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Figure 4.5: Distribution of infarct over 8 coronal levels after 60 mins (left) and 45 mins 
(right) MCAO after 24 hrs of reperfusion.   

Shaded areas represent areas of infarction in one representative animal from each group 
(yellow- cortical and red- sub-cortical). 

 

Figure 4.5 shows median representative distribution of infarct over the 8 pre-determined 

coronal sections in mice occluded for 60 mins (Figure 4.5 left) and 45 mins (Figure 4.5 

right). Both cortex and sub-cortical areas were damaged and extent of damage was not 

significantly different. 

In this study, the infarcted histopathology was measured by separately measuring the cortical 

and sub-cortical regions. This analysis indicates that structures not consistently infarcted 

following MCAO in rats (Kanemitsu et al., 2002) such as the hippocampus and thalamus are 

also not consistently damaged in the mice (Figure 4.5).  

Previous studies in rodents have, in general, relied upon the use of the triphenyltetrazolium 

(TTC staining method) at relatively few coronal levels (Bederson et al., 1986, Tureyen et al., 
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2004). While the TTC method is quicker and hence easier, the present study used 

haematoxylin and eosin staining (H&E) - a clear demarcation line was seen between the 

ischaemia and normal area. One advantage of H&E staining, compared to TTC staining, is 

the ability to see detailed cellular morphology. The histological appearance of the infarct 

regions was consistent in both groups, the most remarkable features being the overall pale 

staining of the neuropil and the generalized presence of ‘triangular’ cells, indicated by a 

vacuolated cytoplasm and early stages of nuclear disintegration with neuronal shrinkage 

(Figure 4.6). 

 
 

Figure 4.6: Haematoxylin and eosin staining after 60 mins of occlusion and 24 hrs of 
recovery  

Normal tissue (top) and infarct tissue (bottom) showing triangular cells (black arrow) and 
shrunken cell (yellow arrows) in the infarcted area when compared to the healthy region. 
The coronal section from the atlas of the mouse brain (line diagram on the right) used as 
a reference to illustrate the regions measured (Bar scale = 50µm). 
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Figure 4.7: Impact of oedema correction on percent Lesion Volume (%LV) calculation 
induced by resin filaments and recovered for 24 hrs.  

The difference in uncorrected and corrected hemispheric LV is demonstrated. (A) after 60 
mins occlusion and 24 hrs recovery, oedema correction leads to a significant reduction of 
%LV by 20%. (B) After 45 mins occlusion and 24 hrs recovery, oedema correction lead to 
a non-significant reduction (Mean± SEM, n=5).  
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Post-ischaemia brain oedema is a common feature. Measurements of infarct volume in 

experimental brain research without correction for oedema increases the volume of the 

affected tissue and leads to an overestimation of lesion size (Park and Kang, 2000). Thus for 

accurate measurements lesion volume is corrected for oedema in this study (see section 

2.2.13.5 for calculation).  

Percent contralateral hemispheric volume (%HVcontra) (135.78 ± 2.50, n=5), percent 

ipsilateral hemispheric volume (%HVipsi) (162.84 ± 5.53, n=5), percent lesion volume 

(%LVuncorrected) (53.1 ± 5.1, n=5) were calculated after 60 mins of occlusion (Figure 4.7A). 

The mean data of %HVcontra (137.0 ± 2.4, n=5), %HVipsi (142.6 ± 5.5, n=5), %LVuncorrected 

(42.4 ± 10.7, n=5) were obtained from the area under the curve after 45 mins of occlusion. 

Furthermore, after correction for oedema % lesion volume was estimated (%LVcorrected) (60 

mins: 33.28 ± 7.0, n=5; 45 mins: 38.2 ± 6.4, n=5) (see section 2.2.13.5 for calculation) 

(Figure 4.7B). Both the infarcts were fairly reproducible (co-efficient of variance, 23% with 

60 min occlusion; co-efficient of variance, 20% with 45 min occlusion). 

The present study indicates that after 60 mins occlusion and 24 hrs of recovery, % lesion 

volume (%LV) determined by H&E was calculated to be 53 ± 11.2% without oedema 

correction and 33.3 ± 6.9% with oedema correction . %LV was therefore overestimated by 

20% without oedema correction. This finding is in accordance with MRI studies from 

Loubinoux et al, which demonstrated a 25% increase in LV due to brain oedema 24 hrs after 

ischaemia (Loubinoux et al., 1997). In addition, 45 mins occlusion and 24 hrs of recovery 

resulted in a non-significant reduction of oedema and %LV was overestimated by ~10% 

without oedema correction (Figure 4.7).  
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4.3.2 | Study 2: Establishment of filament type for the MCAO 

Animals used in this study were C57BL/6 male mice. Six animals underwent the MCAO 

surgery (filament type; commercially available silicone coated filament, Doccol) for 45 mins 

occlusion time and were monitored during their recovery for 24 hrs (Table 4.1). 

Silicone coated filaments: No animal died during surgery and all 6 animals recovered. All 6 

animals suffered from stroke and no bleed at the MCAO origin was observed post mortem. 

All 6 animals recovered were well within the severity limits set on the Home Office Project 

Licence during recovery (Table 4.4). All the results discussed below are of the 6 animals 

that exhibited infarcts. Furthermore, laser Doppler flowmetry was used in this study to 

reduce intra-variability in establishing the model. This revealed a rapid and sustained 

reduction in cortical cerebral blood flow when the silicone filament was inserted, detected by 

the laser Doppler flow probe, sited on the temporal-parietal region of the cortex.  The mean 

decrease in cortical blood flow induced by clipping the CCA was 62.3  5.53%; furthermore, 

insertion of the silicone filament dropped the flow to 12.50  1.32% which was sustained for 

the time of occlusion. The animal reperfused to almost baseline levels within 15 mins of 

removal of filament (see Figure 4.8).  
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Table 4.4: The volume of lesion observed in mice used in study 2 with 45 mins occlusion, commercially available silicone filaments and 24 hrs of 
recovery 

This table includes the volume of the hemispheres (contralateral and ipsilateral) and lesion before oedema correction. Furthermore, percent weight loss 
of the mice is included along side with the animal ID. MCAO- transient middle cerebral artery occlusion. 

No Strain 

 

    Weight 

 Pre    % loss 

 

 

contra 

Volume 
(mm3) 

ipsi 

 

 

lesion 

 

SP42 

 

C57/mice 

 

  25.2         9.0 

 

138.5 

 

155.6 

 

49.82 

SP43 C57/mice   25.8         10.0 137.7 147.6 19.69 

SP44 C57/mice   27.8         8.5 146.7 159.3 52.31 

SP45 C57/mice   27.7         10.5 132.4 153.3 63.77 

SP46 C57/mice   26.7         9.0 141.1 148.8 24.4 

SP47 C57/mice   28.7         12.0 145.2 162.2 70.8 
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Figure 4.8: Laser Doppler flowmetry measurement in study 2 

Cortical blood flow measured before, during and after insertion of the silicone filament to 
occlude the MCA, using laser Doppler flowmetry. Data are presented as a percentage 
change from baseline blood flow (100%) and represented as mean  SEM, n=6.  CCA= 
common carotid artery. 

 

Figure 4.9 shows the area of infarct across the 8 pre-determined levels of the mouse brain 

which involves both the cortex and sub-cortex. Peak area of infarct observed was at level 3 

and was not significantly different to the resin filament group (See Figure 4.9).  

%HVcontra (142.6 ± 3.10, n=6), %HVipsi (154.9 ± 2.80, n=6) and %LVuncorrected (32.6 ± 8.4, 

n=6) were calculated as described earlier (see section 2.8.4) and were obtained from the area 

under the curve after 45 mins of occlusion using the silicone filament (Figure 4.10). Infarcts 

were fairly reproducible when compared across different filament types measured directly 

from the section (Table 4.3 & 4.4). Furthermore, % lesion volume (%LV) determined by 

H&E was calculated to be (resin: 42.4 ± 10.7%; silicone: 32.6 ± 8.4, n=6) without oedema 

correction and after % lesion volume was corrected for oedema %LVcorrected (resin: 38.2 ± 

6.4, n=5; silicone: 24.0 ± 6.0, n=6) (Figure 4.10).  
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Figure 4.9: Area of cortical, sub cortical, and total lesion plotted at 8 coronal levels in 
animals occluded for 45 mins using the silicone filament.  

Cortical and sub-cortical areas were measured throughout the 8 levels. Area-wise cortical 
regions affected was more than the sub-cortical regions at all levels except level 8. A peak 
area of infarct was observed at level 3 similar to study 2. The data is represented as mean 
± SEM, n=6. 

 

 

 

 

 

 

 

 

Figure 4.10: Impact of oedema correction on percent Lesion Volume (%LV) calculation 
induced by silicone coated filaments for 45 mins and recovered for 24 hrs.  

The difference in uncorrected and corrected hemispheric LV is demonstrated. After 45 
mins occlusion and 24 hrs recovery, oedema correction lead to a non-significant 
reduction (mean± SEM, n=5). %HV= percent hemispheric volume, % LV= percent 
lesion volume. 
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4.3.3 | Study 3: Establishment of sham surgery and complete evolvement 

of infarct measured after 72 hrs recovery 

Animals used in this study were C57BL/6 male mice. Nine animals underwent either sham 

surgery (CCAO), (no CCAO) or MCAO surgery (n=3 in each group) (filament type; 

commercially available silicone coated filament, Doccol; 45 mins occlusion) and were 

monitored during their recovery for 72 hrs (Table 4.1). Laser Doppler flowmetry was used 

in this study to observe the reduction in blood flow and optimise the sham surgery plus 

reduce intra-variability in the MCAO model. The Doppler readings during the MCAO were 

reproducible to study 2. During CCAO sham surgery, almost a 50% reduction was observed 

in blood flow after clipping the CCA for the time of occlusion. On the other hand, no 

reduction was observed after ligatures of ECA (involved during the MCAO procedure) in 

the sham surgery involving no CCAO. The animal reperfused immediately to almost 

baseline levels monitored for 15 mins after unclipping the CCA or removal of filament (see 

Figure 4.11).  

A similar observation was made with the % LV as made in Study 2. % LV was not 

significantly different after recovering animals for 72 hrs versus 24 hrs (24 hrs: 24.0 ± 6.0, 

n=6; 72 hrs: 22.8 ± 9.7, n=3) (Figure 4.12). In addition, to the post-mortem H&E evaluation 

of ischaemic damage, behavioural neurologic scores were evaluated using the Clark’s deficit 

score. Post-MCAO animals showed a significant deficit in both the general and focal score 

when compared to animals that underwent no CCAO sham surgery at all time-points 

(Figure 4.13A & B). Sham animals undergoing CCAO suffered significant deficits observed 

at 24 hrs using the Clark’s general deficit score which was sustained till 48 hrs. Furthermore, 

at 2 hrs a significant deficit was observed in focal scores when animals underwent CCAO 

when compared to no CCAO surgery.  
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Figure 4.11: Laser Doppler flowmetry measurement in study 3. 

Cortical blood flow measured before, during and after insertion of the silicone filament to 
occlude the MCA, using laser Doppler flowmetry. Data are presented as a percentage 
change from baseline blood flow (100%) and represented as mean  SEM, n=3 in each 
group.  CCA= common carotid artery. 

 

 

 

 

 

 

 

 

Figure 4.12: Impact of oedema correction on percent Lesion Volume (%LV) calculation 
induced by silicone coated filaments for 45 mins and recovered for 72 hrs.  

The difference in uncorrected and corrected hemispheric LV is demonstrated. After 45 
mins occlusion and 72 hrs recovery, oedema correction lead to a non-significant 
reduction (mean± SEM, n=5). %HV= percent hemispheric volume, % LV= percent 
lesion volume. 
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Figure 4.13: General and focal neurologic Clark’s deficit score evaluation assessed at 2, 
24, 48 and 72 hrs post-MCAO in mice  

Sham (CCAO) (black) or (no CCAO) (blue) and MCAO (red) surgery. Neurologic deficits 
were assessed on a scale ranging from 0 (healthy) to 28. Data represented as mean ± 
SEM, n=3. Asterisks indicate *** p≥ 0.001 no CCAO sham surgery versus MCAO, ### 
p≥ 0.001 no CCAO sham surgery versus CCAO sham surgery. 
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4.4 |  Discussion 

The major utility of the intraluminal filament occlusion technique is the ability to induce a 

transient period of ischaemia followed by restoration of blood flow through the artery, which 

replicates the sequence of events in human stroke. However, limitations of this model 

include the widely reported high mortality rate, observed in rats and mice and variability in 

extent of damage.  

The aim of the present study was to establish a MCAO model of ischaemia in mice with 

reproducible infarct volumes involving cortical and sub-cortical regions and reduced 

mortality rate. In Study 1, two different times of occlusion (60 and 45 mins), high mortality 

rate was observed during surgery (which could be due to process of establishing the model 

and inexperienced surgeon) and recovery (due to increased oedema which led to increased 

intracranial pressure).  Brain oedema may develop when CBF decreases below a threshold 

of about 10 ml/100 g/min (Unterberg et al., 2004). In this study, CBF was not measured but 

the mortality may indeed have been due to increased oedema (observed by 20% over 

estimation of LV for oedema). At this “low flow status,” ion exchange pumps break down 

(cytotoxic (cellular) oedema). Subsequently, blood brain barrier (BBB) breakdown occurs 

allowing extravasation of serum proteins and vasogenic brain oedema to develop.  However, 

it has to be mentioned that after onset of ischemia-in spite of cell swelling-no net increase of 

water is present. Only after reperfusion there is a rapid increase in extracellular fluid and a 

corresponding rise in intracranial pressure as well as brain water content which is 

detrimental for stroke outcome (Unterberg et al., 2004). However, the volumes of ischaemic 

damage achieved were consistent (exception of SP26) using a monofilament coated with 

resin. Two possible factors underlying this reproducibility are proposed. Firstly, this study 

used different sizes of filaments depending upon the size of mice. It has been shown 

previously that the size of filament is an important determinant for successful occlusion and 
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that the appropriate diameter of filament varies according to the animal’s weight (Shah et al., 

2006). Secondly, to occlude the MCA, a technique that does not require interference with the 

pterygopalatine artery (pterygoA), a branch of the ICA was used. In many studies, the 

pterygoA is ligated or electro-coagulated. However, due to its small size, deep position and 

proximity to the vagus nerve, gaining access to this artery may produce inadvertent damage 

to the vagus nerve or one of its smaller branches with detrimental effects on the 

cardiovascular and/or respiratory system(s) (McColl et al., 2004). Ischaemic lesion observed 

with 60mins of occlusion was due to development of damage in MCA territory (e.g. cortical 

and sub-cortical region). The volume of lesion (LVun) (72.34 ± 7.7) obtained in this study are 

similar to a study carried out by McColl and colleagues in mice (Belayev et al., 1999, 

McColl et al., 2004) in which C57 mice underwent a 60min occlusion and 24 hrs 

reperfusion. Without correction for oedema, lesion size is overestimated by almost 20% after 

24 hrs of MCAO. These findings emphasize that oedema correction is important for the 

exact determination of lesion size (Gerriets et al., 2004).  

Study 1 (establishment of occlusion time for the MCAO) showed that infarction was 

massive and the severity of stroke was high.  As one of the aims stated in this Chapter was to 

produce a sufficient size of infarct and reduce mortality rate, the model needed to be 

redesigned. Furthermore, since 2 out of 9 animals were close to the severity limits set on the 

Home Office Project Licence during recovery requiring the animals to be put down. The 

high mortality rate associated in the study 1 may not be due simply to use of the resin 

filament as other groups have used it successfully to occlude the MCA (Clark et al., 1997, 

Touzani et al., 2002).  It is more likely that the complications arose from a combination of 

experimenter technique, mouse vasculature, preparation of the resin filament; all of which 

were likely to be very different to the conditions of previous studies using the resin filament 

successfully. 
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Previously, Belayev and colleagues reported that mice after 30 mins of occlusion and 24 hrs 

recovery showed a variable cortical and consistent sub-cortical lesion (Belayev et al., 1999). 

Furthermore, McColl and colleagues demonstrated that ILT model of occlusion in mice lead 

to an occlusion duration-dependent increase in severity of cerebral hypoperfusion and 

extension of ischaemic pathology beyond the MCA territory (McColl et al., 2004). To avoid 

being at the threshold for cortical and sub-cortical lesion this led to a reduction in the 

occlusion time to 45 mins.  Reducing the occlusion time to 45 mins reduced the mortality, 

which was related to the reduced oedema formation (Figure 4.7). In contrast, to 60 mins 

occlusion, a bleed at the MCA origin was observed. The method of coating the filament with 

resin and by increasing the length of tip at the correct diameter (as opposed to heat blunter 

bulb filament) to occlude the MCA was proposed to increase the number of successful 

occlusions and reduce the damage caused to the lining of the arterial wall when a fully 

coated filament was withdrawn. However, this style of filament was unable to easily pass 

through the ICA at the point of the temporal bone of the skull.  Problems pushing the 

filament past this point were a common problem throughout the study and were sometimes 

associated with haemorrhage in this area and the subsequent death of animals. SAH resulting 

from excessive insertion pressure of the intraluminal filament also has been documented. 

Thus, 45 mins of occlusion was observed to be better than the 60 mins and was used for 

future experiments. A study (Tsuchiya et al., 2003) showed that using heat-blunted 

monofilaments for inducing MCA occlusion caused 40% occurrence of SAH. Another study 

particularly compared the effects of suture types on the infarct stability and showed that 

silicone coated monofilaments were superior to heat-blunted ones, producing consistent 

infarction and this was true even with inexperienced surgeons (Shimamura et al., 2006). In 

the mouse intraluminal model, SAH rate could reach 40% if uncoated heat-blunted 

monofilaments were used (Tsuchiya et al., 2003) and use of poly-L-lysine coated 

monofilament only increased the mortality (to a rate of 60%), without any benefits for 
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reducing infarct variation (Huang et al., 1998). To reduce the mortality rate caused by 

haemorrhage and have a reproducible infarct involving regions (cortical and sub-cortical) 

Study 2 (establishment of filament type for MCAO) was devised in which the occlusion time 

was fixed to 45 mins but instead of resin filaments, the use of commercially available 

silicone coated filaments from Doccol were chosen. The commercially available silicone 

coated Doccol MCAO sutures were used for the following two reasons. 1) They have a 

sufficient length of coated surface, which is cylindrical in shape, elastic, and smooth (such a 

physical property of Doccol MCAO sutures is significantly effective in reducing the 

occurrence of the insufficient occlusion, the premature reperfusion, and the mono filament 

dislodgement). 2) The standard deviation for infarction volume, when home-made silicon 

rubber-coated monofilaments are being used, is around 30% of its corresponding mean value 

both in rats (Schmid-Elsaesser et al., 1998) and in mice (Shah et al., 2006). 

The 45mins occlusion peroid using Doccol filaments (study 2; used resin coated and silicone 

coated filament)) reduced the mortality to 0% during surgery, reduced the mortality during 

recovery when compared to 45mins occlusion using resin in Study 1 as well as reduced the 

number of animals with no infarct (employed by the use of laser doppler). Furthermore, the 

infarct volumes did not significantly change when compared to the counterpart group (Study 

1 used 45 mins occlusion time and resin coated filament). The infarct volumes observed 

were fairly reproducible (Table 4.3). Additionally, McColl in 2004 have been successful in 

demonstrating the integrity of the circle of Willis in C57Bl/6J mice and they state that 10% 

(n=10 animals used in the study) had a complete circle of Willis and 60% had an incomplete 

circle of Willis thus suggesting some intra animal variability which is unavoidable (McColl 

et al., 2004). Thus, the commercially available silicone coated filaments were better than the 

resin coated filaments and used in future experiments. 
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Study 3 (45 mins occlusion time; silicone coated filament with 72 hrs recovery and sham 

CCAO versus sham with no CCAO) was devised to measure the development of infarct over 

72 hrs of recovery and establish the sham surgery for future experiments. This study 

included use of 45 mins occlusion and silicone coated Doccol filaments (Table 4.1). The 

infarct is believed to evolve and mature by 72 hrs (Garcia et al., 1993) and to choose 

stereotaxic co-ordinates for the injection of stem cells in the ipsilateral hemisphere of the 

brain, the infarct regions damaged were measured by recovering the animals for 72 hrs. It 

was observed that the infarct did not change significantly when compared to the infarct 

observed with 24 hrs recovery. The infarct volume data will be used in Chapter 5 to decide 

the co-ordinates. In addition, sham surgeries were established in this chapter. It was noted 

that carrying out the complete procedure for MCAO except for inserting the filament which 

involved clipping the CCA led to a significant deficit observed using Clark’s deficit score 

scale at 2hrs and 24 hrs in the mice. Furthermore, using laser Doppler indicated a 50% 

reduction in blood flow, which could have resulted in the observed neurologic deficit and 

therefore cannot be used as a control since it is a part of ischaemia. Thus, sham with no 

CCAO (no CCAO sham surgery) resulted in no neurologic deficits and thus was used in 

future experiments. 

In conclusion, these studies have shown that in C57 mice, the optimal model of ILT MCAO 

uses a silicone coated commercially available Doccol filament and 45 mins of occlusion 

with sham surgery being performed with no CCAO. This method maintains mortality rate at 

a low level and when laser doppler flowmetry is used, produces 100% stroke outcome with 

reproducible infarctions in terms of cortical and striatal involvement. These conditions were 

adopted for the future studies involving effects of stem cells after MCAO on behaviour and 

histology discussed in Chapter 5 and 6. 
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CHAPTER 5 
E F F E C T S  O F  M H P 3 6  N E U R A L  S T E M  C E L L S  O N  B R A I N  
R E P A I R  A F T E R  M C A O  I N  M I C E   

5 .1  |  Introduction 

Cell-based therapies are of particular interest in the central nervous system, because the mature 

brain has little capacity for self-repair. The plasticity exhibited by stem cells raises the 

possibility that they can be used to restore function compromised by brain insults, such as stroke 

(Lindvall and Kokaia, 2004, Savitz et al., 2002, Makinen et al., 2006). Initial studies using foetal 

tissue transplantation have been successful in ameliorating neurodegenerative deficits in animal 

experiments (Isacson et al., 1984) and this has been translated with some success demonstrated 

from clinical trials in humans with intrastriatal transplantation of human embryonic 

mesencephalic tissue, rich in post-mitotic dopamine neurons, in Parkinson's disease patients 

(Lindvall and Kokaia, 2005). However, further use of foetal tissue in treating human disease is 

problematic due to ethical considerations and a limited supply of tissue. In order to combat these 

problems, a variety of neural stem cell lines have been investigated for their potential in 

improving recovery in animal models of neurodegenerative disease. These include human bone 

marrow stromal cells (Chen et al., 2001a), human  neuroteratocarcinoma cells (Saporta et al., 

1999) and conditionally immortalised murine stem cells (Sinden et al., 1997) (discussed in 

Chapter 1). The Maudsley hippocampal stem cell line clone 36 (MHP36) grafts are well suited to 

repair the indiscriminate cell loss that occurs with middle cerebral artery occlusion because 

previously, they have been shown to have the capacity to develop into neurons, glia, or 
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oligodendrocytes in response to host signals (Hodges et al., 2000b, Gray et al., 2000) and 

migrate to and engraft areas of damage in the host brain (Gray et al., 1999, Veizovic et al., 

2001). Furthermore, they have been shown to reduce damage in several models of neurological 

impairment, including global ischaemia  in mice (Wong et al., 2005), transient intraluminal 

middle cerebral artery occlusion (tMCAO) (Hodges et al., 2000a) and lesions to cholinergic 

forebrain projections in rats (Gray et al., 2000). In addition, MHP36 cells reverse age-associated 

deficits in spatial learning and memory as assessed by the water maze and resolve motor 

associated deficits (Veizovic et al., 2001, Hodges et al., 2000b). MHP36 cells have been shown 

to migrate across the corpus callosum towards an ischaemic lesion induced by tMCAO 

(Veizovic et al., 2001) and differentiate into site appropriate phenotypes (Modo et al., 2002b, 

Wong et al., 2005), but mechanisms involved still need to be clarified. Previous MCAO studies 

of MHP36 cells have used rats subjected to focal cerebral ischaemia and assessed functional 

recovery using behavioural tasks (e.g. neurological severity score, rotational bias, spontaneous 

activity, bilateral asymmetry test, water maze). Improvement within six weeks after 

administration has been demonstrated using the bilateral asymmetry test (Modo et al., 2002b). 

To study the effect of over-expressed oestrogen in the MHP36 cells (discussed in Chapter 6), 

firstly MHP36 cells were investigated for promoting functional recovery after MCAO in mice 

using sensorimotor function tests known to assess spontaneous forelimb use asymmetry (Baskin 

et al., 2003, Fleming et al., 2004, Schallert et al., 2000, Li et al., 2004, Starkey et al., 2005) and 

foot faults (Farr et al., 2006, Metz and Whishaw, 2002, Riek-Burchardt et al., 2004) and to 

investigate the mechanisms involved. The use of robust markers of neural stem cells (NSCs) 

helps us to understand the behaviour of the transplanted cells in the host brain. One of the most 

robust markers of NSCs is the intermediate filament protein, nestin. Nestin is a major 

cytoskeletal protein present in neural precursors in the mammalian CNS. Cells exiting the cell 
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cycle at the commencement of differentiation have been shown to down-regulate nestin and 

subsequently up-regulate alternative intermediate filaments during both neuronal (microtubule-

associated protein : MAP-2) and glial (glial fibrillary acidic protein: GFAP) differentiation 

(Reynolds and Weiss, 1992). The loss of nestin expression is currently accepted as one of the 

earliest significant indicators of the progression from precursor to differentiated phenotypes. 

Furthermore, Mellodew and colleagues showed that nestin expression is lost immediately, 1-4 

hrs post-transplantation (Mellodew et al., 2004).  

In addition to testing the effects of MHP36 cells on sensorimotor function and to investigate the 

mechanisms involved, this Chapter will also briefly focus on 1) A pilot study carried out in the 

process of establishing stereotaxic injections in the mice brain. The technique was performed on 

live animals using MHP36 NSC labelled with PKH26 dye initially at Dr Mike Modo’s 

laboratory in Kings College London, UK. 2) Whether expression of nestin by MHP36 cells is 

observed 24 hrs post-transplantation. 3) Whether expression of differentiation markers is 

observed 24 hrs after transplantation in the mouse brain. 
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5 .2 | Methods 

5.2.1 | Establishment of MHP36 cell stereotaxic injections in mice 

5.2.1 .1 | Subjects 

C57BL/6 male mice, 12-14 weeks old were used from the in-house supply at King’s College, 

London (n=2), weighing 30 g with local ethical review permission.  

5.2.1 .2 | Cell transplantation surgery 

Normal mice were anaesthetised and mounted on the frame for stereotaxic injections (as 

described in section 2.2.10 and 2.2.11, respectively). The following coordinates (Medial/Lateral 

+ 2 mm, Anterior/Posterior - 0.50 mm and Ventral – 3 mm from the surface of the brain) were 

used in this experiment. Pre-labelled cell suspension (12,500 cells/0.5 µl) or vehicle (0.5 µl) was 

injected over 2 min, and the syringe was left in place for another 2 min.  

5.2.1 .3 | Histology  

Twenty-four hrs following the completion of injection, mice were perfused through the heart 

with 0.9% physiological saline followed by 4% paraformaldehyde. The brains were processed 

appropriately and coronal sections were cut at 20m and collected on slides to measure lesion 

volumes (detailed in section 2.2.13.1).  

5.2.1.3.1 | Assessment of neural stem cell marker 24hrs post-transplantation 

Serial 20 µm coronal sections were processed for immunostaining (see section 2.2.3) (three 

sections were stained in each animal) with mouse anti-Nestin (1:200, Chemicon, UK) and mouse 

anti-GFAP (1:200, Sigma, UK) to identify neural markers in PKH26 labelled MHP36 cells after 
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24 hrs. The coronal level, bregma -0.5± 0.02 mm (injection site), was used for staining in order 

to visualise the labelled PKH26 cells 24 hrs post-transplantation.  

5.2.2 | Effects of MHP36 cells in mice 28 days post-MCAO 

5.2.2 .1 | Subjects 

Forty-two, C57BL/6 male mice, 12-14 week old, were used from Charles River, UK (n=42), 

weighing between 25 and 30 g.  

5.2.2 .2 | Experimental design 

The mice were handled extensively and habituated to the testing location and apparatus prior to 

training and testing. Baseline behavioural testing was performed by placing the animals for two 

crossings on the ladder rung task with a set rung arrangement pattern (irregular). Two days 

following completion of baseline behavioural testing the mice underwent tMCAO and were 

recovered for 28 days. Post-MCAO testing and video recording of both ladder test and cylinder 

test occurred on 2, 7, 14 and 28 days post-MCAO (Figure 5.1). Each post-MCAO test session 

included two crossings on the ladder rung task with set rung arrangement pattern. It is important 

to note that throughout the experimental plan and during behavioural analysis, the experimenter 

was blind as to which treatment the mice received. 
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Figure 5.1- Experimental regime used for the behavioural study 

Mice were first handled before testing for 3 days each. The following day pre-surgery testing 

occurred for both tasks. Mice received a focal tMCAO lesion or underwent sham surgery on day 0 

and were tested post-MCAO on day 2 before receiving an injection. Behaviour post-injection was 

filmed on days 7, 14 and 28. 

 

5.2.2 .3 | Surgery and measurement of cerebral blood flow 

Following completion of baseline behavioural testing, animals were anaesthetised and focal 

ischaemia was induced within the left hemisphere by transient (45 min) MCAO as described in 

section 2.2.10. The core body temperature was regulated at 37 ± 0.5°C and a 7-0 silicone 

monofilament (Doccol, Ltd., USA) was used for occlusion. Sham-operated mice underwent the 

no CCAO procedure described in Chapter 4.  

In each animal, laser Doppler flowmetry (Moor Instruments, UK) was used to monitor cerebral 

blood flow (CBF) continuously, before and during MCAO as well as during reperfusion as 

described in section 2.2.10.3. Animals were included only when CBF was reduced by ≥ 85% 

during ischaemia, and successful reperfusion was subsequently achieved.  
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5.2.2 .4 | Cell maintenance and transplantation 

MHP36 cells were cultured from frozen stock and maintained in an undifferentiated state at 33 

C (passage number 53–65) (Sinden et al., 1997) as described in detail in section 2.2.1. Two 

days post-MCAO or sham surgery, mice were randomly selected (suggested in STAIR; (Saver et 

al., 2009) to receive a unilateral cortical and striatal graft of either PKH26 pre-labelled MHP36 

stem cells (n = 8) or vehicle (NAC solution) (n = 8) as described in section 2.2.11.2. The 

following coordinates (Medial/Lateral + 2 mm, Anterior/Posterior - 0.26 mm, Ventral -1.5 and -

3.0 mm from the surface of the brain) were used. Cell suspension (12,500 cells/0.5 µl) or vehicle 

(0.5 µl) was injected over 2 min, and the syringe was left in place for another 2 min.  

5.2.2 .5 | Clark’s Deficit Score (CDS) 

After 24, 72 and 96 hours after the induction of ischaemia, each mouse was rated on two 

neurologic function scales unique to the mouse (Clark et al., 1997) (see section 2.2.14.1). Out of 

the 42 animals that underwent MCAO, 10 were excluded on this criteria (all exclusion were 

made before 2 days post MCAO injection). 

5.2.2 .6 | Ladder rung task apparatus and analysis 

The ladder rung task was adapted from the ladder rung walking task used previously in rats 

(Metz and Whishaw, 2002) and is described in section 2.2.14.2. Each step was scored according 

to the quality of limb placement based on the scale adapted from (Metz and Whishaw, 2002).
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5.2.2 .7 | Cylinder task apparatus and analysis 

The cylinder or spontaneous forelimb test modified for mouse (Baskin et al., 2003) measures the 

spontaneous activity of the mouse to rear up on its hind limbs and explore the vertical surface 

with its forelimbs was observed as described in section 2.2.14.3.  

5.2.2 .8 | Video recording and analysis equipment 

Post-MCAO measurements were taken at 2, 7, 14 and 28 day time points. The mice were filmed 

with a high speed Panasonic digital camcorder (30 frames/s; shutter speed of 1/1000). The 

digital videotapes were analyzed using a HP Pavilion DV2000 laptop. Single frames were 

imported from the digital video records using Windows media player on a Windows operating 

system. 

5.2.2 .9 | Histology  

Twenty-eight days following the completion of behavioural testing, the mice were perfused 

through the heart with 0.9% physiological saline followed by 4% paraformaldehyde. The brains 

were processed appropriately and coronal sections were cut at 20m and collected on slides for 

further analysis (detailed in section 2.2.13). For immunofluorescence staining, n=3 animals were 

chosen randomly; after analysis of staining, lesion volumes were revealed to experimenter, to 

avoid bias during the random selection. 

5.2.2.9.1 | Measurement of lesion  

Sections were stained with haematoxylin and eosin to determine lesion (tissue loss) and measure 

volume as described in sections 2.2.13. 
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5.2.2.9.2 | Assessment of differentiation  

Serial 20 µm coronal sections were used for immunostaining (refer to section 2.2.3) using 

chicken anti- MAP-2 (1:500, Chemicon, UK), mouse anti-GFAP (1:200, Sigma, UK), mouse 

anti-CNPase (2', 3'-Cyclic Nucleotide 3'-Phosphodiesterase) (1:200, Chemicon, UK) and goat 

anti-IBA-1 (1:500, Abcam Plc., UK) to identify differentiated cells. The coronal levels used for 

staining ranged between bregma -0.38 ± 0.10 mm in order to visualise labelled PKH26 MHP36 

cells close to the injection site to promote differentiation 28 days post-transplantation. 

5.2.2.9.3 | Assessment of synaptic plasticity 

Mouse anti-synaptophysin (Syn, 1:200, Abcam Plc., UK) was used to investigate 

synaptogenesis. PKH26/anti-Syn (1:200) double-label immunofluorescence was used to relate 

synaptogenesis to transplanted cells. The coronal levels used for staining ranged between 

bregma -0.38 ± 0.10 mm in order to visualise labelled PKH26 MHP36 cells that migrated to 

promote synaptic connection at 28 days post-transplantation. 

Using Image-J system software, the obtained images were semi-quantified by acquiring the 

intensity of fluorescence across a set area for each region of interest (ROI). The obtained values 

used for graphical representation are a ratio of intensity over area (as described in section 

2.2.3.1).  

5.2.2 .10 | Statistical analysis 

In the main study, statistical comparisons in all behavioural tests were made using one-way 

ANOVA with repeated measures (comparisons between pre- versus post-MCAO and pre-

MCAO versus 28 day post-MCAO in each treatment was performed). In the Clark’s deficit score 

data was analysed using two-way ANOVA with repeated measures. Post hoc analyses were 
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conducted using Bonferroni’s test. Histology data was analysed using unpaired t-test unless 

otherwise stated. A p-value of less that 0.05 was chosen as the significance level for all statistical 

analyses.  All data are presented as mean ± SEM, n=8. 
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5 .3 |  Results  

5.3.1 | Establishment of stereotaxic injections 

5.3.1 .1 | Cell transplantation after 24 hrs in  mice 

In two pilot studies, transplanted cells were clearly detectable by PKH26 fluorescence 24 hrs 

post–transplantation in mice (both pilot studies do not involve animals undergoing prior MCAO) 

(Figure 5.2). Injection tracts of the transplants were clearly visible and suggested that graft 

placement was in the striatum close to the ventricle (Figure 5.2A). The macroscopic appearance 

of the graft, i.e. the distribution of cells labelled with PKH26, indicated that grafted cells resided 

in the striatum and overlying cortex (around the injection site) with cells migrating out from the 

implantation site (Figure 5.2C).  

5.3.1 .2 | Histology 

5.3.1.2.1 | Assessment of NSC expression after 24 hrs post-transplantation 

The PKH26 labelled MHP36 cells did not express nestin (green; endogenous neural stem cells 

positive for nestin visualised near the ventricle) at 24 hrs post- transplantation (Figure 5.3). This 

finding is similar to the study conducted by Mellodew and colleagues, where they showed that 

nestin expression is lost quickly, within 1-4 h of transplantation in the brain (Mellodew et al., 

2004). In addition, GFAP (astrocytic marker) was not co-localised with PKH26 labelled MHP36 

cells (Figure 5.3 & 5.4) as expected since differentiation would not take place by 24 hrs post-

tranplantation (Mellodew et al., 2004). GFAP expression of reactive endogenous astrocytes was 

observed at the injection site (Figure 5.3 & 5.4). Figure 5.4 summarises the results shown in 
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Figure 5.2 with a line diagram to show the site of injection (including stereotaxic co-ordinates) 

and series of images taken at sites of injection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Injection of PKH26 labelled MHP36 cells in mice brain 24 hrs post-
transplantation 

(A) PKH26 labelled MHP36 cells transplanted stereotaxically into the right striatum of C57 
male mouse brain. The dotted line marks the injection site. (B) Representative mouse brain 
coronal section used as reference for area used in imaging (Bregma: -0.5mm). (C) Higher 
magnification of the same section; dotted line marks the ventricles (Bars represent 50µm).  
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Figure 5.3: Immunofluorescence staining of C57 mice brain 24 hrs post-transplantation. 

(A) DAPI (blue) stained nucleus, GFAP (green) stained reactive endogenous astrocytes as 
compared to no co-localised PKH26 labelled (red) transplanted stem cells. (B) DAPI (blue) 
stained nucleus, no Nestin (green) positive PKH26 labelled (red) stem cells 24 hrs post 
transplantation into the brain. (C) Negative control for GFAP/ nestin (no primary antibody) 
(20µm thick; n=3) (Bars represent 50µm).  
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Figure 5.4: Summary of immunofluorescence staining of PKH26 labelled MHP36 cells 24 
hrs post-transplantation.  

(A) PKH26 labelled (red) stem cells with no nestin (green) expression 24 hrs post 
transplantation into the brain. (B) Representative mouse brain coronal section from the atlas 
used as reference for injection site (dotted line) and areas used for imaging (red box) 
(Bregma: -0.5mm). (C) GFAP (green) stained reactive endogenous astrocytes with PKH26 
labelled (red) transplanted stem cells. (20 µm thick; n=3) (Bars represent 50 µm). 
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5.3.2 | Effects of MHP36 cells in mice 28 days post-MCAO 

5.3.2 .1 | Cerebral blood flow  

Analysis of CBF did not show any difference between different groups that were later to receive 

either vehicle or MHP36 stem cells, CBF was reduced by >85-90% in all groups during MCAO 

when compared to pre-occlusion baseline values (Figure 5.5).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Laser Doppler flowmetry in mice undergoing MCAO or sham surgery. 

Cortical blood flow measured before, during and after insertion of the silicone filament to 
occlude the MCA, using laser Doppler flowmetry. Data are presented as a percentage change 
from baseline blood flow (100%) and represented as mean  SEM, n=3 in each group.  
CCA= common carotid artery. 
 

5.3.2 .2 | Clark’s deficit score 

Neurological deficit was evaluated using Clark’s deficit score. Animals at 24 hrs post-MCAO 

showed a significant increase in general and focal deficit score when compared to sham animals 
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which was followed by either vehicle or MHP36 cell injection at 48 hrs. The deficit was not 

affected by either vehicle or MHP36 cells as observed at 72 and 96 hrs post-MCAO (Figure 

5.6A and B).  

A 

 

 

 

 

B 

 

 

 

 

 

 

Figure 5.6: Assessment of neurological deficit score across time using Clark’s deficit score. 

(A) General and (B) focal neurologic Clark’s deficit score evaluation assessed 24, 72 and 96 
hrs post-MCAO in mice receiving either vehicle or MHP36 stem cells at 48 hrs post-MCAO; 
(mean ± S.E.M., n = 8 mice per experimental group). Asterisks indicate *** p≥ 0.001 sham 
versus tMCAO (different injection). 



Chapter 5: Effects of MHP36 neural stem cells on brain repair after MCAO in mice 
 

 

Page 196 

5.3.2 .3 | Ladder rung test 

There were no significant placement errors noted on the ladder test in sham-treated animals, 

regardless of either vehicle or MHP36 cell injection (Figure 5.7). Prior to MCAO, mice 

performed mainly correct placements with all four limbs. There was a significant increase in 

placement errors of the contralateral forelimb in MCAO mice at 2 days post MCAO scores 

(vehicle, 4.03 ± 0.19; MHP36, 4.07 ± 0.13) when compared to pre-MCAO scores (vehicle, 5.77 

± 0.05; MHP36, 5.73 ± 0.04) in both MCAO injection groups. There was a highly significant 

deficit at 28 days post-MCAO in vehicle group (4.03 ± 0.19) when compared to pre-MCAO 

scores (vehicle, 5.77 ± 0.05) which was improved in the animals receiving the MHP36 cells (pre: 

5.73 ± 0.04; 28 days: 4.95 ± 0.12) (Figure 5.7). Data of all four limbs at pre-MCAO and 28 days 

post-MCAO are displayed below (Table 5.1).  

A   Sham+vehicle    Sham+MHP36 cells 

Pre-scores  Mean SEM n   Mean SEM n 

Ipsi H 5.78 0.14 8   5.85 0.02 8 

Ipsi F 5.70 0.11 8   5.76 0.16 8 

Contra H 5.88 0.07 8   5.84 0.07 8 

Contra F 5.71 0.02 8   5.68 0.04 8 

B   tMCAO+vehicle   tMCAO+MHP36 cells 
 Pre-scores Mean SEM n   Mean SEM n 

Ipsi H 5.93 0.02 8   5.89 0.03 8 

Ipsi F 5.77 0.05 8   5.75 0.09 8 

Contra H 5.91 0.02 8   5.86 0.01 8 

Contra F 5.77 0.05 8   5.73 0.04 8 
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C  Sham+vehicle    Sham+MHP36 cells 

 28 days score Mean SEM n   Mean SEM n 

Ipsi H 5.82 0.17 8   5.88 0.05 8 

Ipsi F 5.72 0.18 8   5.75 0.02 8 

Contra H 5.77 0.02 8   5.83 0.06 8 

Contra F 5.7 0.13 8   5.67 0.01 8 

D  tMCAO+vehicle   tMCAO+MHP36 cells 

28 days score  Mean SEM n   Mean SEM n 

Ipsi H 5.90 0.03 8   5.84 0.01 8 

Ipsi F 5.76 0.02 8   5.72 0.08 8 

Contra H 5.38 0.09 8   5.46 0.11 8 

Contra F 4.52 0.10 8   4.95 0.12 8 

             Ipsi= Ipsilateral; Contra= Contralateral; H= Hind Limb; F= Fore limb 

Table 5.1: Displaying data of all four limbs pre- and 28 days post-tMCAO 

(A & B) Pre and (C & D) 28 days post MCAO scores of sham versus tMCAO animals 
receiving vehicle or MHP36 cells. 
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Figure 5.7: Assessment of behavioural outcome using the ladder rung test (contralateral 
forelimb use). 

Sham operated mice and tMCAO receiving either vehicle or MHP36 cells for five time points 
indicated as pre-MCAO, 2, 7, 14 and 28 days post-MCAO (mean ± S.E.M., n=8 each group). 
A score of 6 indicated correct placements.  Asterisks indicate *** p< 0.001 (pre- versus 2 
days post-MCAO in all groups), ## p<0.01, ### p<0.001 (pre-MCAO versus 28 days), δ 
p<0.05 (2 days post-MCAO versus 28 days post-MCAO), one-way ANOVA with repeated 
measure. Scores at 28 days post-MCAO were not significant between mice receiving vehicle 
or MHP36 cells that underwent tMCAO 

 

5.3.2 .4 | Cylinder test 

Spontaneous forelimb (cylinder) task results are shown in Figure 5.8. In this task, the mean 

laterality score of the injured group, which measures preference for the forelimb unaffected by 

(ipsilateral to) the injury, peaked at 2 days post-MCAO time point. There were no significant 

asymmetries noted in the cylinder test in sham-treated animals, regardless of either vehicle or 

MHP36 cell injection (Figure 5.8). There was a significant increase in left forelimb (ipsilateral) 

usage in tMCAO animals at 2 days post-MCAO (vehicle, 0.810 ± 0.19; MHP36, 0.767 ± 0.26) 
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when compared to pre-MCAO (vehicle, -0.021 ± 0.15; MHP36, 0.024 ± 0.12) in both injection 

groups. There was a highly significant deficit from pre-MCAO scores (vehicle, -0.021 ± 0.15; 

MHP36, 0.024 ± 0.12) and at 28 days post-MCAO in the vehicle (0.46 ± 0.1) which improved in 

the group of animals receiving MHP36 cells (-0.3 ± 0.16, ns) (Figure 5.8). Asterisks indicate 

***p< 0.001 (pre- versus 2 days post-MCAO), ns= not significant (pre-MCAO versus 28 days 

post-MCAO), repeated measure ANOVA. 

Figure 5.8: Assessment of spontaneous exploration of fore-limb in cylinder test. 

Sham operated and tMCAO mice receiving either vehicle or MHP36 cells for five test 
conditions are indicated: pre-MCAO, 2, 7, 14 and 28 days post-MCAO (mean ± S.E.M., n=8 
each group). MCAO animals have significant asymmetry at 2 days post-MCAO time point 
that improved significantly over time in animals receiving MHP36 cells (blue) but not vehicle 
(red). Asterisks indicate ***p< 0.001 (pre- versus 2 days post-MCAO), ###p<0.001 (pre-
MCAO versus 28 days post-MCAO), one-way ANOVA with repeated measure. ns= not 
significant. 
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5.3.2 .5 | Histology  

5.3.2.5.1 | Measurement of lesion (tissue loss) after 28 days post-MCAO 

At 28 days post-transplantation there was no significant difference in tissue loss volume between 

the MHP36 (13.08 ± 1.3 mm3; n=8) and vehicle (13.2 ± 1.97 mm3, n=8) grafted mice (Figure 

5.9). 

Figure 5.9: Assessment of lesion (tissue loss) after either vehicle or MHP36 cell 
transplantation 28 days post-MCAO 

No significant difference in lesion (tissue loss) between MHP36 and vehicle treatment as 
displayed over 8 pre-determined coronal levels (mean ± SEM, n=8, each group).  

 

Figure 5.10 shows the distribution of lesion across the 8 pre-determined levels acquired from 

the atlas of mouse brain. The lesion involves both sensorimotor cortex and striatal damage. 
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Figure 5.10: Distribution of lesion over 8 coronal levels after 28 days post-MCAO in mice 
receiving (A) vehicle and (B) MHP36 cells.   

Shaded areas represent areas of lesion in one representative animal from each group. 

 

5.3.2.5.2 | Assessment of differentiation after 28 days post-MCAO 

At 28 days post-MCAO, staining of brain sections with neuronal marker MAP-2 revealed no 

significant increase in expression in the MHP36 group of animals when compared to the vehicle 

group of animals. Furthermore, no PKH26 labelled MHP36 cells differentiated into neurons 

(Figure 5.11A-F) (Bregma: -0.38± 0.10mm). GFAP-positive astrocytes in the peri-lesion which 

included the cortex and striatum showed a non-significant trend to decrease in the MHP36 group 

of animals when compared to vehicle (Figure 5.12A-C). Oligodendrocytes showed a trend to 

A      B 
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increase in the MHP36 group of animals versus vehicle, detected using CNPase antibody 

(Figure 5.12D-F) and there was no difference in IBA-1 positive activated microglial cells in 

MHP36 versus vehicle groups (Figure 5.13A-C). Sections from sham group were stained and 

showed no statistical difference in mean intensity between injections (data not shown). 

5.3.2.5.3 | Assessment of synaptic plasticity after 28 days post MCAO 

At 28 days post-MCAO using the mouse anti-Synaptophysin (Syn) antibody, a dense Syn 

positive immunostaining within the grafts was revealed (Figure. 5.14A and B) in the MHP36 

receiving animals when compared to vehicle group. PKH26/Syn co-localised MHP36 cells were 

observed in the cortex within the peri-lesion (Bregma: -0.38± 0.10 mm) (Figure 5.14D). A 

significant increase in Syn expression was observed in the ipsilateral cortex when compared to 

contralateral cortex in the MHP36 receiving animals (Figure 5.14E). Sections from sham group 

were stained and showed no statistical difference in mean intensity between injections (data not 

shown).  
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Figure 5.11: Histological assessment of neuronal marker MAP-2 at 28 days post-MCAO 

(A) Peri-lesion in mice receiving MHP36 cells stained for microtubule-associated protein-2 (MAP-2) expression; (scale bar = 100 µm), 
showing the IC: lesion core; PI: peri-lesion. (B) A higher magnification in the same section (white box enlarged), MHP36 cells labelled 
with PKH26 dye, (C) MAP-2 positive neurons observed in the lesion at 28 days post-MCAO and (D) merged image indicating that the 
MHP36 cells do not co-localise with MAP-2 (B-D: scale bar = 20 µm). (E) Representative mouse brain coronal section used as a 
reference for imaging (Bregma: -0.40 mm). (F) Graphical representation of mean average intensity staining for MAP-2 positive cells (not 
significant; versus vehicle) (Bregma: -0.38 ± 0.10 mm). Data represented as mean ± SEM, n=3, unpaired Student’s t-test. 
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Figure 5.12: Histological assessment of glial marker GFAP and CNPase at 28 days post-MCAO 

Peri-lesion stained in mice receiving (A) vehicle versus (B) MHP36 cells for GFAP; (scale bar = 100µm). (C) Graphical representation 
of mean average intensity staining for GFAP positive cells. Peri-lesion stained in mice receiving (D) vehicle versus (E) MHP36 cells 
with CNPase; (scale bar = 50 µm). (F) Graphical representation of mean average intensity staining for CNPase positive cells (not 
significant; versus vehicle for both markers) (Bregma: -0.38 ± 0.10 mm). Data represented as mean ± SEM, n=3, unpaired Student’s t-
test. 
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Figure 5.13: Histological assessment of glial marker IBA-1 at 28 days post-MCAO 

Peri-lesion stained in mice receiving (A) vehicle versus (B) MHP36 cells for IBA-1; (scale bar 
= 20µm). (C) Graphical representation of mean average intensity staining (Bregma: -0.38 ± 
0.10 mm) for IBA-1 (microglia) positive cells (not significant; versus vehicle). Data 
represented as mean ± SEM., n=3, unpaired Student’s t-test. 

 



Chapter 5: Effects of MHP36 neural stem cells  
on brain repair after MCAO in mice 

 

 

Page 206 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Histological assessment of synaptogenesis at 28 days post-MCAO 

Region of interest, peri-lesion cortex stained for synaptophysin in animals receiving (A) vehicle and (B) MHP36 cells (view black box) 
(scale bar = 100 µm). (C) Representative mouse brain coronal section used as reference for area used for imaging (Bregma: -0.38 mm). 
(D) A higher magnification in the same section (red box), MHP36 cells labelled with PKH26 dye (red) co-localised with Syn positive 
cells (green) (scale bar = 20µm). (E) Graphical representation of mean average intensity of Syn in vehicle and MHP36 receiving animals. 
Data represented as mean ± S.E.M., n=3, two-way ANOVA with a post hoc Bonferroni’s test. Asterisks indicate *** p>0.001 
contralateral vs. ipsilateral hemisphere; ### p>0.001 vehicle vs. MHP36 in ipsilateral hemisphere. (I= ipsilateral; C= contralateral).   
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5 .4  |  Discuss ion  

Cell transplantation therapy for stroke has tremendous potential; however certain limitations are 

delaying their success in humans. Cell types that have been shown to improve behavioural 

function after experimental stroke include neural stem/progenitor cells cultured from fetal tissue 

(Borlongan et al., 1998), hematopoietic/endothelial progenitors and stromal cells from bone 

marrow (Chen et al., 2003a, Zhang et al., 2002), umbilical cord blood (Chen et al., 2001b), 

peripheral blood (Willing et al., 2003), adipose tissue (Kang et al., 2003) and immortalized 

neural cell lines (Park, 2000, Veizovic et al., 2001). Limitations include potential hazards of 

tumour formation using embryonic stem cells (Erdo et al., 2003) and availability of cell numbers 

from hematopoietic/endothelial sources (Carmeliet, 2003, Rouhl et al., 2008).  In this Chapter, 

we have shown that the MHP36 cells following transplantation in vivo lose nestin 

immunoreactivity rapidly and completely. This regulation is an early event in the differentiation 

process. Thus, the host cells must be transmitting a signal to the MHP36 cells, which results in 

them entering the initial stages of differentiation, beginning with the degradation of nestin 

protein. Interestingly, this loss of nestin does not lead to an equally rapid appearance of markers 

of differentiation (GFAP staining does not co-localise with labelled PKH26 MHP36 cells) in the 

MHP36 cells at least under conditions where there is no MCAO (Figure 5.3). Mellodew and 

colleagues have shown that nestin regulation is an early step in the process of neural stem cell 

differentiation, and is mediated by the rapid degradation of the nestin protein, probably via the 

ubiquitin-proteasome pathway. Furthermore, the Notch signalling pathway could be involved in 

the modulation of nestin degradation during stem cell differentiation (Mellodew et al., 2004). 

Endogenous astrocytes (reactive) were also observed using a marker for astrocytes (GFAP) and 

this was confirmed by the lack of co-localisation with the PKH26 labelled MHP36 cells. 
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Reactive astrocytes in this experiment are probably present as a result of local injury due to 

injection. Of relevance to stroke, reactive astrocytes are thought to protect the penumbra during 

brain ischaemia (Li et al., 2008), but direct evidence has been lacking due to the absence of 

suitable experimental models. These experiments were designed to establish the stereotaxic 

surgery and immunostaining (preparation of brain tissue for visualizing the stem cells in vivo) 

post transplantation. The key findings of the main study in the present chapter are that 

conditionally immortalised neural stem cells MHP36 restore lost sensorimotor function after 

transient MCAO in mice as demonstrated in both the cylinder and ladder rung tests. The 

observed improved function is not due to reduced lesion size or increased cellular differentiation 

but perhaps due to increased synaptic plasticity.  

Improved functional recovery after transient MCAO by MHP36 cells has been shown in a 

previous study but in that study grafting was done in rats, at 8 distinct contralateral sites and at 2 

to 3 weeks after MCAO (Veizovic et al., 2001). This study extends previous work showing 

success of MHP36 cells after transient MCAO when grafted in mice in 2 ipsilateral sites 2 days 

post-MCAO. Furthermore, updated STAIR preclinical recommends using a time window (at 

least 2-3 weeks post MCAO recovery) with both histological and functional outcomes in 

multiple animal species (Fisher et al., 2009). Other previous studies have shown MHP36 cell 

survival, migration, differentiation, and efficacy in cognitive tasks after four-vessel occlusion in 

rats (Gray et al., 2000, Gray et al., 1999, Sinden et al., 1997), motor and cognitive recovery after 

MCAO in rats (Veizovic et al., 2001) and hippocampal lesions in the marmoset (Hodges et al., 

2000b), which resulted in circumscribed CA1 cell loss. MHP36 cells have been tested in mice 

after 2 vessel global ischaemia and were found to reduce ischaemic damage with 50% of cells 

having neuronal phenotype though no functional recovery was assessed (Wong et al., 2005).  
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Improving functional outcome after stroke is the ultimate goal of stroke treatment. The detection 

of functional deficits and potential therapies that restore these is essential for potential 

translational applications. Mice, due to their small size and quick movements, can be perceived 

as more challenging to handle and train than rats (Wahlsten et al., 2003). Thus, test strategies for 

mice are frequently based on evaluation of simple motor behaviour in standard test batteries 

(Cook et al., 2002, Lalonde et al., 2003, Li et al., 2004) or neurological score such as Clark’s 

deficit score (Clark et al., 1997, De Simoni et al., 2003). The Clark’s deficit score was used in 

this study to allow assessment of significant deficit in MCAO animals as opposed to animals 

undergoing sham surgery. Importantly, the Clark’s score was not designed in the present study to 

test the efficacy of stem cells given at acute time points (72 and 96 hrs post MCAO). While 

these tests evaluate gross behaviour, they lack resolution when rather specific chronic deficits 

need to be identified (Brambilla and Martelli, 2004, Farr et al., 2006). Numerous studies have 

reported behavioural deficits in rodents after focal stroke (DeVries et al., 2001, Hatcher et al., 

2002, Hunter et al., 1998, Li et al., 2004). Often, these tasks show remarkable degrees of 

spontaneous recovery in the first week after stroke, making them less useful for chronic testing. 

In the rat, there are several well-established behavioural tests such as the sticky tape test, corner 

test, rotarod tests that continue to show deficits for several weeks after ischaemic damage (Cenci 

et al., 2002, Modo et al., 2000, Reglodi et al., 2003, Schallert et al., 1982). Much less has been 

described regarding the recovery of sensorimotor deficits in the mouse. In one of the more 

extensive studies in mice, deficits on a large number of behaviours including locomotor activity, 

gait, limb tone and negative geotaxis was demonstrated; however animals were only tested for 

24 hrs after stroke (Hunter et al., 2000). Moreover, clear differences exist in the behavioural 

deficits seen in rats versus those seen in mice after stroke. For example in mice, the rotarod test 

was unable to distinguish sham and MCAO animals even 1 day after MCAO; in rats rotarod 
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testing has been used extensively to distinguish infarcted animals from sham (Hunter et al., 

2000). The “adhesive tape test’’ originally described by Schallert and colleagues (Schallert et al., 

1982) has been used in countless experiments and is sensitive to the degree of ischaemic damage 

in rat (Karhunen et al., 2003); however, this test is difficult to perform reliably in mice due to 

their small size (Li et al., 2004).  

Tests that have shown successful recovery after MCAO with MHP36 include bilateral 

asymmetry and amphetamine rotation (Veizovic et al., 2001, Modo et al., 2002b), cognitive 

function (Gray et al., 2000) and simple and conditioned discrimination (Virley et al., 1999), 

whereas no recovery was observed using Morris water-maze (Veizovic et al., 2001). Unilateral 

brain damage in human and rodents results in deficits of symmetry and tests that detect 

asymmetries such as the cylinder test, which can detect even mild neurological impairments, 

(Hua et al., 2002) help factor out confounding variables such as an overall decrease in activity 

after surgical induction of stroke, as additional trials can be performed until the desired number 

of rearing observations are made (Onyszchuk et al., 2007). This is the first time the cylinder test 

has been used to assess the potential of MHP36 cells. We observed symmetrical use of both 

paws in sham animals and a marked preference for use of the non-impaired (ipsilateral) paw 

after tMCAO. Importantly, treatment with MHP36 not only reduced this asymmetry [by >70%] 

but also induced a marked preference for use of the impaired paw. The reasons for this are 

unclear but may be related to compensatory effects or increased activity of neurons which are 

discussed later.Since topography of our lesion includes cortical and subcortical areas, motor 

impairments of limb functioning and placing deficits were evaluated in the present study by the 

foot fault test which has commonly been used to demonstrate motor coordination deficits in rats 

(Stroemer et al., 1995). Recently, Farr and colleagues (Farr et al., 2006) have developed an 
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efficient and sensitive test strategy for chronic assessment of skilled fore- and hind-limb 

stepping in mice. Performance in the ladder rung task requires fine muscle and limb coordination 

as well as the ability for balanced weight-supported stepping movements. The stepping 

movements are usually accompanied by body weight shifts to maintain a balanced and 

undisrupted walking pattern. In order to adapt limb coordination to the irregular rung positions, 

animals are required to control their weight support and quickly correct for a limb placement 

error (Farr et al., 2006). The ladder rung test in the present study revealed impairments in limb 

stepping patterns post-MCAO when compared to pre-MCAO that were likely caused by loss of 

refined motor control. These deficits may be due to absence of the arpeggio movement in 

contralateral fore- and hind-limbs (Farr et al., 2006), which involves successive placement of 

digits 1–5 when palpating the surface and finely adjusting the paw position relative to the 

surface (Whishaw et al., 2003) (see Table 5.1 for fore and hind limb scores for this study). 

Previous studies in rats have indicated that arpeggio movements of fore- and hind-limbs are 

impaired after dopamine depletion (Miklyaeva et al., 1994, Whishaw et al., 2003) and in mice 

with motor cortex lesions (Farr et al., 2006). This is the first study to show a lesser significant 

deficit in the MHP36 group when compared to vehicle group by 28 days post MCAO and that 

this improvement is accelerated by 14 days in mice receiving MHP36 cells.  

The tests used in this study are convenient and reliably detect motor deficits independent of the 

influence of repeated testing, which is essential for investigating the recovery process at any 

time points. It is important to understand however, that both plasticity and degenerative events 

may co-occur over long periods of time. The extent to which delayed degeneration and plasticity 

events tend to cancel each other is not easily investigated, but should be kept in mind 

particularly when making decisions about the optimal timing of an intervention (Schallert et al., 
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2000). The functional recovery after implantation of MHP36 cells observed in this study 

provides some pointers to the possible mechanisms involved. Three possibilities for the observed 

functional outcome using MHP36 cells are that 1) it is unlikely to be compensatory effects or it 

would be evident in MCAO/vehicle group. 2) grafted MHP36 cells promoted neuroprotection by 

migrating to the area of damage and reconstituting local circuits that were sufficient to sustain 

some functions and 3) grafted MHP36 cells promote plasticity by augmenting spontaneous 

reorganization within the host environment sufficient to undertake, or compensate for, some lost 

function by release of nerve growth factors; neurotrophins. Evidence from imaging studies 

suggests that both possibilities are reasonable (Cramer et al., 1997).  

Whether transplanted cells reduce death of host cells is an important observation as enhanced 

recovery of function could result from neuroprotection (Shen et al., 2010). The lesion volume in 

the present study was not significantly reduced by MHP36 cell which was in agreement with 

Modo et al., (2002) (Modo et al., 2002a) where they showed no difference in infarct when 

transplantation was 2-3 weeks post-MCAO and lesion was assessed at 14 weeks. In other 

studies, MHP36 cells have been shown to reduce infarct size in rats (Modo et al., 2009, Veizovic 

et al., 2001). This was observed 11 months after transplantation possibly due to a reduction of 

secondary degeneration and atrophy (Schallert et al., 1982). Furthermore, they suggest the 

reduction in lesion volume appears to be a delayed effect because they did not observe a 

reduction in lesion in rats examined 3 months after transplantation of MHP36 grafts, which 

already exerted positive effects on bilateral asymmetry. Thus, a time course study is essential to 

compare the evolution of lesion size in grafted and non grafted animals after MCAO and to 

relate volume change to behavioural outcome. Other stem cell sources and their outcomes after 

MCAO promoting neuroprotection are discussed in section 1.2.2 & 1.2.3. Other mechanisms of 
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action of MHP36 could include filling out of cavities, replacing lost circuitry and integration of 

MHP36 cells into host circuitry. In the present study it would not be possible for injections of 1 

µl (25,000 cells) to fill out cavities averaging ~2-3 mm3, particularly since only a third of the 

cells migrate to the lesion site (Veizovic et al., 2001). In our study, at 28 days post-MCAO, there 

were fewer MHP36 cells present in the injection tract, with increased numbers of cells in the 

surrounding areas at 28 days post-transplantation. Cells were observed in the peri-lesion cortex 

and caudate nucleus, regions that undergo neuronal damage after transient MCAO, suggesting 

that the grafts were migrating in response to damage.  

MHP36 cells are unlikely to be improving functional recovery after stroke via replacing lost 

circuitry or integration of MHP36 cells into host circuitry in the present study. This is due to a 

non-significant trend to increased expression of MAP-2 (neuronal), CNPase (oligodendrocytes) 

and decreased expression of GFAP (astrocytes) in the MHP36 group when compared to vehicle 

at 28 days was observed. Conversely, Hodges and colleagues have shown that astrocytes may 

play an important role in the functional recovery induced by MHP36 grafts, since grafted cells 

readily adopted this phenotype (Hodges et al., 2000b). Furthermore, Bradbury and colleagues 

found that astrocytes grafts elevate recovery from deficits induced by cholinergic lesions as 

effectively as primary foetal tissue (Bradbury et al., 1995). In the present study a decreased 

expression of GFAP was observed which can be supported by a recent finding by Järlestedt and 

colleagues that states attenuation of reactive gliosis, using GFAP and vimentin knock-out mice 

in the developing brain does not affect infarct volume after hypoxic-ischaemia, but increases the 

number of surviving newborn neurons (Jarlestedt et al., 2010). Nevertheless glial contributions 

are important and might include: 1) provision of a matrix to support the survival and integration 

of the neuronal population of grafted cells; 2) promote local remyelinization; 3) release of 
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transmitter substances to supplement the activity of host cells or 4) release of trophic factors that 

sustain damaged host or grafted neurons (Hodges et al., 2000b). Furthermore, IBA-1 positive 

microglia were also observed after 28 days post-MCAO. Our findings are similar to Lambertsen 

and colleagues that showed microglia and microglial-derived TNF played a key role in 

determining the survival of endangered neurons in cerebral ischaemia (Lambertsen et al., 2009). 

Attenuation of a stroke-induced inflammatory/immune response after cell replacement has also 

been observed (Wong et al., 2005). However, we did not observe any significant effect of 

MHP36 on microglia when compared to vehicle. In agreement, Wong and colleagues showed a 

marked increase in microglia/macrophage in MHP36 grafted mice as compared to vehicle mice 

at 1 week post transplantation indicating that the MHP36 cells further evoked an inflammatory 

response. This vast inflammatory response decreased dramatically at 4 weeks post-

transplantation to levels approaching that of vehicle mice (Wong et al., 2005). This suggests that 

the MHP36 cells are no longer recognised as foreign by host microglia and macrophages. In 

addition, there was no co-localisation of microglia with MHP36 cells indicating that these cells 

were not being phagocytosed. Microglial inflammation has been shown to have a varying effect 

on neural stem cell grafts. The pro-inflammatory effects of microglia have been well 

documented (Vilhardt, 2005) with graft rejection strongly associated with macrophage and 

microglial infiltration (Duan et al., 1995). Microglia can also have a beneficial effect on NSC 

grafts, aiding in migration, axonal growth and differentiation, possibly by secretion of growth 

factors or through cell–cell contact (Vilhardt, 2005, Lambertsen et al., 2009).  

Brain plasticity is promoted by neuronal connections that are continuously remodelled and suffer 

intense adaptive functional and structural reorganisation after lesions (Carmichael, 2003, 

Giraldi-Guimaraes et al., 2009, Rossi et al., 2007). This restorative reorganisation promoting 
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endogenous brain plasticity (Modo et al., 2003, Minger et al., 2007) is one of the most important 

mechanisms underlying functional recovery. The functional recovery observed in the present 

work might be explained in part by a positive effect of the MHP36 cells in the structural 

plasticity induced by ischaemia. To analyse this hypothesis, we studied the expression of 

synaptophysin protein, related to structural plasticity, in the periphery of the lesion and in the 

contralateral (homologous) cortex. Our results showed a significant effect of the MHP36 

treatment in the expression of synaptophysin in the ipsilateral cortex suggesting that the 

observed recovery might be attributed to significant plastic structural changes involving 

synaptogenesis. In agreement, Shen and co-workers showed an increase of the synaptophysin 

expression in the periphery of the ischaemic lesion in rats treated with bone-marrow stromal 

cells one day after MCAO (Shen et al., 2006).  

Other mechanisms that may lead MHP36 cells to improve functional recovery include enhancing 

angiogenesis (Carmeliet, 2003, Chen et al., 2005, Chen et al., 2003b, Zhang et al., 2002, 

Krupinski et al., 1994) and motor remapping (Carmichael, 2003, Li et al., 2005, Shen et al., 

2006). Future studies would be required to elucidate these functions. In conclusion, the pilot 

study showed firstly that, the PKH26 labelled MHP36 cells migrated out of the implanted site. 

Secondly, these PKH26 labelled NSC lost nestin expression but did not differentiate into 

astrocytes after 24 hours in the host brain. Thirdly, GFAP-positive cells were observed near the 

injection site suggesting that endogenous reactive astrocytes were attracted near the site of 

injection possibly to protect the brain from the injury caused by the injection. Key findings from 

the main study suggest that MHP36 grafts ipsilateral to the lesion exert a positive functional 

effect as observed using the ladder and cylinder test which is probably mediated by promoting 

synaptogenesis rather than via neurogenesis or neuroprotection. Enhanced or accelerated 
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improvement of behaviour on these tests may be a useful marker of functional reorganization in 

the damaged brain. Thus, the same experimental plan was used to test our hypothesis, whether 

NSCs over-expressing oestrogen enhanced or accelerated improvement, see Chapter 6. 
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CHAPTER 6 
E F F E C T S  O F  M H P 3 6  N E U R A L  S T E M  C E L L S  O V E R -
E X P R E S S I N G  O E S T R O G E N  O N  B R A I N  R E P A I R  
A F T E R  M C A O  I N  M I C E  

6.1 | Introduction 

In the previous Chapter it was demonstrated that MHP36 cells have the capacity to exert a 

positive functional recovery using sensorimotor tasks after tMCAO in mice likely linked to 

increased synaptogenesis. In that study, grafted MHP36 cells migrated to the area of damage 

and reconstituted local endogenous circuits that were sufficient to promote synaptogenesis 

and sustain some functions rather than by replacing host cells. One possible way to promote 

survival, integration and enhancement of functional recovery is via neurorestoration and re-

modelling of animal brain; by modulating properties of the MHP36 cells to promote success 

of stem cells. 

Oestrogen regulates the development, maturation, survival and function of multiple types of 

neurons in multiple brain regions (McEwen and Alves, 1999, Simpkins et al., 1997, Toran-

Allerand, 2004, Brinton, 2004). Recent advances in our understanding of oestrogen action in 

brain are that 17β-oestradiol (E2) can promote neurogenesis in rat brain in vivo and 

proliferation of neural progenitor cells (NPCs) in vitro (Brannvall et al., 2005, Brannvall et 

al., 2002, Tanapat et al., 2005, Tanapat et al., 1999). Oestrogen can act as a neuroprotective 

agent (Behl, 2002, Dubal and Wise, 2001, Hurn and Macrae, 2000), promoting synaptic 

plasticity and growth of nerve processes (Bi et al., 2001, McEwen, 2002), attenuates 

programmed cell death (Rau et al., 2003) and modulates various synaptic markers that are 

associated with cognition (Gibbs and Gabor, 2003, Kim and Casadesus, 2010). Thus far, two 
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types of oestrogen receptors (ERs), ERα and ERβ are well characterized. ERα and ERβ 

reveal common feature of the nuclear receptor structure but are encoded by different genes 

located on different chromosomes, and, in addition, they exhibit different brain distribution 

profiles (for review, see (McEwen and Alves, 1999) and section 1.3.3). The brain region-

specific distribution for these receptors is linked to functional distinctions between ERα and 

ERβ for oestrogen-induced neuroprotection, neurotrophic and neurogenic activities (Struble 

et al., 2003, Wang et al., 1994, Zhao et al., 2005). E2-induced neuroprotection and 

neurotrophism are regulated by a coordinated signalling cascade that involves ER protein 

interaction with the regulatory subunit (discussed in Chapter 1 section 1.3.4). Furthermore, 

Suzuki and colleagues have clearly demonstrated that both ER α and β play pivotal 

functional roles, insofar as knocking out either of these receptors blocks the ability of E2 to 

increase neurogenesis (Suzuki et al., 2007). Furthermore, ER- dependent E2-induced stem 

cell proliferation and differentiation has been shown in vitro (Brannvall et al., 2002).  

Considering evidence of MHP36 cells to promote functional recovery in stroke animals 

following brain transplantation and of E2 to promote neurogenesis and synaptogenesis, this 

led to the hypothesis that over-expression of E2 in MHP36 (discussed in Chapter 3; Dax-

1KD-MHP36 cells) can increase plasticity of grafted NSCs, enhance and accelerate 

functional recovery via neurogenesis and synaptogenesis in the mouse MCAO model. 
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6.2  | Methods  

6.2.1 | Subjects 

Thirty-two, C57BL/6 male mice, 12-14 weeks old (Charles River, UK), weighing between 

25 and 30 g, were used complying with the UK Animals (Scientific Procedures) Act, 1986. 

6.2.2 | Experimental design 

The experimental design was similar to the one used in Chapter 5 (see section 5.2.2.2).  

6.2.3 | Surgery and measurement of CBF 

Following completion of baseline behavioural testing, focal ischaemia was induced within 

the left hemisphere by transient (45 min) tMCAO as described previously in section 

2.2.10.2. In each animal, laser Doppler flowmetry (Moor Instruments, UK) was used to 

monitor cerebral blood flow (CBF) continuously, before and during MCAO as well as 

during reperfusion as described in section 2.2.10.3. Animals were included only when CBF 

was reduced by ≥ 85% during ischaemia, and successful reperfusion was subsequently 

achieved.  

6.2.4 | Cell maintenance and transplantation 

MHP36 and Dax-1KD-MHP36 cells were cultured from frozen stock and maintained in an 

undifferentiated state at 33 C as described in section 2.2.1. Dax-1KD-MHP36 cells were 

cultured in the same media, which in addition contained puromycin.  

Two days post-ischaemia, mice were randomly selected (suggested in STAIR; (Saver et al., 

2009) to receive a unilateral cortical and striatal graft of either control vehicle (n = 4), 

MHP36 stem cells (n = 4), E2 (n = 4), MHP36 + E2 (n = 6), Dax-1KD-MHP36 (n = 6) (all 

treatments in presence of NAC and ethanol). Before grafting, cells were labelled with the 
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membrane bound fluorescent marker PKH26 (described in detail in section 2.2.13.2). The 

following coordinates (Medial/Lateral + 2 mm, Anterior/Posterior - 0.26 mm, Ventral -1.5 

and -3.0 mm from the surface of the brain) were used for injection.  

6.2.5 | Clark’s Deficit Score (CDS) 

The CDS was similar to the one used in Chapter 5 (see section 5.2.2.5). Out of the 32 

animals that underwent tMCAO, 8 were excluded according to the exclusion criteria (all 

exclusions were before 2 days post MCAO injection). 

6.2.6 | Ladder rung task apparatus and analysis 

The ladder rung test was similar to the one used in Chapter 5 (see section 5.2.2.6) and is 

described in detail in section 2.2.14.2.  

6.2.7 | Cylinder task apparatus and analysis 

The cylinder test was similar to the one used in Chapter 5 (see section 5.2.2.7) and is 

described in detail in section 2.2.14.3.  

6.2.8 | Video recording and analysis equipment 

Post-MCAO measurements were taken at 2, 7, 14 and 28 day time points. The mice were 

filmed with a high speed Panasonic digital camcorder (30 frames/s; shutter speed of 1/1000). 

The digital videotapes were analyzed using a HP Pavilion DV2000 laptop. Single frames 

were imported from the digital video records using Windows media player on a Windows 

operating system. 

6.2.9 | Histology and infarct measurement 

All histology and analysis for volumetric assessment of ischaemic damage, the observer was 

unaware of treatment (injection). Mice were perfused at 28 days following the completion of 
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behavioural testing. The brains were processed appropriately and coronal sections were cut 

at 20m and collected on slides for further analysis (detailed in section 2.2.13). 

6.2.9.1 | Measurement of lesion  

Sections were stained with haematoxylin and eosin to determine lesion (tissue loss) and 

measure volume as described in sections 2.2.13. 

6.2.9.2 | Assessment of differentiation  

Serial 20µm coronal sections were processed (see section 2.2.3) and stained (see section 

5.2.2.9.2) to identify differentiated cells. 

6.2.9.3 | Assessment of synaptic plasticity  

Serial 20µm coronal sections were processed (see section 2.2.3) and stained (see section 

5.2.2.9.3) to investigate synaptogenesis. PKH26/anti-Syn double-label immunofluorescence 

was used to relate synaptogenesis.  

The coronal levels used for staining ranged between bregma -0.38 ± 0.10 mm. The analysis 

for immunofluorescence staining was carried out as described in section 2.2.3.1. 

6.2.10 | Statistical analysis 

Statistical comparisons in cylinder and ladder rung test were made using one-way ANOVA 

with repeated measures. Clark’s deficit score was analysed using two-way ANOVA. A post 

hoc Bonferroni’s test was applied to correct for multiple comparisons. In histology 

assessments, unpaired Student’s t-test was performed unless otherwise stated. A p-value of 

less that 0.05 was chosen as the significance. 
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6.3 | Results 

6.3.1 | Summary of characterisation of neural stem cells for oestrogen 

Initially, we determined whether MHP36 cells express oestrogen receptors and aromatase 

for genetic modification (refer to Chapter 3). Furthermore, Dax-1KD-MHP36 cells were 

characterised for oestrogen after genetic modification (refer to Chapter 3).  

6.3.2 | Cerebral blood flow  

Analysis of CBF did not show any difference between different groups that were to later 

receive either vehicle or stem cells. CBF was reduced by >85-90% in all groups during 

MCAO when compared to pre-occlusion baseline values (Figure 6.1).  

Figure 6.1: Laser Doppler flowmetry in mice undergoing MCAO. 

Cortical blood flow measured before, during and after insertion of the silicone filament to 
occlude the MCA, using laser Doppler flowmetry. Data are presented as a percentage 
change from baseline blood flow (100%) and represented as mean  SEM, n ≥ 4 in each 
group.  CCA= common carotid artery. 
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6.3.3 | Clark’s deficit score 

Animals at 24 hrs post-MCAO showed a significant genral and focal deficits in all groups 

when compared to sham animals (data from Chapater 5). At 48  hrs post-MCAO animals 

recieved either vehicle or E2 or stem cells injection. The general and focal deficits were not 

affected by any of injections as observed at 72 and 96 hrs post-MCAO (Figure 6.2).  

A 

 

 

 

 

B 

 

 

 

 

 

Figure 6.2: Evaluation of Neurological score using Clark’s deficit Scale  

(A) General and (B) focal neurologic Clark’s deficit score evaluation assessed 24, 72 and 
96 hrs post-MCAO in mice receiving either vehicle, MHP36, Dax-1KD-MHP36, E2 or 
MHP36 +E2 cells at 48 hrs post-MCAO, respectively. Significant deficit observed after 
tMCAO when compared to sham surgery animals at all 3 time points assessed. Data 
represented as mean ± S.E.M, n ≥ 4. Asterisks indicate *** p≥ 0.001 sham versus 
tMCAO (different injection). 
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6.3.4 | Effects of Dax-1KD-MHP36 cells on behavioural outcome using 

ladder rung test after tMCAO 

Prior to MCAO, mice performed mainly correct placements with all four limbs (table 6.1). 

There was a significant increase in placement errors of the contralateral forelimb in all 

groups (Figure 6.3) at 2 days post MCAO (vehicle, 3.95 ± 0.39; MHP36, 3.82 ± 0.13; Dax-

1KD-MHP36, 3.97 ± 0.23; E2, 4.02 ± 0.26; MHP36+E2, 4.09 ± 0.22) when compared to 

pre-MCAO scores for the same treatment (vehicle, 5.77 ± 0.1; MHP36, 5.71 ± 0.04; Dax-

1KD-MHP36, 5.73 ± 0.08; E2, 5.75 ± 0.04; MHP36+E2, 5.79 ± 0.04). There was still a 

significant deficit from pre-MCAO scores at 28 days post-MCAO in all groups except 

animals receiving Dax-1KD-MHP36 cells (MHP36 and MHP36+E2, p= 0.05; E2 and 

vehicle, p= 0.01, one-way ANOVA repeated measures, Bonferroni’s post test) (Figure 6.3). 

Dax-1KD-MHP36 completely reversed the functional deficit close to pre-MCAO scores 

(5.73 ± 0.08) by 28 days post-MCAO (5.07± 0.12, n.s., one-way ANOVA repeated 

measures, Bonferroni’s post test) (Figure 6.3). Furthermore, Dax-1KD-MHP36 cells had the 

capacity to accelerate the functional recovery by 14 days which was not apparent in the other 

groups (MHP36, 4.33± 0.32; Dax-1KD-MHP36, 4.88 ± 0.12; MHP36 + E2, 4.52± 0.22) 

when compared with 2 days post-MCAO scores (Figure 6.3). 
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A  Vehicle  
Pre Scores  Mean SEM n  28 days score Mean SEM n 

Ipsi H 5.96 0.04 4 Ipsi H 5.90 0.05 4 
Ipsi F 5.62 0.19 4 Ipsi F 5.71 0.08 4 

Contra H 5.92 0.04 4 Contra H 5.52 0.05 4 
Contra F 5.77 0.10 4 Contra F 4.57 0.14 4 

B MHP36 cells 
Pre Scores  Mean SEM n 28 days score Mean SEM n 

Ipsi H 5.90 0.04 4 Ipsi H 5.80 0.03 4 
Ipsi F 5.80 0.07 4 Ipsi F 5.81 0.04 4 

Contra H 5.90 0.03 4 Contra H 5.50 0.15 4 
Contra F 5.71 0.07 4 Contra F 4.90 0.22 4 

C E2 
Pre Scores  Mean SEM n 28 days score Mean SEM n 

Ipsi H 5.85 0.06 4 Ipsi H   5.93 0.04 4 
Ipsi F 5.78 0.04 4 Ipsi F   5.78 0.08 4 

Contra H 5.89 0.08 4 Contra H   5.28 0.20 4 
Contra F 5.75 0.04 4 Contra F   4.57 0.11 4 

D MHP36 + E2 
Pre Scores  Mean SEM n 28 days score Mean SEM n 

Ipsi H 5.86 0.04 6 Ipsi H   5.97 0.03 6 
Ipsi F 5.69 0.09 6 Ipsi F   5.81 0.04 6 

Contra H 5.87 0.06 6 Contra H   5.69 0.06 6 
Contra F 5.79 0.04 6 Contra F   4.76 0.22 6 

E Dax-1KD-MHP36 cells 
Pre Scores  Mean SEM n 28 days score Mean SEM n 

Ipsi H 5.91 0.04 6 Ipsi H   5.93 0.07 6 
Ipsi F 5.85 0.09 6 Ipsi F   5.88 0.03 6 

Contra H 5.88 0.03 6 Contra H   5.47 0.14 6 
Contra F 5.73 0.08 6 Contra F   5.07 0.12 6 

             Ipsi= Ipsilateral; Contra= Contralateral; H= Hind Limb; F= Fore limb 

Table 6.1: Scores of all four limbs at pre- and 28 days post-tMCAO in the ladder test 

(A) Vehicle, (B) MHP36 cells, (C) E2, (D) MHP36 cells + E2 and (E) Dax-1KD-MHP36 
cells pre and 28 days post-MCAO scores. 
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Figure 6.3:  Average stepping score for contralateral fore-limb on the ladder rung task 
after MCAO 

Mice receiving either vehicle, E2, MHP36, MHP36+E2 cells or Dax-1KD-MHP36 cells 
tested at four time points post-MCAO. A significant stepping deficit at 2 days post-
MCAO was observed in all groups. Dax-1KD-MHP36 cells accelerated the functional 
recovery observed at 14 days post-MCAO when compared to 2 days post-MCAO score. 
Asterisks indicate ***p< 0.001 (pre- versus 2 days), # p<0.01, ## p<0.001 (pre-MCAO 
versus 28 days), δδδ p<0.001 (2 days versus 14 days) one-way ANOVA, repeated 
measures. 

 

6.3.5 | Effects of Dax-1KD-MHP36 cells on behavioural outcome using 

cylinder test after tMCAO 

In this task, the mean laterality score of the injured group, which measures preference for the 

forelimb unaffected by (ipsilateral to) the injury, peaked at 2 days post-MCAO time point. 

There was a significant increase in left (non-impaired) forelimb usage in tMCAO animals 

(Figure 6.4) at 2 days post-MCAO (vehicle, 0.83 ± 0.08; MHP36, 0.83 ± 0.06; Dax-1KD-

MHP36, 0.7 ± 0.08; E2, 0.78 ± 0.07; MHP36+E2, 0.75 ± 0.06) when compared to pre-
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MCAO scores in each injection groups (vehicle, 0.05 ± 0.09; MHP36, -0.06 ± 0.03; Dax-

1KD-MHP36, 0.01 ± 0.13; E2, -0.04 ± 0.06; MHP36+E2, 0.04 ± 0.03). There was still a 

significant deficit at 28 days post-MCAO in the vehicle (0.38 ± 0.097, p= 0.04) and E2 alone 

groups (0.1 ± 0.094, p= 0.01) compared to pre-MCAO scores (Figure 6.4). However, a 

highly significant preference for the right (impaired) forelimb was observed at 28 days in the 

animals receiving MHP36 cells (-0.55 ± 0.12) and MHP36 cells suspended in oestrogen (-

0.43 ± 0.035) when compared to pre-MCAO. On the other hand, Dax-1KD-MHP36 

completely reversed the functional deficit to pre-MCAO scores (0.10 ± 0.13) by 28 days 

post-MCAO (-0.03±0.12, ns) (Figure 6.4). 

Figure 6.4: Spontaneous vertical exploration of fore-limb using cylinder test after MCAO 

Mice receiving either vehicle, E2, MHP36, MHP36+E2 cells or Dax-1KD-MHP36 cells 
were tested at four time-points post-MCAO. A significant asymmetry on cylinder testing 
at post-MCAO time point was observed in all groups. Dax-1KD-MHP36 cells restored 
the functional deficit to pre-MCAO baseline score. Asterisks indicate ***p< 0.001 (pre- 
versus 2 days; all groups), # p<0.05, ## p<0.01, ### p<0.001 (pre-MCAO versus 28 
days), one-way ANOVA with repeated measures. 
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6.3.6 | Histology 

6.3.6.1  | Measurement of lesion (tissue loss) after 28 days post-MCAO  

At 28 days post-transplantation there was a significant difference in lesion (tissue loss) 

between the vehicle (18.5 ± 1.34 mm3; n=4) and Dax-1KD-MHP36 only (12.0 ± 1.66 mm3, 

n=6) grafted mice (Figure 6.5). The lesion volume was not significantly reduced in any 

other group.  

A 

 

 

 

 

 

B 

 

Figure 6.5: Measurement of lesion (tissue loss) post-MCAO in all experimental groups  

(A) Topography of lesion (tissue loss) over eight coronal levels (with respect to interaural 
distance). (B) Bar graph representing infarct volumes measured in all experimental 
groups. A significant difference in infarct volume was observed between Dax-1KD-
MHP36 and vehicle. Asterisks indicate *p<0.01 (vehicle versus Dax-1KD-MHP36 cells), 
one-way ANOVA, post hoc Bonferroni’s test to correct for multiple comparisons.  
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Figure 6.6: Distribution of lesion over 8 coronal levels after 28 days post-MCAO in mice 
receiving (A) vehicle and (B) Dax-1KD-MHP36 cells 

Shaded areas represent areas of lesion in one representative animal from each group. 

 

6.3.7 | Effects of Dax‐1KD‐MHP36 cells on differentiation 

Staining of brain sections with neuronal marker MAP-2, revealed a significant increase in 

expression in the Dax-1KD-MHP36 group of animals when compared to the vehicle and 

MHP36 group of animals (Figure 6.7A) (Bregma: -0.38 ± 0.10mm). MAP-2 positive 

neurons were observed mainly in the cortex. No PKH26 labelled cells were observed 

positive for MAP-2 neurons in MHP36 or Dax-1KD-MHP36 group. There was no difference 

in intensity of IBA-1 positive activated microglial cells in MHP36 and Dax-1KD-MHP36 

versus vehicle groups (Figure 6.7C). A graphical representation of the average mean 

intensity for MAP-2 positive and IBA-1 positive cells is shown in Figure 6.7B & D 

respectively. Highly populated GFAP-positive astrocytes were observed in the peri-lesion 

A                                                        B 
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versus vehicle groups (Figure 6.7C). A graphical representation of the average mean 

intensity for MAP-2 positive and IBA-1 positive cells is shown in Figure 6.7B & D 

respectively. Highly populated GFAP-positive astrocytes were observed in the peri-lesion 

which included the cortex and striatum (Figure 6.8A). The mean average intensity 

measurement showed a non-significant trend to decrease in the MHP36, MHP36+E2 and 

Dax-1KD-MHP36 group of animals when compared to vehicle (Figure 6.8B). Similarly, 

Oligodendrocytes were observed in the peri-lesion mainly the cortex (Figure 6.8C) and the 

mean intensity showed a trend to increase in the MHP36, MHP36+E2 and Dax-1KD-

MHP36 group of animals versus vehicle (Figure 6.8D). 
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Figure 6.7: Effects of Dax-1KD-MHP36 cells on differentiation into neurons and microglia. 

(A) Peri-lesion cortex in the mice recieving MHP36 and Dax-1KD-MHP36 cells demonstrating microtubule-associated protein-2 (MAP-2) 
expression; (scale bar = 100 µm) (white arrows indicate neurons stained with MAP-2). (B) Graphical representation of mean average intensity for 
MAP-2 expression in all experimental groups. (C) IBA-1 positive microglia observed in the peri-lesion cortex and striatum at 28days post-MCAO 
in mice receiving MHP36 and Dax-1KD-MHP36 cells (scale bar = 5 µm). (D) Graphical representation of mean average intensity for IBA-1 
(microglia) expression in all experimental groups. Data represented as mean ± S.E.M., n=3, one-way ANOVA with a post hoc Bonferroni’s test. 
Asterisks indicate * p<0.05, ** p<0.001 vehicle vs. treatment groups. 
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Figure 6.8: Effects of Dax-1KD-MHP36 cells on differentiation into astrocytes and oligodendrocytes. 

(A) GFAP positive astrocytes observed in/close to the peri-lesion of mice receiving MHP36 and Dax-1KD-MHP36 at 28days post-MCAO (scale 
bar = 100 µm). (B) Graphical representation of mean average intensity for GFAP expression in all experimental groups. (C) CNPase positive 
oligodendrocytes observed in cortex at 28days post-MCAO in mice receiving MHP36 and Dax-1KD-MHP36 cells (scale bar = 100 µm). (D) 
Graphical representation of CNPase in all experimental groups. Data represented as mean ± SEM, n=3, one-way ANOVA with a post hoc 
Bonferroni’s test.  
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6.3.8 | Effects of Dax-1KD-MHP36 cells on synaptic plasticity  

At 28 days post-MCAO a dense Syn positive immunostaining within the grafts was revealed 

(Figure. 6.9A) in all treatment groups when compared to vehicle group (representative 

graph is shown in Figure 6.9B). PKH26/Syn co-localised cells were observed in the cortex 

within the peri-lesion region in all groups receiving cells MHP36, MHP36 + E2 and Dax-

1KD-MHP36 groups (Bregma: -0.38± 0.10mm) (Figure 6.9D) (MHP36 and Dax-1KD-

MHP36 data shown as images). There was a significant difference between the numbers of 

co-localised cells in mice receiving Dax-1KD-MHP36 cells when compared to controls. The 

other groups were not significantly different when compared to controls. A significant 

increase in Syn expression was observed in the ipsilateral cortex when compared to 

contralateral cortex and vehicle in all animals treatment groups (Figure 6.9C). A higher 

magnification demonstrating PKH26- labelled MHP36 and Dax-1KD-MHP36 co-localised 

with Syn positive staining in the cortex at 28 days post-MCAO (Figure 6.10).  
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Figure 6.9: Effects of Dax-1KD-MHP36 cells on synaptic plasticity  

(A) Peri-lesion cortex in the mice receiving MHP36 and Dax-1KD-MHP36 cells stained 
for synaptophysin (arrows indicate positive Syn staining; scale bar = 100µm). (B) 
Representative coronal section from the mouse atlas used for imaging (Bregma: -0.38). 
(C) Graphical representation of intensity of Syn observed in all experimental groups 
(Bregma: -0.38 ± 0.10mm). Data represented as mean ± SEM, n=3, two-way ANOVA 
with a post hoc Bonferroni’s test. Asterisks indicate *** p<0.001 contralateral (yellow 
box) vs. ipsilateral hemisphere (black box); ### p<0.001 versus vehicle in ipsilateral 
hemisphere. (I= ipsilateral; C= contralateral).  

B
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Figure 6.10: Co-localisation of pre-labelled stem cells and synaptophysin at 28 days post-MCAO. 

A higher magnification of the previous section demonstrating PKH26- labelled MHP36 and Dax-1KD-MHP36 co-localised with Syn positive 
staining in the cortex at 28 days post-MCAO (scale bar = 5 µm). 
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6.4 | Discussion 

Over the last three decades, intense pre-clinical and clinical studies of the role of E2 on 

neuroprotection and cognition have been undertaken to elucidate the significance of 

oestrogen in the brain. Oestrogen can act as a neuroprotective agent (Behl, 2002, Dubal and 

Wise, 2001, Hurn and Macrae, 2000), promotes synaptic plasticity, neurogenesis (Suzuki et 

al., 2007) and growth of nerve processes (Bi et al., 2001, McEwen, 2002), attenuates 

programmed cell death (Rau et al., 2003) and modulates various synaptic markers that are 

associated with cognition (Gibbs and Gabor, 2003, Kim and Casadesus, 2010). However 

detrimental and adverse effects of oestrogen in ischaemic brain have become apparent both 

in the pre-clinic as well as clinic (as described in section 1.3.5). We therefore seek new 

strategies to harness the beneficial effects of oestrogen.  

This is the first study to show that stem cells over-expressing oestrogen have improved 

plasticity. It is based on three findings showing that MHP36, a conditionally immortalised 

neural stem cell line genetically modified to over-express oestrogen (Dax-1KD-MHP36) 1) 

completely restore lost sensorimotor function after transient MCAO to pre-MCAO baseline 

values in mice as demonstrated in both the cylinder and ladder rung tests, 2) accelerated the 

functional recovery to 14 days post-MCAO and 3) reduced tissue loss, increased cellular 

differentiation and increased synaptic plasticity. Other key findings of the present study 

indicate that oestrogen needs to be expressed by the stem cells since oestrogen administered 

alone into the brain parenchyma or administered with MHP36 cell did not restore brain 

function to pre-MCAO baseline values, accelerate function, increase differentiation or 

reduce lesion size. In addition we found that, to our surprise, MHP36 cell co-administered 

with or without E2 induced over usage of the impaired (right) limb.  
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Motor impairments of limb functioning and placing deficits were evaluated in the present 

study by foot fault test using the ladder rung test which has commonly been used as an 

efficient and sensitive test strategy for chronic assessment of skilled fore- and hind-limb 

stepping in mice (Farr et al., 2006). Furthermore, since unilateral brain damage in human 

and rodents results in deficits of symmetry another test that detects asymmetries, namely the 

cylinder test was used. The advantage of the cylinder test is that it can detect even mild 

neurological impairments (Hua et al., 2002) and factors out confounding variables such as 

overall decrease in activity after surgical induction of stroke as additional trials can be 

performed. In both tests, a marked functional deficit was observed in all experimental groups 

measured at 2 days post-MCAO displayed by an increase in step errors in the ladder and a 

marked preference for use of the non-impaired (ipsilateral) paw in the cylinder test. 

In the present study functional recovery by MHP36 cells was not complete by 28 days post-

MCAO given that in the ladder test there was still a significant difference from pre-MCAO 

scores. Importantly, treatment with MHP36 not only reduced asymmetry [by >70%] in the 

cylinder test, but surprisingly also induced a marked preference for use of the impaired paw. 

The reasons for over usage of the impaired limb are unclear but, as discussed in Chapter 5, 

could be speculated as 1) unlikely to be compensatory effects or it would be evident in 

MCAO/vehicle group and 2) an increased activity of neurons in the ipsilateral cortex which 

is addressed below. Of interest is that similar results on functional outcome were shown 

when E2 was co-administered with MHP36 cell. On the other hand a complete restoration of 

foot faults to baseline scores, by 28 days post MCAO in mice receiving the genetically 

modified MHP36 cell for oestrogen (Dax-1KD-MHP36 cell) was achieved. In addition, this 

restoration was further accelerated as observed at 14 days post-MCAO in Dax-1KD-MHP36 

cell group. These findings possibly indicate an effect of local E2 released by the stem cells 

after migrating to the injury site.   
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Neuronal connections are continuously remodelled and suffer intense adaptive functional 

and structural reorganization after lesions (Carmichael, 2003, Giraldi-Guimaraes et al., 2009, 

Rossi et al., 2007). This restorative reorganization is one of the most important mechanisms 

underlying functional recovery as described below. The restoration of functional recovery 

observed in the present study might be explained in part by a positive effect of the Dax-

1KD-MHP36 cells on the structural plasticity. To analyse this hypothesis, we studied the 

expression of synaptophysin protein, related to structural plasticity, in the periphery of the 

lesion and in the contralateral (homologous) cortex. The results showed that MHP36 cells 

with or without administration of E2 had an increased expression of synaptophysin in the 

ipsilateral cortex when compared to vehicle group. However the increased synaptogenesis 

was augmented when the stem cells were genetically modified to increase oestrogen 

production and this likely at least in part explains the restoration of functional outcome in 

this treatment group. Whether such structural changes are in place by 14 days to explain the 

accelerated recovery would require future elucidation using time course studies. Beneficial 

effects of oestrogen have been shown in other studies in promoting brain plasticity where 

ovariectomy reduced synaptic remodelling via the reduction in spine density in the CA1 

region and that this effect could be rescued by E2 replacement in rodents (Gould et al., 1990, 

Woolley et al., 1990) and in primates (Leranth et al., 2002, Woolley et al., 1990). Likewise, 

various synaptic markers are up-regulated after systemic E2 application (Flynn et al., 2008), 

namely, synaptophysin and synaptophilin. In terms of mechanisms involved in increased 

synaptogenesis there at least two possibilities: 1) that grafted MHP36 cells migrate to the 

area of damage and reconstitute local circuits that are sufficient to promote synaptogenesis 

and sustain some functions and 2) that grafts augment spontaneous reorganization within the 

host environment sufficient to undertake, or compensate for, some lost function. Evidence 

from imaging studies suggests that both possibilities are reasonable (Cramer et al., 1997).  
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Whether transplanted cells reduce death of host cells is an important observation as 

enhanced recovery of function could result from neuroprotection (Shen et al., 2010). There 

are reports that suggest infarct volumes can take upto 72 hrs (Garcia et al., 1993) or even 5 

days (Swanson et al., 1990) to mature. In the present study, the significant reduction of 

lesion by the Dax-1KD-MHP36 cells can be accounted for reduction in secondary damage 

growth. Secondary neuronal cell death occurs in the lesion and adjacent tissue (the peri-

lesion) and is considered largely apoptotic (Sribnick et al., 2003). Taken together with the 

lack of effect of E2 administered alone this suggests an effect of local E2 released by the 

stem cells after migrating to the injury site. Lesion volume was not reduced in animal groups 

receiving E2 alone or MHP36 administered with or without E2. Several studies have shown 

E2 pre-treatment, for days to weeks before brain insult, is neuroprotective in several models 

of focal and global ischaemia irrespective of sex, age and method of hormone administration 

(for review see Strom et al., 2009). There are fewer reports on the ability of E2 to attenuate 

neuronal death when given after ischaemia (Lebesgue et al., 2010) and there are no reports 

to our knowledge on effects of E2 administered into the brain in the lesion side.  

Other mechanisms of reconstituting local circuits by MHP36 as discussed in detail in 

Chapter 5 could include filling out of cavities however in the present study this is not the 

case, particularly since only a third of the cells migrate to the lesion side (Veizovic et al., 

2001). In the present study, by 28 days post-MCAO there were fewer Dax-1KD-MHP36 

cells present in the injection tract, with increased numbers of cells in the surrounding areas. 

Cells were observed in the peri-lesion cortex and caudate nucleus, regions that undergo 

neuronal damage after transient MCAO, suggesting that the grafts were migrating in 

response to damage.  
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Higher than physiological concentration of E2 (100nM) was used in this study for co-

administration and no beneficial effect of E2 was observed as discussed in this Chapter in 

any of the outcomes measured. However, the dose used has been tested and there are studies 

reporting a neuroprotective effect in vitro after neurotoxicity. For example, Goodman and 

colleagues have used M concentrations of E2 to protect hippocampal cell cultures against 

glutamate (Goodman et al., 1996). Furthermore, (lower) nM concentrations of E2, are also 

effective in protecting cortical neurones against glutamate (Singer et al., 1996). Although the 

lowest concentration of E2 required for neuroprotection varies between studies, 

neuroprotection against glutamate is always present, indicating that there is a threshold of E2 

concentration that must be exceeded for neuroprotection against glutamate. In addition, 

Kajta and colleagues demonstrated that pre-treatment with E2 (100 nM) prevented the 

NMDA-induced apoptosis in rat primary cortical neurons (Kajta et al., 2001). Few studies 

have examined the effect of oestrogen on non-neuronal brain cells. Bruce-Keller and 

colleagues showed E2 at high concentrations protects microglia from lipopolysaccharide-

induced superoxide production (Bruce-Keller et al., 2000). Furthermore, as reported in 

Chapter 3 using ELISA, concentration of E2 released into the media is in unison with study 

performed by Suzuki and colleagues that showed low physiological concentrations of E2 (25 

pg/ml) given systemically to ovariectomized mice increases the number of proliferating cells 

in the sub-ventricular zone (SVZ) after stroke. In addition, E2 exclusively increases the 

number of newborn cells that are destined to become neurons and does not influence gliosis 

(Suzuki et al., 2007). 

Another important mechanism underlying the observed functional recovery is improved 

neurogenesis. In the present study no significant effect of MHP36 on expression neurons 

(MAP-2), astrocytes (GFAP), oligodendrocytes (CNPase) and microglia (IBA-1) was 

observed when compared to vehicle at 28 days post-MCAO (reproduced as observed  in 
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Chapter 5). However, Dax-1KD-MHP36 (over-expressing E2) cells revealed a significant 

increase in expression of MAP-2 when compared to vehicle or MHP36 cells. Given that E2 

administered with or with MHP36 cells did not increase MAP-2 expression, it is likely that 

local E2 from migrated stem cells is promoting neurogenesis. Whether E2 is promoting 

exogenous stem cell differentiation or promoting proliferation and differentiation of 

endogenous new born stem cells is yet to be determined. Furthermore, recently Yamashita 

and colleagues (Yamashita et al., 2006) have demonstrated that a proportion of the SVZ-

derived neuroblasts differentiate into mature neurons and starts to express NeuN at the sites 

of injury, where they begin to incorporate into the existing neuronal circuit by 

forming synapses with neighbouring cells (Yamashita et al., 2006). However, although the 

SVZ is a promising therapeutic target for neuronal replacement therapy, the numbers of 

newborn neurons migrating to the sites of injury are believed to be inadequate for the 

functional recovery of the ischemic brain (Arvidsson et al., 2002, Yamashita et al., 2006). 

Therefore, the identification of an endogenous factor such as E2 that can 

stimulate neurogenesis in the face of brain insults, as well as understanding the underlying 

mechanisms of its action may lead to the progress of neuronal restorative therapies 

against neurodegenerative diseases and injury. 

In contrast, there was a trend for the expression of CNPase (oligodendrocytes) to increase 

and for GFAP (astrocytes) to decrease in the Dax-1KD-MHP36 cell group and MHP36 cell 

group administered with or without E2 and when compared to vehicle group at 28 days post-

MCAO. The potential increase in CNPase expression suggests that endogenous or 

transplanted stem cells differentiate into new oligodendrocytes to promote local 

remyelinisation of the newly born or damaged neurons (co-localisation could not be 

demonstrated because it was hard to identify auto-fluorescence of the brain from the PKH26 

labelled cells). Furthermore, a possible reduced expression of GFAP can be supported by a 
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recent finding by Järlestedt and colleagues that states attenuation of reactive gliosis, using 

GFAP and vimentin knock-out mice in the developing brain does not affect infarct volume 

after hypoxic-ischaemia, but increases the number of surviving newborn neurons (Jarlestedt 

et al., 2010). These effects by the glial cells on the host brain could be achieved by providing 

a matrix to support the survival and integration of the neuronal population of grafted cells or 

release trophic factors and or transmitter substances to supplement the activity of host cells 

(Hodges et al., 2000). In the present study, IBA-1 positive microglia were also observed 

after 28 days post-MCAO which was not affected in the Dax-1KD-MHP36 cell group. This 

suggests that the stem cell were no longer recognised as foreign by host microglia and 

macrophages. In addition, there was no co-localisation of microglia with either the MHP36 

cell with or without E2 and Dax-1KD-MHP36 cell indicating that these cells were not being 

phagocytosed. Microglial inflammation has been shown to have a varying effect on neural 

stem cell grafts. The pro-inflammatory effects of microglia have been well documented 

(Vilhardt, 2005) with graft rejection strongly associated with macrophage and microglial 

infiltration (Duan et al., 1995). Microglia can also have a beneficial effect on NSC grafts, 

aiding in migration, axonal growth and differentiation, possibly by secretion of growth 

factors or through cell–cell contact (Vilhardt, 2005, Lambertsen et al., 2009). Whether 

microglia play either of these roles in the present study have yet to be studied. 

In conclusion, the key findings from this study suggest that used MHP36 grafts due to their 

genetic modification to over-express oestrogen completely restored functional recovery to 

pre-MCAO baseline values as observed using the ladder and cylinder test. This may be 

directly or indirectly mediated by promoting neurogenesis and elevating the process of 

synaptic remodelling. It is important to note that E2 administered with or without stem cells 

did not fully replicate these results. It is also important to note that like any steroid hormone 

E2 readily diffuses in the parenchyma once transplanted and thus it is proposed that there is 
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not enough local E2 at the site of lesion and thus cannot exert the effects that are observed in 

the group of animals receiving the Dax-1KD-MHP36 cell. Thus stem cells carrying E2 and 

migrating using cues such as chemokines to areas of insult and releasing E2 locally seems to 

be a more promising approach to understand the mechanisms exerted by E2 in the brain after 

injury. 
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CHAPTER 7 
G E N E R A L  D I S C U S S S I O N  

Acute ischemic stroke caused by cerebral artery occlusion leading to infarction of brain tissue 

with acute loss of neurons, astroglia and oligodendroglia, is the most important vascular central 

nervous system (CNS) disorder and remains a leading cause of death and disability (Feigin et al., 

2003). Despite significant clinical benefits after systemic thrombolysis, only a minority of 

patients have timely access to this therapy. Therefore, it is crucial to develop new alternative 

therapeutic strategies with less time constraints. Animal models of cerebral ischaemia are crucial 

for understanding the mechanism of neuronal survival and death following cerebral ischaemia. 

This understanding further helps in development of therapeutic interventions for patients 

suffering from stroke. Many different species, especially rodents have been used to obtain 

further knowledge in this area of research. The most encouraging approach to treat stroke is 

directed towards cell replacement in the ischemic regions. Furthermore, the ability of the brain to 

regenerate neural elements to restore function was thought to be nonexistent. It is now known 

that not only does regenerative capacity exist, but transplanted cells can integrate into the host 

brain, survive, and reverse neurological deficits (Wechsler and Kondziolka, 2003).  

Transplanted cells may preserve existing host cells and connections through secretion of trophic 

factors, replace cellular elements; or establish local connections that improve synaptic activity 

(Wechsler and Kondziolka, 2003). The challenge of cell replacement for treatment of stroke is in 

some ways similar to that for Parkinson’s disease but in other ways is very different. Like 

Parkinson’s disease, the injury is focal but the neuronal loss mostly involves many more cell 
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types. Neural pathways are more complex, and the likelihood of implanted cells forming exact 

and appropriate connections to restore function seems remote, unless directed by the host brain. 

Furthermore, results obtained from cell transplantation in animal models of stroke are difficult to 

extrapolate to humans, particularly because of the lack of adequate primate stroke models. The 

typical therapies available for stroke seek (1) to interrupt the cascade of events that lead to cell 

death and (2) to harness the substantial intracerebral reorganization after stroke to functional 

recovery by rehabilitation therapies (Dirnagl et al., 1999).  

This study has used MHP36 grafts due to its ability to (1) to develop into neurons, glia, or 

oligodendrocytes in response to host signals and (2) to improve outcomes shown in several 

models of impairment (Gray et al., 2000, Gray et al., 1999, Hodges et al., 2000a, Hodges et al., 

2000b, Sinden et al., 1997) but further research is needed to understand the mechanism involved 

to explain, if not completely, the observed improved outcome. Demonstrated in Chapter 5, 

MHP36 graft ipsilateral to the lesion exerted a positive functional effect as observed using the 

ladder and cylinder test when compared to vehicle group. This improvement in behaviour could 

partly be mediated by promoting synaptogenesis rather than via neurogenesis or neuroprotection. 

Enhanced or accelerated improvement of behaviour on these tests may serve as a useful marker 

of functional reorganization in the damaged brain. Thus, the same experimental plan was used to 

test the hypothesis, whether NSCs over-expressing oestrogen enhanced or accelerated 

improvement observed using naïve MHP36 cells.  

McEwen and colleagues have reviewed, that oestrogen influences synaptogenesis and 

contributes to synaptic plasticity (McEwen, 2001). Oestrogen could also modulate processes 

ranging from adhesion and migration to survival and proliferation, cardiovascular and 

neuroprotection, angiogenesis and cancer. In addition, neurological processes such as stress 
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responses, feeding patterns, sleep cycles and temperature regulation have been shown to be 

modulated by oestrogen. Against this background, as described in Chapter 3, these MHP36 cell 

were characterised for oestrogen first before they could be genetically modified to over-express 

oestrogen. Using the genetically modified MHP36 cell (Dax-1KD-MHP36) in Chapter 6 it has 

demonstrated the beneficial effects of locally produced oestrogen by the cell, on behaviour, 

when compared to oestrogen that was co-administered with MHP36 cell or alone. Furthermore, 

the behavioural improvement observed in the MHP36 cell (Chapter 5) was enhanced and 

accelerated in the animals receiving the Dax-1KD-MHP36 cell. This enhanced and accelerated 

improvement in behaviour could partly be mediated by promoting neurogenesis and brain 

plasticity. This is only one of many proposed actions of oestrogen in the stroke-injured brain.  

The MHP36 cells cannot indeed be used in the clinic due to their genetic modification and 

murine source. Nevertheless, this fact alone should not detract from their potential use in in vivo 

for a more mechanistic outcome. Their ability to be maintained easily in vitro and obtain a large 

cell number for transplantation is of great benefit. In addition given the migratory potential of 

many stem cells toward areas of injury as described in Chapter 1, they may serve as appropriate 

vehicles for delivery of specific molecules that may be difficult to deliver at adequate 

concentration into the ischemic area via systemic administration (Muller et al., 2006). 

Candidates for such ex vivo gene therapy may include anti-inflammatory, pro-angiogenic and 

pro-survival molecules. This study tests the effects of oestrogen using the same principle. 

Molecules that promote endogenous neurogenesis may also prove to be useful. In fact, given the 

low percentage of adult-born neurons that survive, delivery of pro-angiogenic and pro-survival 

drugs might indirectly promote the survival of migrating neuroblasts that discover themselves at 

the infarct site. Many of the trophic effects displayed by stem cells are poorly understood; 
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therefore the delivery of such stem cells in conjunction with specific gene delivery may provide 

additional benefit (Burns et al., 2009, Horita et al., 2006, Lee et al., 2007). 

For the purpose of this study it is evident that further work is needed to clarify the involvement 

of oestrogen and its beneficial role in integration of the neural stem cells. Future studies directed 

towards 1) the use of aromatase inhibitors or 2) specific oestrogen receptor antagonists to abolish 

the effects of Dax-1KD-MHP36 to promote synaptic plasticity, differentiation and functional 

outcome will elucidate the beneficial role of E2. 3) Use of growth factor inhibitors for example; 

VEGF or IGF inhibitors can elucidate if Dax-1KD-MHP36 did indeed increase growth factor 

secretion. 4)  investigating earlier (24, 72 hrs and 1 week post-transplantation) time points will 

elucidate acute role of oestrogen in vivo and 5) to investigate the mechanism of acceleration 

observed at 14 days post-MCAO will be of exceptional value to refine our knowledge of the 

significance of oestrogen in the brain and to maximize the potential of this protein as a 

therapeutic agent.  

Finally, the clinical use of neural stem cells will mainly depend on the behavioural 

improvements that can be achieved and the present findings provoke an investigation of novel 

graft mechanisms, which will increase our knowledge of how grafts may be used to harness and 

augment brain plasticity in response to stroke damage. Therefore this approach of genetic 

modification will allow future exploitation in transgenic mice for genetic dissection of 

mechanisms of stem cell based therapy as well as gene therapy.  
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