaviours 33d post moderately-severe TBI 

SOCS2Tg and WT mouse anxiety behaviours were tested 33d post to moderately-

severe TBI. No significant effect of injury or genotype/EPO treatment was identified in 

% time spent in closed arms (A), % time spent in open arms (B), number of bouts into 

open arm (C) and the total distance travelled in the maze (D) relative to pre-test (Score 

= Post TBI – Pre TBI), where zero means no difference, a positive number means 

increased time and a negative number means decreased time. Results show mean ± 

SEM; n=5-10 mice/group; A-D. 
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Figure 5.24: Y-maze test showed no pre-TBI spatial memory differences between 

SOCS2Tg and WT mice 

The spatial memory of SOCS2Tg and WT mice was tested by Y maze at 14d prior to 

moderately-severe TBI (see methods 2.5.4). Mice first explored two of three arms (Home 

and Familiar) for 5min. Following a 1.5h inter-trial interval mice were returned to the maze 

for a test trial of 5min with access to the third novel arm. WT but not SOCS2Tg mice 

showed a significantly shorter latency to enter the novel arm compared to familiar arm 

(A). No significant genotype differences were present in the proportion of time spent in 

the three arms (B), number of bouts into a particular arm (C) and the total distance 

travelled in each arm (D). Results show mean ± SEM (A-D); n=22-30 mice/group; 

***P<0.001 (Two-way ANOVA with Bonferroni post hoc; A-D).  
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Figure 5.25: Y-maze test showed no spatial memory deficits in SOCS2Tg and WT mice 

33d post moderately-severe TBI 

The spatial memory of SOCS2Tg and WT mice was tested by Y maze at 33d post 

moderately-severe TBI. Mice were tested using the same paradigm as the pre-test.  No 

overall effect of injury and genotype/EPO treatment was seen in the latency to enter the 

familiar arm or novel arm, however, post hoc analysis showed a significant difference in 

the latency to enter the familiar arm between injured SOCS2Tg saline treated and injured 

WT saline treated groups (A). No significant genotype differences were present in the 

proportion of time spent in the three arms (B), number of bouts into a particular arm (C) 

and the total distance travelled in each arm (D) relative to pre-test (Score = Post TBI – Pre 

TBI), where zero means no difference, a positive number means increased time and a 

negative number means decreased time. Results show mean ± SEM;n= 4-7 mice/group; 

***P<0.001 (Two-way ANOVA with Bonferroni post hoc; A-D). 
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 SOCS2Tg mice had a smaller lesion area compared to WT at 7d but not 35d post 5.3.8

injury 

The lesion area was measured of SOCS2Tg and WT mice 35d post moderate injury 

following haematoxylin and eosin (H and E) staining of coronal tissue sections (Figure 

5.26). There was no significant effect of genotype or EPO treatment on lesion area 

throughout the lesion site. The peak lesion area was confirmed to be near zero bregma 

for all groups. Given the improved motor function recovery at 7d post moderately-

severe TBI in SOCS2Tg mice, a new cohort of SOCS2Tg and WT mice given a 

moderately-severe TBI was taken at 7d post injury for tissue analysis. Lesion area 

measurement following H and E staining confirmed a peak lesion area at zero bregma 

and revealed a statistically significant effect of genotype (F(1,73)=12; P=0.0008) where 

SOCS2Tg mice showed a trend towards a smaller lesion area compared to WT mice. 

However, no significant differences were found at specific bregma points between 

genotypes post hoc (Figure 5.27).  

 

 Newborn neuroblasts and oligodendroglia were present in the perilesional 5.3.9

cortex at 7d post moderately-severe TBI in SOCS2Tg and WT mice 

To determine whether SOCS2 overexpression had an effect on neuroblast proliferation 

or survival at the perilesional cortex 7d post moderately-severe TBI, tissue was 

immunostained for the immature neuron marker doublecortin (Dcx) and EdU (Figure 

5.28 and 5.29). Dcx+ cells were present at approximately equal densities  throughout 

the area of perilesional cortex 7d after injury and there were no differences between 

SOCS2Tg and WT mice. Newly generated EdU+Dcx+ cells were also present and made 

up 25-35% of the Dcx+ cell population in the perilesional cortex of both genotypes. 

Oligodendrogenesis was also examined by immunostaining for Olig2 and EdU (Figure 

5.28 and 5.30). No significant difference was present between SOCS2Tg and WT mice 

in the density of Olig2+ or EdU+Olig2+ cells in the perilesional cortex 7d post injury. For 

both SOCS2Tg and WT mice, EdU+Olig2+ cells made up 30-40% of the Olig2+ cell 

population in the perilesional cortex. 
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Figure 5.26: Lesion area of SOCS2Tg and WT mice was not different 35d post 

moderately-severe TBI 

Lesion area of injured SOCS2Tg and WT mice was assessed by haemotoxylin and eosin (H & 

E) staining of coronal tissue sections (see methods 2.7.3). Representative images, 

indicating the traced lesion area, from injured WT saline, SOCS2Tg saline, WT EPO and 

SOCS2 EPO (A) treated mice are shown. There were no significant differences found in 

lesion area between genotypes or after EPO treatment (B), results show mean area ± SEM; 

n=4-6 mice/group. Scale bar = 500µm. 
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Figure 5.27: SOCS2Tg mice had a smaller lesion area than WT mice 7d post 

moderately-severe TBI 

Lesion area of injured SOCS2Tg and WT mice was assessed by haemotoxylin and eosin 

staining of coronal tissue sections (see methods 2.7.3). Representative images, indicating 

the traced lesion area, from injured WT and SOCS2Tg mice are shown (A). A significant 

effect of genotype was present in lesion area between genotypes (F(1,73)=12; P=0.0008; 

Two-way ANOVA) but no significant differences were found in post hoc analysis, results 

show mean area ± SEM; n=5-8 mice/group (B). Scale bar = 500µm. 
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Figure 5.28: Staining for EdU+Dcx+ and EdU+Olig2+ cells to identify newly proliferated 

neuroblasts and oligodendrocytes 7d after moderately-severe TBI 

The perilesional cortex of SOS2Tg and WT mice was analysed at 7d post moderately-severe 

TBI for EdU+Dcx+ (newborn neuroblasts) and EdU+Olig2+ (newborn oligodendroglial) cells. 

Representative images of WT (A, C) and SOCS2Tg (B, D) cortex are shown.  EdU+Dcx+ cells 

(A, B) and EdU+Olig2+ (C, D) were present in both WT and SOCS2Tg perilesional cortex. 

Scale bar = 100 µm. Examples of co-labelled cells are indicated by arrows. 
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Figure 5.29: Neuroblast proliferation or generation was not different between 

SOCS2Tg and WT mice after moderately-severe TBI 

The perilesional cortex of SOCS2Tg and WT mice was analysed 7d post moderately-severe 

TBI for EdU+Dcx+ cells (see methods sections 2.6.2, 2.7.2 and 2.8). Dcx+ neuroblasts were 

present in the perilesional cortex of both SOCS2Tg and WT mice but no genotype 

differences in Dcx+ cell density (A, B), EdU+Dcx+ cell density (C, D) or percent of Dcx+ cells 

co-labelled with EdU (E, F) were seen. Results show mean ± SEM; n=7-8 mice/group; A-D.  
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Figure 5.30: Oligodendrogenesis was unaffected by SOCS2 overexpression 7d post 

moderately-severe TBI 

The perilesional cortex of SOCS2Tg and WT mice was analysed 7d post moderately-severe 

TBI for EdU+Olig2+ cells (see methods sections 2.6.2, 2.7.2 and 2.8). Olig2+ neuroblasts 

were present in the perilesional cortex of both SOCS2Tg and WT mice but no genotype 

differences in Olig2+ cell density (A, B), EdU+Olig2+ cell density (C, D) or precent of Olig2+ 

cells co-labelled with EdU (E, F) were seen. Results show mean ± SEM; n=7-8 mice/group; 

A-D. 
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 The area covered by M2-like but not M1-like macrophages/microglia in the 5.3.10

perilesional cortex was greater in SOCS2Tg mice at 7d post injury 

In Chapter 4, SOCS2Tg mice displayed an altered inflammatory cell response 35d post 

mild TBI. In the current study, SOCS2Tg displayed an improved motor function 

outcome at 7d post moderately-severe TBI. To examine if there was alteration in 

inflammatory cell responses of SOCS2Tg mice at 7d post moderately-severe TBI, tissue 

was immunostained for Ly-6B.2 (Neutrophils) (Figure 5.31), GFAP (activated 

astrocytes), CD11b (general macrophage/microglia marker), CD16/32 (pro-

inflammatory M1 macrophage/microglia marker) or CD206 (anti-inflammatory M2 

macrophage/microglia marker) (Figure 5.32 -5.34).  

 

A small number of infiltrating neutrophils were seen in the perilesional cortex of both 

SOCS2Tg and WT mice (Figure 5.31). Neutrophils were scattered at similar densities 

throughout the lesion site and no genotype differences were observed. The GFAP+, 

CD11b+, CD16/36+ and CD206+ cell response was analysed by measuring the 

thresholded area of the stained perilesional cortex of SOCS2Tg and WT mice on 

ImageJ. This method of analysis was chosen due to the high density of astrocyte and 

macrophage/microglial staining at this early and more severe post-TBI time point. An 

effect of genotype (F(1,81)=7.2; P=0.0089) and bregma (F(5,81)=3; P=0.0143) was present 

for the GFAP+ cell response at 7d post injury but no specific differences were identified 

by post hoc analysis (Figure 5.32). The effect of genotype most likely reflects the trend 

seen for a greater GFAP+ area from bregma 300 to 900 µm in SOCS2Tg mice. The area 

covered by CD11b+ cells was not significantly different between genotypes (Figure 

5.34A and B). There was an effect of bregma position (F(5,84)=2.5; P=0.0365)  with 

higher levels of CD11b+ staining near the injury core at zero bregma compared to the 

lesion edge. M1 macrophage/microglia specific CD16/32 staining also showed no 

significant effect of genotype and no effect of bregma (Figure 5.34C and D). M2 

macrophage/micrgolia specific CD206 staining was lower density than CD16/32 and 

had high background staining. However, thresholding was able to separate CD206+ 

staining from background. An effect of genotype was present for CD206 staining and a 

significantly greater area covered by CD206+ cells at -600 and 600µm from bregma 

found in SOCS2Tg mice compared to WT (Figure 5.34E and F;F(1,84)=15; P=0.0002). 
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Figure 5.31: Neutrophil infiltration 7d post moderately-severe TBI in SOCS2Tg and 

WT mouse perilesional cortex 

Immunostaining for neutrophil showed a small number of infiltrating cells in the 

perlesional cortex (see methods sections 2.7.1 and 2.8). Representative images of SOCS2Tg 

and WT mouse neutrophil (anti-Ly-6B.2) staining are shown (A), scale bar = 100µm. 

Quantification of Ly-6B.2+ cells showed similar densities of cells throughout the lesion site 

(B) and no genotype differences (B and C). Results show mean ± SEM; n=7-8 mice/group; B 

and C.  
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Figure 5.32: Astrocyte response showed bregma specific genotype differences 

between SOCS2Tg and WT mice 7d post moderately-severe TBI  

Immunostaining for GFAP (astrocytes) showed a large density of activated astrocytes in 

the perilesional cortex (see methods sections 2.7.1 and 2.8). Representative images of 

SOCS2Tg and WT mouse GFAP staining are shown (A), scale bar = 500µm. GFAP+ cells were 

quantified by measurement of thresholded area of perilesional cortex. A significant effect 

of bregma position (F(5,81)=3; P=0.0143; Two-way ANOVA) and genotype (F(1,81)=7.2; 

P=0.0089; Two-way ANOVA) was present when analysed over the lesion site, but no 

significant differences were found in post hoc analysis (B). No genotype difference was 

present when analysed as overall average area (C). Results show mean ± SEM; n=7-8 

mice/group; B and C.  
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Figure 5.33: Immunohistochemical staining for macrophage/microglia 7d post 

moderately-severe TBI in SOCS2Tg and WT mice 

The inflammatory cell response in SOCS2Tg and WT mice was assessed 7d post 

moderately-severe TBI. Representative images of coronal tissue sections stained with 

CD11b (A, B), CD16/32 (C, D) and CD206 (E, F) are shown for WT (A, C, E) and SOCS2Tg (B, 

D, F) mice, scale bar = 500µm. Higher magnification images are shown of CD206 staining 

for WT (G) and SOCS2Tg (H), scale bar = 100 µm.  Examples of cells considered to be 

CD206+ are indicated by arrows.  
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Figure 5.34:  SOCS2Tg mice had a greater density of M2-like macrophage/microglial 

cells 7d post moderately-severe TBI 

The response of CD11b+ activated macrophage/microglia, CD16/32+ M1 

macrophages/microglia and CD206+ M2 macrophages/microglia was assessed 7d post 

moderately-severe TBI (see methods sections 2.7.1 and 2.8). No effect of genotype or 

bregma position was seen on CD11b+ (A, B) and CD16/32+ (C, D) cell responses. SOCS2Tg 

mice showed a significantly greater CD206+ area compared to WT mice (E, F). Results show 

mean ± SEM; n=7-8 mice/group; *P<0.05 (Two-way ANOVA with Bonferroni post hoc; A-F). 
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 Q-PCR did not reveal any genotype differences in M1 and M2-like macrophage/ 5.3.11

microglial gene expression at 7d post injury  

Immunohistochemistry for M1 and M2-like macrophages/microglia 7d post moderate 

injury suggested an altered activated macrophage/microglial response in SOCS2Tg 

compared to WT mice. Specifically, the greater area covered by CD206+ cells in 

SOCS2Tg perilesional cortex, suggested the presence of more M2-like 

macrophages/microglia than in the WT perilesional cortex. Therefore, the expression 

of M1 and M2 macrophage/microglia associated genes was analysed by q-PCR to 

further elucidate changes in the balance of M1 and M2 microglia in SOCS2Tg and WT 

mice 7d post moderate injury (Figure 5.35). No differences in gene expression were 

present between SOCS2 naïve and WT naïve mice. For injured SOCS2Tg and WT mice 

gene expression was expressed as fold change after injury compared to naïve mice. All 

M1 and M2 associated genes showed an up-regulation of RNA expression after injury 

verses naïve control in SOCS2Tg and WT mice. All M1 and M2 genes showed a trend 

towards up-regulation in the ipsilateral cortex compared to contralateral cortex, 

however for some genes this did not reach statistical significance due to large 

variability between biological replicates. No differences were seen in M1 and M2 

marker expression between SOCS2T and WT mice. This was true also for the M2 gene 

marker CD206, for which a genotype difference was observed by 

immunohistochemistry. 
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Figure 5.35: M1 and M2-like macrophage/microglia gene expression was similar in 

the cortex of SOCS2Tg and WT mice 7d post moderately-severe TBI 

Fresh cortical tissue was obtained from SOCS2Tg and WT mice 7d post moderate injury as 

well as naïve mice and analysed by q-PCR for expression of various M1 and M2 

macrophage/microglia-like genes (see methods sections 2.10). Gene expression was 

analysed as a fold change after TBI versus naïve control and the ipsilateral and 

contralateral cortex of injured mice compared. M1-like genes; iNOS (A), CD32 (B), CD16 

(C), CD86 (D), CD11b (E), IFN-γ (F) and M2-like genes; CD206 (G), Arg1 (H), CCL-22 and 

Ym1/2 (J) all showed an increase in expression after injury relative to naïve. All genes 

showed a trend towards up-regulation in the ipsilateral cortex compared to contralateral 

cortex. However, for some genes this was not statistically significant due to variability 

between biological replicates. Results show mean ± SEM; n=3-6 mice/group; *P<0.05, 

**P<0.01 (One-way ANOVA with Bonferroni post hoc; A-J). 
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 Discussion   5.4

 SOCS2 overexpression or EPO treatment does not enhance newborn neuron 5.4.1

survival in the perilesional cortex after moderately-severe TBI 

In Chapter 4, it was observed that after mild TBI no newborn neurons were present in 

the perilesional cortex of both SOCS2Tg and WT mice. It was hypothesised that this 

outcome may have been due to insufficient numbers of NPCs migrating to the 

perilesional cortex, NPC death due to the toxic injury microenvironment and/or a 

change of NPC cell fate from neuronal to glial. In the current study SOCS2Tg and WT 

mice were administered EPO due to its potential neuroprotective effects to determine 

whether encouraging a less toxic microenvironment following TBI would promote 

newborn neuron survival (Cherian et al., 2007; Xiong et al., 2010). Additionally, the 

injury was increased to one of moderate severity to encourage a more robust NPC 

response and allow for the assessment of injury-induced behavioural deficits and 

recovery in SOCS2Tg and WT mice.  

 

A small density of EdU+NeuN+ newborn neurons were seen in the cortex of sham and 

injured mice of both genotypes at 35d post-injury, independent of EPO treatment. 

However, neither EPO treatment nor SOCS2 overexpression had an effect on the 

density of newborn neurons observed. There was also a large variation in newborn 

neuron counts between mice in both SOCS2Tg and WT groups. Presence of EdU+NeuN+ 

cells in the cortex 35d post moderately-severe TBI and not mild TBI suggests that the 

injury severity played a role in this result. It may be that, compared to the mild TBI 

paradigm, moderately-severe TBI caused greater tissue damage and cell loss thereby 

inducing a more robust response by NPCs. A greater number of NPCs responding to the 

injury would therefore increase the chances of observing limited numbers of injury-

induced newborn neurons in the perilesional cortex. Recent research has also shown 

that NPCs play a neuroprotective role in the injured cortex (Dixon et al., 2014). 

Therefore, a greater number of NPCs in the perilesional cortex after moderately-severe 

TBI may have created a more favourable microenvironment for newborn neurons to 

survive. In light of this hypothesis, it is surprising that newborn neurons were observed 

in sham mice and also in limited numbers in the contralateral cortex of both sham and 

injured mice. In terms of the injured contralateral cortex, the presence of newborn 
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neurons may again be explained by greater numbers of NPCs migrating to both 

hemispheres of the brain. However, this would not apply to sham mice as they did not 

receive a trauma of increased severity. Another possibility may be that behavioural 

testing at 2 and 7d post-injury was enough of an increase in physical activity early after 

moderately-severe TBI to induce exercise induced neurogenesis in sham and injured 

mice. Indeed exercise induced neurogenesis is well established in the literature and 

has also been shown to be neuroprotective after TBI in rodent models (Chae et al., 

2014; Griesbach et al., 2004; Itoh et al., 2011; Van Praag et al., 1999). 

 

Overall, SOCS2Tg overexpression and EPO treatment did not enhance newborn neuron 

survival in the cortex after moderately-severe TBI in this study.  In terms of SOCS2 

regulated adult neurogenesis, it needs to be considered that NPCs in the perilesional 

cortex after TBI are of SVZ origin and it remains to be determined whether SOCS2 

regulates SVZ-derived NPCs in a similar manner to SGZ-derived NPCs under non-injury 

conditions. There are many differences in SVZ- and SGZ-derived NPCs in their response 

to a variety of growth factors and cytokines (Christie and Turnley, 2012), which may 

also include effects of SOCS2.  

 

 SOCS2Tg mice do not show an altered macrophage/microglial cell response or 5.4.2

astrogliosis 35d after moderately-severe TBI  

Similar to mild TBI (Chapter 4), astrocytes and oligodendroglia showed a significant 

increase in proliferation in the perilesional cortex following moderately-severe TBI. 

Also, oligodendrogenesis did not show an effect of genotype or EPO treatment. 

However, unlike mild TBI, macrophage/microglial proliferation and astrogliosis was not 

further enhanced in SOCS2Tg mice compared to WT. There was also no effect of EPO 

treatment on the injury-induced proliferation of these cells. The comparison of overall 

EdU+ cell density in the perilesional cortex of SOCS2Tg and WT after mild and 

moderately-severe TBI revealed that SOCS2Tg mice had a similar density of EdU+ cells 

after both injury severities, whereas WT mice had a 2 fold reduction in EdU+ cell 

density in the perilesional cortex after mild TBI which became comparable to SOCS2Tg 

mice after moderately-severe TBI. This suggests that moderately-severe TBI may have 

induced a near maximal proliferative cell response in SOCS2Tg and WT mice. 
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Therefore, the robust inflammatory and glial cell response after that moderately-

severe TBI may have masked any effects of SOCS2 overexpression that were observed 

after mild TBI. Also, given that WT mice had fewer proliferative cells than SOCS2Tg 

mice after mild TBI and that these cells largely encompassed EdU+CD11b+ 

macrophage/microglia, this may also suggest SOCS2Tg macrophage/microglia are 

better primed or hypersensitive to injury-induced inflammatory mediators than WT 

macrophage/microglia.  

 

The analysis of CD11b+ cell spread also suggested a dampening of microglial 

proliferation in moderately injured SOCS2Tg EPO treated mice to WT levels. While 

there is some evidence in the literature that EPO can have anti-inflammatory effects 

after TBI, EPO treatment did not induce a further reduction in macrophage/microglial 

proliferation in WT mice (Chen et al., 2007a; Chong et al., 2003). This apparent 

SOCS2Tg specific action of EPO on macrophage/microglial proliferation needs further 

exploration. Indeed a relationship between EPO and SOCS2Tg has been suggested in 

EPO-induced SVZ neurogenesis (Wang et al., 2004). Also, EPO signals through JAK2 and 

STAT5 which are also activators of SOCS2 expression (Hasselblatt et al., 2006). Thus, if 

EPO also induces SOCS2 expression in macrophage/microglial cells and the effect of 

SOCS2 is macrophage/microglial cell specific, an inflammatory response similar to 

saline treated SOCS2Tg mice could be expected in EPO treated WT mice, but this was 

not the case.  This suggests a complex role of EPO on SOCS2 function that may be cell 

type specific or dependent on the extracellular microenvironment and requires further 

studies to elucidate the mechanism. 

 

 SOCS2Tg mice showed a preservation of motor function at 7d post moderately-5.4.3

severe TBI 

SOCS2Tg and WT mice were tested for motor function and cognitive behaviour deficits 

after moderately-severe TBI. The EPM and YM tests revealed no significant differences 

in cognitive behaviour between genotypes, injury or EPO treatment. However, 

previous work has shown that under basal physiological conditions SOCS2Tg mice had 

less anxious behaviour on the EPM than WT mice (Ransome and Turnley, 2008). It is 

possible that this discrepancy is due to environmental changes the SOCS2Tg mouse 
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colony has faced since the previous study. These environmental changes included re-

location of the mouse colony to a new specific pathogen free facility, changed housing 

conditions from open top cages to individually ventilated cages and a new behavioural 

testing facility. In the YM, WT mice showed a significantly shorter latency period to 

enter the novel arm compared to familiar arm. This result was most likely a function of 

the many outliers that were present in both groups than a real group difference and 

indicates that larger numbers of mice need to be included in the analyses due to the 

variability in results.  Similar reasoning is likely true for the significantly greater latency 

to enter the familiar arm observed for injured SOCS2Tg saline treated mice compared 

to injured WT saline treated mice 33d post-injury. Indeed following injury some sham 

and injured mice from both genotypes did not perform normally on the YM test. These 

mice, upon introduction into the home arm at the beginning of the test, remained in 

the home arm without much movement for greater than 100sec before moving to 

explore the other arms. These outliers did not belong to any one particular group and 

were therefore excluded from YM analysis so as to not confound data. Exclusion of 

these outliers also reduced the total n of certain groups therefore contributing to the 

variation in data.  

 

The absence of robust injury-induced cognitive behavioural deficits in this study may 

be explained by the location of the injury.  Our CCI model targets the left sensorimotor 

cortex and is centred over the left lateral ventricle. The edge of the injury extends to 

the cortical area over the very anterior of the hippocampus but does not cause direct 

hippocampal injury.  More targeted unilateral hippocampal damage generated by CCI 

has been associated with significant cognitive impairments on EPM and YM tests in 

rodents (Wagner et al., 2007; Washington et al., 2012; Zou et al., 2013). Thus, the 

absence of hippocampal regulated cognitive behaviour deficits in our TBI model, as 

tested by the EPM and YM, is likely due to an absence of significant hippocampal 

damage. 

 

As expected from the location of the injury, measureable motor deficit on the 

horizontal ladder was present in mice given a moderately-severe TBI. At 2d post-injury, 

SOCS2Tg and WT saline treated mice showed a significant increase in foot faults 
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compared to sham. At 7 and 33d post-injury, only WT saline treated mice showed a 

significant motor function deficit compared to sham. EPO treated SOCS2Tg and WT 

mice did not show motor function deficit compared to sham at any time point. This 

suggests that SOCS2 overexpression and EPO treatment helped improve or preserve 

motor function following moderately-severe TBI. This motor function outcome was not 

robustly supported by DigiGait analysis as no gait parameters showed an effect of 

genotype or injury relative to pre-test at 2 or 33 post-injury. However, at 7d post-

injury, WT saline treated mice showed significantly decreased stride frequency and 

increased stance time compared to sham which may be reflective of potential gait 

deficits in this group. Pre-injury DigiGait analysis revealed significant genotype and 

gender differences in stride time, stance time, stride length, stride frequency and 

swing time. These differences most likely reflected differences in mouse size as 

SOCS2Tg male and female mice are larger than WT male and female mice. A larger 

mouse would be hypothesised to have a longer stride length and in turn a reduced 

stride frequency and increased swing time of limbs, which was the case for SOCS2Tg 

mice compared to WT mice. The absence of an effect of injury on DigiGait parameters 

at 2 and 33d post-injury is perhaps not an accurate reflection of motor function in 

SOCS2Tg and WT mice at these time points. This is because a deficit in right forepaw 

sensorimotor function was clearly evident in injured mice on the horizontal ladder test. 

This discrepancy between motor function tests suggests that DigiGait analysis was not 

the most relevant test for our injury model. This is because our injury model does not 

cause paralysis of the right forelimb and mice are able to walk as normal on a flat 

surface such as the DigiGait treadmill (Chen et al., 2014).  However, the horizontal 

ladder is specifically able to test forepaw motor function and grip which is required to 

prevent foot slips on the ladder metal rungs.  

 

 SOCS2Tg mice had a smaller lesion area and more M2-like macrophages/ 5.4.4

microglia in the perilesional cortex 7d post moderately-severe TBI 

At 7d post moderately-severe TBI, when motor deficit peaked in WT mice, SOCS2Tg 

mice also had a comparatively smaller lesion area.  This was accompanied by an 

increased density of M2-like anti-inflammatory macrophages/microglia and an equal 

density of M1-like pro-inflammatory macrophages/microglia in SOCS2Tg mice 
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compared to WT. The smaller lesion area at 7d suggests a neuroprotective effect of 

SOCS2 overexpression after moderately-severe TBI.  The mechanism of this potential 

neuroprotective effect is unclear. However, a greater number of M2-like 

macrophages/ microglia in the SOCS2Tg perilesional cortex would suggest a 

mechanism involving the promotion of an anti-inflammatory environment in the acute 

injury phase, similar to the role of SOCS2 in the peripheral innate immune response 

(Machado et al., 2006). The peak M2 response following TBI has been suggested to 

occur 3 to 5d following TBI (Guohua et al., 2013; Hu et al., 2012b; Turtzo et al., 2014). 

Therefore, it may be that M2-like macrophages/ microglia were present at even 

greater numbers in SOCS2Tg mice at earlier time points post-injury. While there is 

evidence in the literature for SOCS2 regulating anti-inflammatory peripheral immune 

responses, this is the first study to show a potential effect of SOCS2 on M2 

macrophage polarisation in the CNS following TBI.  In the periphery, SOCS2 deficiency 

increases neutrophil infiltration into the spleen after infection (Machado et al., 2006) 

but no effect of SOCS2 overexpression was seen on neutrophil numbers in the 

perilesional cortex at 7d post TBI in this study . A greater density of astrocytes was also 

suggested to be present in the SOCS2Tg ipsilateral cortex. However, this result may be 

a function of the lesion area rather than genotype because injury-induced astrogliosis 

was not isolated to the lesion edge but was present in the entire ipsilateral cortex of 

both WT and SOCS2Tg mice. Therefore, SOCS2Tg mice which had a greater area of 

preserved cortex may have confounded this result.  

 

TBI induced NPC proliferation/migration was also suggested in both WT and SOCS2Tg 

mice by the presence of Dcx+ and Dcx+EdU+ cells in the perilesional cortex 7d after 

moderately-severe TBI. Given that only 25-35% of Dcx+ cells were EdU+ at 7d post 

moderately-severe TBI, this suggests that our EdU labelling paradigm may have 

underestimated injury-induced neurogenesis at 35d post moderately-severe TBI. This 

may have also been the case at 35d post mild TBI where no injury-induced 

neurogenesis was seen (Chapter 4). However, SOCS2Tg overexpression did not have an 

effect on NPC proliferation/migration at 7d post TBI and the same was true for 

oligodendrogenesis. This suggests that in a cortical injury environment, SOCS2 has an 
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important and novel role in regulating the inflammatory cell response but may not 

directly regulate SVZ-derived NPCs, unlike SGZ-derived NPCs in the hippocampus.  

 

 An altered M1/M2 macrophage/microglia response at 7d post moderate injury 5.4.5

was not found by q-PCR 

Despite immunohistochemical suggestion of a greater M2 macrophage/microglial 

response in SOCS2Tg mice 7d after moderately-severe TBI, no alteration in M1/M2 

mRNA expression levels was seen between genotypes by q-PCR. However, it needs to 

be considered that 7d post moderately-severe TBI may be a transition period where 

macrophages/microglia are shifting towards a predominantly M1 phenotype. 

Therefore, the q-PCR analysis may not have been sufficiently powered to detect 

potentially subtle differences in M2 marker expression between genotypes at this time 

point. As such it would be necessary to look at earlier time points after injury when the 

M2 response is at its peak, as well as assess additional markers, to clearly determine 

whether SOCS2 overexpression is altering the M1/M2 polarity following injury. It will 

also be important assess this immunohistochemically and address the extent to which 

macrophages/microglia co-label for M1/M2 markers over time after TBI between 

genotypes. Indeed there is increasing acceptance that macrophages/microglia very 

rarely exist as purely M1 or M2 and a differing balance of M1/M2 markers determine 

the extent of  pro or anti-inflammatory action of these cells (Hsieh et al., 2013).  

 

 Summary 5.4.6

This study suggests the importance of injury severity in being able to detect adult 

neurogenesis in the perilesional cortex. Newborn neurons were identified in the 

perilesional cortex 35d following moderately-severe TBI and in equal numbers 

between genotypes. Unlike after mild TBI (Chapter 4), no genotype difference was 

observed in macrophage/microglial proliferation after moderately-severe TBI. 

However, SOCS2Tg mice were found to have an improved motor function outcome at 

7d post TBI compared to WT mice. This was accompanied by a smaller lesion area and 

greater numbers of M2-like macrophages/microglia in the perilesional cortex. 

Therefore, a novel role for SOCS2 in inflammatory cell regulation was identified in the 

CNS which needs to be further investigated.
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 Overview of major findings  6.1

SOCS2 has been previously described to have important roles in both developmental 

and adult neurogenesis under basal physiological conditions. This thesis aimed to 

substantiate and further dissect  the previously described role for SOCS2 in enhancing 

newborn adult hippocampal neuron survival (Ransome and Turnley, 2008) and to 

examine whether SOCS2 may aid newborn neuron survival in the cortex following 

experimental TBI.  

 

 SOCS2 and endogenous hippocampal neurogenesis 6.1.1

The functional significance of SOCS2 in the adult hippocampus was previously shown in 

SOCS2 overexpressing SOCS2Tg mice which were found to have enhanced survival of 

newborn adult hippocampal neurons (Ransome and Turnley, 2008). However, whether 

this effect of SOCS2 was newborn neuron specific or the result of an altered 

hippocampal microenvironment was not addressed in the study. Given that SOCS2 was 

broadly expressed throughout the brain in the SOCS2Tg mice, including glial cells and 

other neurons, the environment into which newborn neurons integrated may have 

been more permissive, in addition to or instead of the newborn neurons being 

specifically affected. In Chapter 3, adult SOCS2KO mice were utilised to help dissect 

whether there is likely to be a direct or in-direct action of SOCS2 in the newborn 

hippocampal neurons mediating their survival. While SOCS2 was totally deleted from 

the SOCS2KO mice, given that normally the highest expression in the adult brain is the 

dentate gyrus and CA3 region (Polizzotto et al., 2000), those cells should be the ones 

most affected by the deletion.  

 

SOCS2 also has roles in regulating EGF and NGF mediated neurite outgrowth in 

cultured cortical and dorsal root ganglia neurons (Goldshmit et al., 2004a; Goldshmit 

et al., 2004b; Uren et al., 2014) and neurons differentiated from SVZ-derived 

neurospheres (Scott et al., 2006).  Given that the newborn neurons need to integrate 

into the local circuitry to survive (Turnley et al., 2014) and that ability to extend 

dendrites and dendritic spines is required for such integration, the in vitro findings that 

SOCS2 regulates neurite outgrowth suggested that this may also be a mechanism that 

regulates the ability of newborn neurons to extend neurites and integrate into circuitry 
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in vivo. Thus, the morphology of newborn adult hippocampal neurons in SOCS2Tg and 

SOCS2KO mice was analysed to elucidate whether this may be a functional mechanism 

by which SOCS2 mediates their survival. Adult SOCS2KO animals showed no deficits in 

neuroblast proliferation but were found to have a reduced number and proportion of 

surviving newborn hippocampal neurons compared to WT animals. Also, while no 

differences in newborn adult hippocampal neuron dendritic arborisation were 

identified between genotypes, SOCS2KO mouse neurons had a greater number of the 

more mature mushroom morphology spines.   

 

Overall, these findings suggest a role for SOCS2 in mediating newborn adult 

hippocampal neuron maturation and circuit integration, with a secondary effect on 

mature neuron survival. The functional mechanism for such a role of SOCS2 remains to 

be determined. Although there was an absence of the hypothesised morphological 

deficits in dendrites of mature SOCS2KO newborn hippocampal neurons, it may be that 

SOCS2 is important in newborn hippocampal neuron dendritic development at an 

earlier time point than that examined. Indeed a similar role has been suggested for 

Neuroligin-1, a protein important for functional synapse formation (Craig and Kang, 

2007; Schnell et al., 2014). Neuroligin-1 knockdown during the maturation of newborn 

adult hippocampal neurons decreased dendritic arborisation of those cells at 14d 

which recovered by 28d without any effect on spine density. Further, Neuroligin-1 

knockdown reduced survival of the newborn adult hippocampal neurons 2-3 weeks 

after birth (Schnell et al., 2014). Therefore, further studies of adult SOCS2KO mice 

examining newborn hippocampal neuron numbers and morphology at multiple stages 

of development are required.  

 

 SOCS2 and its novel role in injury-induced neuroinflammation 6.1.2

In addition to roles in the regulation of EGF and NGF signalling (Goldshmit et al., 

2004a; Goldshmit et al., 2004b; Uren et al., 2014), SOCS2 has been shown to modulate 

EPO signalling (Wang et al., 2004) with some evidence also suggesting a role in the 

regulation of the BDNF receptor, TrkB (A. Zamani, personal communication; 

unpublished  and Uren et al., 2014). Therefore, in addition to potentially mediating 

proper newborn hippocampal neuron maturation, a SOCS2 overexpressing brain was 

157 

 



Discussion     Chapter 6 

hypothesised to provide a potentially pro-neurogenic microenvironment. In Chapter 4, 

SOCS2Tg mice were analysed following a mild TBI in order to assess whether there was 

any positive impact of SOCS2 overexpression on the survival of SVZ-derived NPCs in 

the perilesional cortex. In this experimental TBI paradigm no newborn neurons were 

identified in the perilesional cortex of both SOCS2Tg and WT mice. Therefore, any 

effect of SOCS2 on newborn neuron survival in the cortex following TBI could not be 

established. A toxic injury microenvironment together with an insufficient induction of 

SVZ-derived NPC proliferation were hypothesised as contributing factors to this 

observed absence of newborn neurons. This hypothesis was addressed in Chapter 5 

and is discussed below. However, SOCS2Tg mice did display a strikingly enhanced 

proliferation CD11b+ macrophages/microglia in the perilesional cortex compared to WT 

mice after mild TBI. This result highlights the importance of microenvironment in the 

function of SOCS2, as this enhanced inflammatory cell proliferation phenotype was 

present following TBI only. This study was the first to show an effect of SOCS2 on 

neuroinflammatory responses. However, in the periphery SOCS2 has a defined role in 

the regulation of lipoxin mediated anti-inflammatory responses (Machado et al., 

2006). Given this effect of SOCS2, the injury-induced inflammatory response was 

further characterised in Chapter 5 and is discussed below. 

 

In Chapter 5, SOCS2Tg mice were given a moderately-severe TBI together with EPO 

treatment in order to encourage a more robust NPC response and a pro-survival 

cortical microenvironment for newborn neurons, respectively. These animals also 

underwent cognitive and motor function behavioural testing. In this moderately-

severe TBI paradigm, newborn neurons were observed in the cortex of both SOCS2Tg 

and WT mice. However, newborn neuron numbers were unaffected by SOCS2 

overexpression and/or EPO treatment suggesting that neither condition enhanced the 

survival of injury-induced SVZ-derived neuroblasts in the cortex. This result raises two 

possibilities; firstly, SOCS2 and EPO are unable to exert their potential pro-survival 

effects in a toxic cortical microenvironment generated after TBI. Secondly, with respect 

to SOCS2 function, it may not regulate SVZ-NPC development/maturation as it does for 

SGZ-NPCs. Indeed, SVZ and SGZ-derived NPCs can have varied responses to a range of 

other cytokines and growth factors which may include SOCS2 (Christie and Turnley, 
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2012).  Therefore, to begin to address this hypothesis the role for SOCS2 in SVZ-OB 

adult neurogenesis under non-injury conditions needs to be examined.  

 

While SOCS2 and EPO did not improve injury-induced adult neurogenesis, SOCS2 did 

have an apparent neuroprotective role in the preservation of mouse motor function 

following TBI and a similar trend was suggested for EPO. Neuroprotective  effects of 

EPO have been reported in the literature where EPO administration before and/or 

soon after neural injury prevented neuronal cell loss and improved functional 

outcomes (Bernaudin et al., 1999; Brines et al., 2000; Gorio et al., 2002; Ning et al., 

2011; Xiong et al., 2010), but a potentially neuroprotective role was a novel finding for 

SOCS2.  SOCS2Tg mouse brains were also assessed 7d post-moderately severe TBI. 

Neuroblasts were found in the perilesional cortex of both SOCS2Tg and WT mice, 

confirming injury-induced adult neurogenesis in our TBI paradigm. No genotype 

differences were observed and only 30-35% of neuroblasts were found to be co-

labelled with EdU. This revealed a limitation of our EdU labelling paradigm in detecting 

accurate levels of injury-induced neurogenesis, as the majority of neuroblasts at a 

cortical injury site are sourced from newly proliferated SVZ-NPCs (Salman et al., 2004) 

and should therefore be EdU labelled. Thus, for more robust studies of injury-induced 

adult neurogenesis an improved NPC labelling paradigm is required that captures a 

more complete neurogenic response. The simplest way to achieve this may be to 

increase EdU dosage and/or provide continuous infusion via an osmotic minipump so 

that all NPCs incorporate the EdU when in S-phase. Indeed the small number of 

newborn neurons observed in this study may have masked any subtle effects of SOCS2 

overexpression on injury-induced SVZ-NPCs.  

 

Lesion area analysis at 7d post-TBI, also the time point of peak motor function deficit 

in WT animals, revealed a smaller lesion size in SOCS2Tg injured mice compared to WT. 

SOCS2Tg mice also had increased numbers of anti-inflammatory M2-like 

macrophage/microglial cells in the perilesional cortex 7d post-injury, suggesting a 

potential mechanism by which SOCS2 improved behavioural and histological outcome 

following TBI. However, q-PCR analysis of M1 and M2 macrophage/microglia specific 

marker expression did not reveal any genotype differences 7d post-TBI.  Also, the 

159 

 



Discussion     Chapter 6 

enhanced overall activated macrophage/microglial response observed in SOCS2Tg 

mice 35d post mild TBI was not reproduced following moderately-severe TBI. This may 

have been due to a reduced effect size as a result of concurrently enhanced WT 

inflammatory response after increased severity TBI or due to a hyper-responsive state 

of SOCS2Tg macrophage/microglial cells that only a milder severity TBI could detect. 

These discrepancies between mild and moderately-severe TBI results suggest the need 

for a more thorough dissection of the inflammatory cell response at multiple time 

points post-TBI. Indeed, analysis of M1/M2 marker expression following a mild rather 

than moderately-severe TBI may be more appropriate to allow detection of potentially 

subtle differences that may become masked in a more intense inflammatory 

environment of a greater severity injury. 

 

 Future research directions  6.2

Many questions regarding the mechanism/s by which SOCS2 modulates adult 

hippocampal neurogenesis and neuroinflammatory responses under conditions of 

trauma remain to be answered. SOCS2 has been implicated in the regulation of EGF 

and NGF mediated neurite outgrowth in neural culture (Goldshmit et al., 2004a; Uren 

et al., 2014). However, the absence of deficits in dendritic tree morphology of 

SOCS2KO newborn adult hippocampal neurons suggests that SOCS2/EGF or 

SOCS2/NGF signalling may not be important for newborn hippocampal neuron 

dendrite development. New evidence has suggested a role for SOCS2 in the regulation 

of BDNF signalling based on its interaction with the BDNF receptor TrkB (A. Zamani, 

personal communication; unpublished, Uren et al., 2014). With important roles for 

TrkB/BDNF signalling in newborn hippocampal neuron integration, survival and 

dendritic spine formation (Kellner et al., 2014; Matteo et al., 2008; Wei et al., 2015), its 

association with SOCS2 will be important to characterise further. In addition to the 

molecular mechanism, a study examining endogenous adult hippocampal 

neurogenesis in SOCS2Tg mice with or without inhibition of BDNF signalling may help 

confirm a functional role for BDNF/SOCS2 signalling. It may also be important to assess 

potential effects of gender in SOCS2KO mouse adult hippocampal neurogenesis. While 

gender differences in endogenous adult hippocampal neurogenesis have not been 

found in WT C57BL/6 strain mice (Lagace et al., 2007), the genetic alteration of SOCS2 
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expression may produce some gender specific differences. Indeed, SOCS2 

overexpression has been found to have gender specific effects on dopaminergic 

signalling and associated behavioural outcomes (Ratnayake et al., 2015). 

 

Further, a role for endogenous inflammatory responses in SOCS2-mediated adult 

hippocampal neurogenesis cannot be discounted at this stage. Microglia have been 

found to play a regulatory role in normal adult hippocampal neurogenesis (Vukovic et 

al., 2012), and, given the potential role of SOCS2 in altering macrophage/microglial 

phenotype following TBI it may also play a role in regulating these cells in the normal 

hippocampus. Examining whether SOCS2 interacts with CX3CL1, a chemokine that 

induces a protective microglial phenotype (Zujovic et al., 2000) or crossing SOCS2Tg 

and SOCS2KO mice to CX3CL1 mutant mice may elucidate an interaction between these 

processes in normal hippocampal neurogenesis. Indeed, in relevance to the observed 

altered SOCS2KO newborn hippocampal neuron mature spine density, CX3CL1 also has 

important roles in microglia mediated synaptic pruning in the developing hippocampus 

(Paolicelli et al., 2011). 

 

SOCS2 overexpression was not found to improve injury-induced newborn survival at 

the perilesional cortex. However, given the role for SOCS2 overexpression in enhancing 

newborn adult hippocampal neuron survival in non-injury conditions, it may have a 

beneficial role for injury-induced hippocampal neurogenesis. This would be an 

important hypothesis to examine in future studies, as enhancing hippocampal 

neurogenesis may be important for the treatment of learning and memory deficits 

commonly seen in patients of mild TBI  (Bolouri and Zetterberg, 2015; Sun et al., 2015).  

 

The role of SOCS2 in injury-induced neuroinflammation could not be dissected in 

greater detail in this thesis due to time limitations. However, this is also an important 

aspect of SOCS2 biology that needs further examination, as finding strategies to 

manage injury-induced neuroinflammation are equally important for the successful 

treatment of TBI. To better characterise the role for SOCS2 in neuroinflammation a 

timecourse study analysing the injury-induced M1/M2-like macrophage/microglial 

response in SOCS2Tg and SOCS2KO animals is needed. Additionally, to assess the 
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microglial response in a controlled environment and establish a microglia specific 

effect of SOCS2, microglial cultures from SOCS2Tg and SOCS2KO animals can be 

studied for their response to TBI induced inflammatory stimuli. Also, a conditional 

SOCS2 overexpression system may allow a more complex analysis of the effect of 

SOCS2 overexpression at various time points following TBI. A conditional and/or NPC- 

or microglia- specific SOCS2 overexpressing mouse would also allow a better dissection 

of SOCS2 function in SGZ/SVZ-OB adult neurogenesis and neuroinflammation, 

respectively. 

 

The improved motor function outcome and greater preserved area of perilesional 

cortex in the SOCS2Tg mouse suggest a beneficial role for SOCS2 overexpression 

following TBI. The concurrently altered injury-induced inflammatory response in 

SOCS2Tg mice also suggests a mechanism for the improved outcome. As discussed 

above, further work is required for robust confirmation of a role for SOCS2 in 

regulating macrophage/microglial activation and/or polarisation towards M1 or M2 

phenotypes. However, even upon confirmation of a therapeutic role for SOCS2 

following TBI, a SOCS2 mimetic or SOCS2 specific agonist remains to be developed for 

therapeutic testing in animals or humans. Therefore, even upon mechanistic 

understanding, much work needs to be done to confirm the therapeutic benefit and 

safety of SOCS2 for its inclusion in a neuroregenerative cocktail for TBI treatment. 

 

 Summary and concluding remarks 6.3

This thesis aimed to further dissect the role for SOCS2 in adult hippocampal 

neurogenesis and explore its potential in aiding newborn neuron survival following 

experimental TBI. SOCS2 was shown to have an important role in mediating newborn 

adult hippocampal neuron survival by potentially regulating the newborn neuron 

maturation processes. Following experimental TBI, SOCS2 overexpression was not 

found to aid newborn neuron survival in the cortex. However, a novel role for SOCS2 in 

regulating macrophage/microglial response to TBI was identified. Therefore, SOCS2 

has important functions in the CNS which can vary in the context of microenvironment 

and/or cell type. Overall, this thesis suggests an important role for SOCS2 in 

endogenous adult hippocampal neurogenesis and has uncovered a potentially positive 
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role for SOCS2 in the context of a diseased or damaged brain which warrants further 

investigation. 
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