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3.4.4.4 Basal Ganglia 

Semi-quantitative assessments of neuron loss in the basal ganglia were carried out in 

the same manner to the dentate nucleus of the cerebellum. There is good correlation 

between quantified percentage loss and semi-quantified assessment in previous brain 

areas assessed. The results are summarised in Table 3.11. Neurons of the caudate, 

putamen, and globus pallidus were assessed in all patients available and in Control 5, 

which is a fetal control, and Control 6, a 19 year old female. 

There was no neuronal cell loss from patients with evidence for POLG mutations 

(Figure 3.13; images B and C), or from the patient without a POLG mutation (Figure 

3.13; image D), or from stillbirth Patient 5. 

There is a single patient with no genetic diagnosis available that shows neuron loss. 

Patient 9 shows mild neuron loss (+) in the caudate and moderate neuron loss (++) in 

the globus pallidus. No neuron loss is seen in any other patients of this group.  

Neuron loss is seen in the basal ganglia of a single patient, with an unknown genetic 

diagnosis. No neuron loss is present in all other patients in all other groups or in the 

controls. 
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Figure 3.13. Neuron loss in the putamen of the basal ganglia. 
A=Control 6, B=Patient 1 POLG mutation-positive group, C=Patient 2 POLG mutation-
positive group, D=Patient 12 POLG mutation-absent group. Images B, C and D do not 
show any neuron loss in layer V. All images are taken of the putamen. All sections 
stained with CFV stain. Scale bar = 100µm. 
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POLG 
Mutation Patient Caudate Putamen Globus 

Pallidus 

+ 
1 - - - 

2 - - - 

+ s 5 - - - 

? 

8 N/A - - 

9 + - ++ 

10 N/A - - 

11 - - - 

- 12 - - - 

Table 3.11. Summary of neuron loss in the basal ganglia. 
Neuron loss of the basal ganglia is summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – denotes no 
neuron loss, and +++ denotes severe neuron loss. 
 
Key: N/A=data not available, s=stillbirth 
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 Astrogliosis 3.4.5

Astrocytes are ubiquitous cells of the CNS, providing a supporting role to cells of the 

blood-brain barrier, to neurons, and they also play a role in the repair of damaged 

tissue. This gives them a vital role in the functioning of the brain. They appear spider-

like with numerous dendrite projections reaching out into the tissue, making contact 

with other cells. An antibody to the glial fibrillary acidic protein (GFAP) expressed by 

reactive astrocytes was used to assess astrocyte populations using the -/+/++/+++ 

scale as described in Chapter 2 Methods and Materials, 2.2.7 ‘Semi-quantitative 

Methods’. 

3.4.5.1 Cerebellum 

Astrocytes of the cerebellum are termed Bergmann glia and they are assessed in 

patients of the POLG groups below. Semi-quantitative assessment of a gliosis in the 

Bergmann glia of the cerebellum is summarised in Table 3.12. 

Patients with evidence for POLG mutations (Figure 3.14; image B) show no astrogliosis 

in two patients and a moderate increase (++) in Patient 6. Patient 6 also has a 

microinfarct in the cerebellum, and much of the astrogliosis is present in the region of 

the infarct. 

Patients with no genetic diagnosis available (Figure 3.14; images C and D) show a 

variable astrogliosis. Three patients show no astrogliosis, there is a mild increase (+) in 

one patient around the dentate nucleus only, and a moderate increase (++) in one 

patient. 

The patient without a POLG mutation does not show astrogliosis. 

The stillbirth, Patient 5, shows a mild astrogliosis (+) in both the grey matter and the 

white matter. 

There is variable gliosis of Bergman glia in patients where a POLG mutation is 

confirmed or unknown. In the patient without a POLG mutation there is no gliosis. 

Astrogliosis does not appear to correlate well with neuronal cell loss. 

  

140 

 



Chapter 3 Neuropathological Features of Patients with Alpers’ Syndrome 

 

 

Figure 3.14. Bergmann glia of the cerebellum.  
A=Control 6, B=Patient 6 POLG mutation-positive group, C=Patient 8 POLG mutation-
undetermined group, D=Patient 11 POLG mutation-undetermined group. Image B 
shows widespread astrogliosis at the site of the microinfarct in the patient. The 
microinfarct is large and the entirety of it is not visible in the image. Image C does not 
show astrogliosis in the white matter. Image D shows moderate astrogliosis. All 
sections stained with GFAP antibody. Scale bar = 100µm. 
 
Key: ML=molecular layer, GCL=granular cell layer, WM=white matter 
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The brain area is unavailable for patients not listed in the table. 

POLG 
Mutation Patient Grey Matter White Matter / 

Dentate Nucleus 

+ 

1 - - 

2 - - 

6 ++ ++ 

+ s 5 + + 

? 

7 - - 

8 - + 

9 - - 

10 - - 

11 ++ ++ 

- 12 - - 

Table 3.12. Summary of Bergmann glia of the cerebellum. 
The increase in Bergmann glia in the cerebellum is summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – is defined as no 
change, + mild increase, ++ moderate increase, and +++ severe increase. 
 

Key: s=stillbirth   
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3.4.5.2 Occipital Lobe 

Suitable control tissue was extremely difficult to obtain due to the age of the patients 

and the availability of different brain regions. Control tissue was unavailable for this 

brain region. 

Semi-quantitative assessment of astrogliosis the occipital lobe (BA19) is summarised in 

Table 3.13. 

The patient with evidence for POLG mutations (Figure 3.15; images C and D), Patient 

2, shows a severe increase (+++), exhibiting swollen astrocytes. 

Patients with no genetic diagnosis available (Figure 3.15; images E and F) show a mild 

increase (+) for two patients, one showed an increase at the meninges in particular, 

and a severe increase (+++) for another patient in the grey matter in particular. 

The patient without a POLG mutation (Figure 3.15; image B) shows severe astrogliosis 

(+++). 

The stillbirth, Patient 5 (Figure 3.15; image A), shows a mild astrogliosis (+) in both the 

grey matter and the white matter. 

There is a severe astrogliosis seen in patients of three of the groups. The stillbirth 

shows a much milder astrogliosis. Some patients where POLG mutation is confirmed or 

unknown have a milder gliosis. Astrogliosis appears to correlate well with neuronal cell 

loss, with more severe astrogliosis seen in patients showing greater neuron loss. 

Despite control tissue being unavailable, there is a clear gradation of astrogliosis and a 

difference between patients. 
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1

 

Figure 3.15. Astrogliosis in the occipital lobe.  
A=Patient 5 stillbirth, B=Patient 12 POLG mutation-absent group, C=Patient 2 POLG 
mutation-positive group, D=Patient 2 POLG mutation-positive group, E=Patient 11 
POLG mutation-undetermined group, F=Patient 11 POLG mutation-undetermined 
group. Image A shows mild astrogliosis. Images B-F show severe astrogliosis, with 
swollen astrocytes in images C-F. Image D is a higher magnification of image C, and 
image F is a higher magnification of image E which show severe astrogliosis in the 
grey and white matter. All sections stained with GFAP antibody. Scale bar = 100µm. 
 
Key: GM=grey matter, WM=white matter 
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The brain area is unavailable for patients not listed in the table. The antibody stain for 

GFAP could not be performed for Patient 1 as the stain was very uneven after 

repeating. 

POLG 
Mutation Patient Grey Matter White Matter 

+ 2 +++ +++ 

+ s 5 + + 

? 

8 + + 

10 + + 

11 +++ ++ 

- 12 +++ ++ 

Table 3.13. Summary of astrogliosis in the occipital lobe. 
Astrogliosis in the occipital lobe is summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – is defined as no 
change, + mild increase, ++ moderate increase, and +++ severe increase. 
 

Key: s=stillbirth   
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3.4.5.3 Parietal Lobe 

Suitable control tissue was extremely difficult to obtain due to the age of the patients 

and the availability of different brain regions. Control tissue was unavailable for this 

brain region. 

Semi-quantitative assessment of astrogliosis the parietal lobe (BA40) is summarised in 

Table 3.14. 

Patients with evidence for POLG mutations (Figure 3.16; images A and B) show a 

severe increase (+++) in the grey matter. In Patient 2 there is a severe increase in the 

grey matter with many of the astrocytes appearing large and swollen. There are fewer 

astrocytes present in the white matter which is not mentioned in the original 

neuropathologist’s report. In Patient 6, the astrocytes also appear large and swollen 

and appear in particularly large numbers in the white matter, which is confirmed in the 

original neuropathologist’s report. 

There is a single patient with no genetic diagnosis available (Figure 3.16; images C 

and D) in this brain region. Patient 8 shows a mild increase (+). Astrocytes are 

particularly seen in the white matter and in the epithelial lining of the brain. 

The patient without a POLG mutation (Figure 3.16; images E and F) shows a mild 

astrogliosis (+), particularly where there is also microvacuolation in the grey matter 

layers. 

There is a severe astrogliosis in patients with a confirmed POLG mutation. Patients of 

the other two groups show a milder gliosis. However, astrogliosis does not appear to 

correlate well with neuronal cell loss. Despite control tissue being unavailable, there is 

a clear gradation of astrogliosis and a difference between patients.  
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Figure 3.16. Astrogliosis in the parietal lobe.  
A=Patient 6 POLG mutation-positive group, B=Patient 6 POLG mutation-positive 
group, C=Patient 8 POLG mutation-undetermined group, D=Patient 8 POLG mutation-
undetermined group, E=Patient 12 POLG mutation-absent group, F=Patient 12 POLG 
mutation-absent group. Image A and image B, which is at a higher magnification, show 
extreme astrogliosis. Images C and image D, which is at a higher magnification, show 
mild astrogliosis with swollen astrocytes. Images E and image F, which is at a higher 
magnification, show mild astrogliosis. All sections stained with GFAP antibody. Scale 
bar = 100µm. 
 

Key: GM=grey matter 
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The brain area is unavailable for patients not listed in the table. The antibody stain for 

GFAP could not be performed for Patient 1 as the stain was very uneven after 

repeating. 

POLG 
Mutation Patient Grey Matter White Matter 

+ 
2 +++ - 

6 +++ +++ 

? 8 + + 

- 12 + + 

Table 3.14. Summary of astrogliosis in the parietal lobe. 
Astrogliosis in the parietal lobe is summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – is defined as no 
change, + mild increase, ++ moderate increase, and +++ severe increase. 
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3.4.5.4 Basal Ganglia 

The availability of each of the caudate, putamen, and globus pallidus for analysis was 

dependent upon the precise location of the sample that was taken by the original 

pathology team. In some patients, this led to two of the three areas being available for 

analysis.  

Patients with evidence for POLG mutations show very mild levels of astrogliosis. 

Patient 2 does not exhibit astrogliosis. Patient 1 has a mild increase of astrocytes 

present in the globus pallidus only, where these astrocytes appear unusually large and 

swollen. 

Patients with no genetic diagnosis available (Figure 3.17; images B, C and D) show no 

increase for one patient, a mild increase (+) in the caudate and globus pallidus for one 

patient, and a severe increase (+++) for two patients. 

The patient without a POLG mutation does not show astrogliosis and nor does the 

stillbirth, Patient 5. 

Patients with a confirmed POLG mutation show a very mild astrogliosis while no 

astrogliosis is present in the patient with no POLG mutation. There is severe to 

moderate astrogliosis in Patient 8 and Patient 11, with a milder astrogliosis in Patient 9. 

Astrogliosis does appear to correlate well with neuronal cell loss, except in Patient 8 

and Patient 10, as no neuron loss was seen in any of the patients. Semi-quantitative 

assessment of astrogliosis the occipital lobe is summarised in Table 3.15. 
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Figure 3.17. Astrogliosis in the basal ganglia.  
A=Control 6 putamen, B=Patient 8 putamen POLG mutation-undetermined group, 
C=Patient 9 caudate POLG mutation-undetermined group, D=Patient 11 putamen 
POLG mutation-undetermined group. Images B, C and D show widespread 
astrogliosis. All sections stained with GFAP antibody. Scale bar = 100µm. 
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The brain area is unavailable for patients not listed in the table. 

POLG 
Mutation Patient Caudate Putamen Globus 

Pallidus 

+ 
1 - - + 

2 - - - 

+ s 5 - - - 

? 

8 N/A +++ ++ 

9 + - + 

10 N/A - - 

11 +++ +++ +++ 

- 12 - - - 

Table 3.15. Summary of astrogliosis in basal ganglia. 
Astrogliosis in the caudate, putamen, and globus pallidus of the basal ganglia is 
summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – is defined as no 
change, + mild increase, ++ moderate increase, and +++ severe increase. 
 
Key: N/A=not available, s=stillbirth   
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 Mitochondrial Localisation in Neurons 3.4.6

Mitochondria are found throughout the neuron and may move in a bidirectional manner 

along the axon towards the synaptic terminal or the cell body (soma), a process that 

occurs through mitochondrial axonal transport. A high mitochondrial density is required 

for oxidative phosphorylation that is able to respond to the physiological stresses of the 

cell. Mitochondrial density and localisation was visualised using an antibody to porin, a 

class of voltage-dependent anion channel (VDAC) on the outer membrane of 

mitochondria, involved in the passive diffusion of calcium and ions. Abnormal 

localisation was categorised as a darker ring of antibody around the periphery of the 

nucleus (perinuclear) or the periphery of the soma, or weak staining of porin at the 

periphery of the soma. The results are summarised in Table 3.16 and Table 3.17. 

Patients with evidence for POLG mutations (Figure 3.18; images B, F and H) show 

variable mitochondrial density over all brain areas. In the cerebellum, patients show 

mainly a high density of mitochondria in both the Purkinje cells and neurons of the 

dentate nucleus. There is no abnormal localisation of mitochondria in the dentate 

nucleus but both Patient 1 and Patient 2 show perinuclear localisation in Purkinje cells, 

while Patient 2 and Patient 6 show areas of low mitochondrial density at one edge of 

the soma periphery. In the occipital lobe, Patient 1 shows some neurons with a low 

mitochondrial density, and Patient 2 shows a high mitochondrial density. There is no 

abnormal localisation of mitochondria. Patients 1, 2, and 6 all show a low mitochondrial 

density in the parietal lobe, but with no abnormal localisation of mitochondria. In the 

basal ganglia, the globus pallidus shows low mitochondrial density but with no 

abnormal localisation of mitochondria. 

Patients without a genetic diagnosis (Figure 3.18; images C, D and J) show variable 

mitochondrial density over all brain areas. In the cerebellum, patients show a low 

density of mitochondria in neurons of the dentate nucleus, accompanied by perinuclear 

localisation. In Purkinje cells, Patient 7, Patient 9 and Patient 10 show a low 

mitochondrial density. In Patient 10, all of the Purkinje cells have low mitochondrial 

density. Patients 8-11 exhibit perinuclear localisation, with localisation around the 

periphery of the soma in Patient 8. In Patient 11, this abnormal perinuclear localisation 

was seen in only a single Purkinje cell. In the occipital lobe, there is a high density of 

mitochondria in all patients with no abnormal localisation of mitochondria. In the 

parietal lobe, only Patient 8 is available and shows a high density of mitochondria with 

no abnormal localisation. In the basal ganglia, Patient 9 and Patient 11 show evidence 
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of neurons with a low mitochondrial density. Patients 8, 10, and 11 show perinuclear 

localisation of mitochondria, predominantly in neurons of the globus pallidus. 

The patient without a POLG mutation shows a high mitochondrial density in most brain 

areas. In the cerebellum, neurons of the dentate nucleus show a high density of 

mitochondria with no abnormal localisation of mitochondria. The Purkinje cells show a 

low density of mitochondria, accompanied by perinuclear localisation. In the occipital 

lobe, parietal lobe, and basal ganglia there is a high mitochondrial density in neurons 

with no abnormal localisation of mitochondria.  

The stillbirth, Patient 5 shows a high density of mitochondria in neurons of the 

cerebellum and basal ganglia, with no abnormal localisation of mitochondria. The 

neurons of the occipital lobe and parietal lobe are too small and contain little cytoplasm 

to assess accurately. 

Some of the control tissues also demonstrated a ring of high density staining with porin 

around the periphery of the nucleus in some neurons. The staining around the 

periphery of the nucleus was not as intense as that seen in neurons of the patients. 

This was most noticeable in larger neurons, such as Purkinje cells of the cerebellum. 

Depolarised mitochondria are returned from the synapse to the cell soma to be 

degraded and recycled. Clustering of mitochondria around the periphery of the nucleus 

can occur as part of the normal recycling of mitochondria. Clustering of mitochondria 

may happen in all neurons but it may be happening at a greater rate or in greater 

numbers in patient neurons. This is mentioned further in the discussion at the end of 

this chapter. 

A low density of mitochondria in neurons may result in less efficient oxidative 

phosphorylation and deficiencies of electron transport chain complexes. Where this is 

accompanied by abnormal mitochondrial localisation, this may indicate physiological 

stress to the cell. Mitochondria are known to be transported from the synapse to the 

soma, retrograde transport, in order to be degraded and recycled. Depolarised 

mitochondria may cluster around the nucleus prior to degradation.  
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Figure 3.18. Mitochondrial localisation.  
A=Control 1 cerebellum, B=Patient 2 POLG mutation-positive group cerebellum, 
C=Patient 9 POLG mutation-undetermined group cerebellum, D=Patient 10 POLG 
mutation-undetermined group cerebellum, E=Control 7 occipital lobe, F=Patient 1 
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POLG mutation-positive group occipital lobe, G=Control 7 parietal lobe, H=Patient 2 
POLG mutation-positive group parietal lobe. I=Control 6 globus pallidus of the basal 
ganglia, J=Patient 10 POLG mutation-undetermined group globus pallidus of the basal 
ganglia. Image B shows low mitochondrial density at one edge of the soma periphery. 
Images C and J show perinuclear localisation of mitochondria. Images D, F, and H 
show low mitochondrial density. All sections stained with antibody to porin. Scale bar = 
100µm. 

 

  Cerebellum 
  Purkinje Cells Dentate Nucleus 

POLG 
Mutation  Density Abnormal 

Localisation Density Abnormal 
Localisation 

 Control 1 High Perinuclear 
circles High No 

+ 

Patient 1 High Perinuclear 
circles High No 

Patient 2 High 

Perinuclear 
circles and 
localisation 
away from 
the soma 
periphery 

High No 

Patient 6 Some low 

Localisation 
away from 
the soma 
periphery 

N/A N/A 

+ s Patient 5 High No High No 

? 

Patient 7 Some low No Some low Perinuclear 
circles 

Patient 8 High 

Perinuclear 
circles and 

around soma 
periphery 

Some low Perinuclear 
circles 

Patient 9 Some low Perinuclear 
circles Some low Perinuclear 

circles 

Patient 10 All low Perinuclear 
circles Some low Perinuclear 

circles 

Patient 11 High 
Perinuclear 
circles in a 

single neuron 
Too few neurons to assess 

- Patient 12 Some low Perinuclear 
circles High No 

Table 3.16. Summary of mitochondrial density and localisation in the cerebellum. 
Mitochondrial density and localisation in Purkinje cells and neurons of the dentate 
nucleus in the cerebellum is summarised in the above table.  
 

Key: N/A=data not available, s=stillbirth 
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  Occipital Lobe (BA19) Parietal Lobe (BA40) Basal Ganglia 
POLG 

Mutation  Density Abnormal 
Localisation Density Abnormal 

Localisation Density Abnormal 
Localisation 

 Control 6 N/A N/A N/A N/A High Perinuclear circles 
 Control 7 High No High No N/A N/A 

+ 

Patient 1 Some low No Some low No 
C-High 
P-High 

GP-Some low 
No 

Patient 2 High No Some low No 
C-High 
P-High 

GP-Some low 
No 

Patient 6 N/A N/A Some low No N/A N/A 

+ s Patient 5 Neurons too small to assess accurately 
C-High 
P-High 

GP-High 
No 

? 

Patient 8 High No High No P-High 
GP-High 

GP-Perinuclear 
circles 

Patient 9 N/A N/A N/A N/A 
C-High 

P-Some low 
GP-Some low 

No 

Patient 10 High No N/A N/A P-High 
GP-High Perinuclear circles 

Patient 11 High No N/A N/A 
C-Some low 
P-Some low 

GP-Some low 

GP-Perinuclear 
circles 

- Patient 12 High No High No 
C-High 
P-High 

GP-High 
No 

Table 3.17. Summary of mitochondrial density and localisation in the occipital lobe, parietal lobe, and basal ganglia. 
Mitochondrial density and localisation in neurons of the occipital lobe, parietal lobe, and basal ganglia is summarised in the above table.  
 
Key: N/A=data not available, s=stillbirth, C=caudate, P=putamen, GP=globus pallidus 
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 White Matter Abnormalities 3.4.7

A Loyez silver stain was used to assess myelin density in the white matter using the 

0/1/2/3 scale as described in Chapter 2 Methods and Materials, 2.2.7 ‘Semi-

quantitative Methods’. 

Assessing myelin density also aided investigations into axonal abnormalities, when 

investigating whether there was primary or secondary myelin loss. A Bielschowsky 

silver stain was used to assess axonal abnormalities yet this stain was difficult to 

perform and analyse. Tissue was assessed in representative patients from two of the 

groups. Myelin loss is summarised in Table 3.18 and Table 3.19. 

Patient 5 was excluded from assessment of white matter abnormalities, including loss 

of myelin, as myelin is not fully formed in patients as young as Patient 5 and its 

matched fetal control. The availability of each of the caudate, putamen, and globus 

pallidus for analysis was dependent upon the precise location of the sample that was 

taken by the original pathology team. In some patients, this led to two of the three 

areas being available for analysis. 

Patients with evidence for POLG mutations show variable myelin loss in all brain areas. 

In the cerebellum (Figure 3.19; image B), Patient 1 shows moderate areas of myelin 

loss (++) and Patient 2 shows very mild (+) myelin loss. Patient 6 shows myelin loss 

only at the area of the microinfarct. In the occipital lobe (Figure 3.19; images C and D), 

there is mild (+) loss in Patient 1 and moderate (++) loss in Patient 2. In the parietal 

lobe (Figure 3.19; image E), there is no evidence of myelin loss. In the basal ganglia 

(Figure 3.19; image H), Patient 1 shows no evidence of myelin loss while Patient 2 

shows severe loss (+++) of myelin in this area. A Bielschowsky stain shows some 

axonal loss, though myelin loss appears to be greater suggesting a primary loss of 

myelin in this group. 

No data were available for patients without a genetic diagnosis. 

The patient without a POLG mutation shows myelin loss in all brain areas. In the 

cerebellum, there is moderate (++) myelin loss that appears to be greater on one side 

of the dentate nucleus. In the occipital lobe, there is mild (+) myelin loss. In the parietal 

lobe (Figure 3.19; image F), there is pale staining of the myelin and a mild (+) loss of 

myelin. The Bielschowsky stain in the cerebellum, occipital lobe, and parietal lobe 

shows a loss of axons, indicating that the myelin loss is secondary to the axonal loss. 

In the basal ganglia, there is moderate (++) myelin loss throughout the caudate and 
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putamen and slight loss in the internal capsule. The Bielschowsky stain shows no loss 

of axons, indicating that in this region the myelin loss is primary. The length of tissue 

fixation for this patient is long-term (~14 years) for the cerebellum, parietal lobe, and 

basal ganglia, all areas which demonstrate myelin loss. However, the length of tissue 

fixation in the occipital lobe is short term (~1 month), in this area which demonstrates a 

marked myelin loss also. This suggests that the length of fixation does not have a great 

impact upon the efficacy of the loyez silver stain. 
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Figure 3.19. Myelin abnormalities.  
An asterisk indicates regions of myelin loss. Image B shows a demarcated area of focal 
myelin loss. 

A=Control 6 cerebellum, B=Patient 1 POLG mutation-positive group cerebellum, 
C=Patient 1 POLG mutation-positive group occipital lobe, D=Patient 2 POLG mutation-
positive group occipital lobe, E=Patient 6 POLG mutation-positive group parietal lobe, 
F=Patient 12 POLG mutation-absent group parietal lobe, G=Control 6 internal capsule 
of the basal ganglia, H=Patient 2 POLG mutation-positive group internal capsule of the 
basal ganglia. Images A, C, E and G do not show any myelin loss. Images B, D, F and 
H show myelin loss in the white matter. All sections stained with Loyez silver stain. 
Scale bar = 100µm.
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POLG 
Mutation 

 Staining Quantification 

  Tonsilla Biventer Posterior 
Inferior 

Posterior 
Superior 

Posterior 
Crescentic 

Anterior 
Crescentic Ala Centralis 

 Control 6 N/A N/A 3, 3, 3 3, 3, 3 3, 3, 3 N/A N/A 

+ 

Patient 1 1, 1, 3 2, 3, 3 2, 3, 3 3, 3, 3 2, 3, 3 3, 3, 3 3, 3, 2 

Patient 2 3, 3, 3 3, 3, 2 3, 3, 2 3, 3, 2 2, 3, 3 3, 2, 3 3, 3, 3 

Patient 6 3, 3, 3 3, 3, 3 3, 3, 3 3, 3, 3 3, 3, 3 N/A N/A 

- Patient 12 1, 1, 2 1, 1, 2 1, 2, 2 1, 2, 2 2, 2, 2 1, 2, 2 2, 2, 3 

Table 3.18. Myelin quantification in the cerebellum. 
Loyez silver staining was performed on tissue from the cerebellum. Three images were taken for each cerebellar region at X10 magnification and 
assessed for myelin loss. Not all brain areas were available for assessment in each patient.  
Myelin Assessment Key: 0=complete myelin loss, 1=marked loss of myelin staining, 2=slight pallor of myelin staining, 3=good myelin staining 
equivalent to controls. 
 
Key: N/A=not available 
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POLG 
Mutation  Staining Quantification 

  Occipital Lobe 
(BA19) 

Parietal Lobe 
(BA40) Basal Ganglia 

    Caudate Internal 
Capsule Putamen 

Medial 
Globus 
Pallidus 

Lateral 
Globus 
Pallidus 

 Control 6 N/A N/A 3 3 3 3 3 

+ Patient 1 2 3 1 3 3 3 2 

Patient 2 1 2 0 1 0 N/A N/A 

Patient 6 N/A 3 N/A N/A N/A N/A N/A 

- Patient 12 1 2 0 2 1 N/A N/A 

Table 3.19. Myelin quantification in the occipital lobe, parietal lobe, and basal ganglia.  
Loyez silver staining was performed on tissue from the occipital lobe, parietal lobe, and basal ganglia. Images were taken at X10 magnification and 
assessed for myelin loss.  
Myelin Assessment Key: 0=complete myelin loss, 1=marked loss of myelin staining, 2=slight pallor of myelin staining, 3=good myelin staining 
equivalent to controls.  
 
Key: N/A=not available
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 Microglial Activation 3.4.8

Microglia are glial cells of the immune system, found throughout the entire brain. Their 

function is to phagocytise foreign and unwanted material, removing it from the brain 

and preventing damage. They provide an interesting feature of neuropathology. An 

antibody to CD68, a highly glycosylated lysosomal membrane protein found on 

macrophages and activated microglia was used to assess CD68-positive cell 

populations in both grey and white matter. This was performed using the -/+/++/+++ 

scale as described in Chapter 2 Methods and Materials, 2.2.7 ‘Semi-quantitative 

Methods’. The results are summarised in Table 3.20. 

The availability of each of the caudate, putamen, and globus pallidus for analysis was 

dependent upon the precise location of the sample that was taken by the original 

pathology team. In some patients, this led to two of the three areas being available for 

analysis. Some brain areas were unavailable for patients and therefore they were not 

listed in Table 3.20 or listed specifying ‘not available’ for the brain area. 

Patients with evidence for POLG mutations show a widely varied pathology in all brain 

areas. In the cerebellum, Patient 6 shows a mild increase (+) around the region of the 

microinfarct. There is a moderate increase (++) for Patient 1 and Patient 2 (Figure 3.20; 

image B). In the occipital lobe (Figure 3.20; images C and D), there is a mild increase 

(+) in one patient, and a severe increase (+++) in one patient. In Patient 2 where there 

is a severe increase, the microglial cells appear swollen in the white matter, possibly 

due to having phagocytised any excess material. This correlates with a marked loss of 

myelin in the occipital lobe of Patient 2. In the parietal lobe (Figure 3.20; image F) there 

is a moderate increase (++) in Patients 1 and 2, and a severe increase (+++) in Patient 

6. Where there is a severe increase, there is no evidence of any swollen microglia. In 

the basal ganglia, there is no increase in Patient 2, and a moderate increase (++) in 

Patient 1. 

Patients with no genetic diagnosis available show a variable pathology. In the 

cerebellum, there is mild increase (+) in microglia in four patients, and a severe 

increase (+++) for one patient, especially in the white matter. In the occipital lobe, there 

is no increase in two patients, and a moderate increase (++) in one patient. In the 

parietal lobe, there is no increase in microglia. In the basal ganglia (Figure 3.20; image 

H), there is a mild increase throughout the basal ganglia in Patient 10. In Patient 8 

there is a mild increase (+) in the putamen in any areas of microvacuolation or around 

any vessels, and a mild increase (+) throughout the globus pallidus. Patient 11 shows a 

162 

 



Chapter 3 Neuropathological Features of Patients with Alpers’ Syndrome 

range of pathology in different areas; there is a mild increase (+) in the caudate, a 

moderate (++) increase in the putamen and globus pallidus, and a severe increase 

(+++) in the internal capsule (not shown in table). Patient 9 shows a moderate to 

severe increase (++/+++) throughout the basal ganglia. 

The patient without a POLG mutation shows no increase in microglia in the cerebellum 

and basal ganglia. The parietal lobe (Figure 3.20; image E) shows a mild increase (+) 

throughout the grey and white matter, while the occipital lobe shows a severe increase 

(+++) in microglia. These are found almost entirely in the white matter, while the grey 

matter is almost free from microglia. 

The stillbirth, Patient 5, shows no increase in microglia in any brain area. 

Microglial activation correlates with myelin loss in the occipital lobe, with Patient 2 and 

Patient 12 showing a marked loss of myelin and a severe increase in microglia. 

However, this correlation does not hold for other brain areas as Patient 2 and Patient 

12 show a marked loss of myelin throughout the basal ganglia, yet there is no increase 

in microglia. 
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Figure 3.20. Microglial activation.  
A=Control 6 cerebellum, B=Patient 2 POLG mutation-positive group cerebellum, 
C=Patient 1 POLG mutation-positive group occipital lobe, D=Patient 2 POLG mutation-
positive group occipital lobe, E=Patient 12 POLG mutation-absent group parietal lobe, 
F=Patient 6 POLG mutation-positive group parietal lobe, G=Control 6 putamen of the 
basal ganglia, H=Patient 9 POLG mutation-undetermined group putamen of the basal 
ganglia. Images A, C, E and G do not show any activation. Images B, D, F and H show 
moderate to severe activation. Images A and B are taken at a lower magnification to 
illustrate microglial activation over a wide area. All sections stained with CD68 
antibody. Scale bar = 100µm. 

164 

 



 

  Cerebellum Occipital Lobe (BA19) Parietal Lobe (BA40) Basal Ganglia 

POLG 
Mutation Patient Grey Matter White Matter Grey Matter White Matter Grey Matter White Matter C P GP 

+ 

1 ++ ++ + + ++ ++ ++ ++ ++ 

2 ++ ++ +++ +++ ++ ++ - - - 

6 + + N/A N/A +++ +++ N/A N/A N/A 

+ s 5 - - - - - - - - - 

? 

7 + + N/A N/A N/A N/A N/A N/A N/A 

8 + - - - - - N/A + + 

9 + - N/A N/A N/A N/A +++ +++ +++ 

10 + - - - N/A N/A N/A + + 

11 +++ ++ ++ ++ N/A N/A + ++ ++ 

- 12 - - +++ + + + - - - 

Table 3.20. Summary of microglial activation. 
Microglial activation in the cerebellum, occipital lobe, parietal lobe, and basal ganglia is summarised in the above table.  
Assessment is semi-quantitative using the scale -/+/++/+++, where – is defined as no change, + mild increase, ++ moderate increase, and +++ 
severe increase. 
 
Key: N/A=data not available, s=stillbirth, C=caudate, P=putamen, GP=globus pallidus
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Chapter 3 Neuropathological Features of Patients with Alpers’ Syndrome 

3.5 Electron Microscopy 

Transmission electron microscopy (TEM) was performed on patient and control fixed 

tissues. Disease Control 11, an 8 year old male with an undiagnosed familial 

neurodegenerative disorder that was suspected to be X-linked, and Control 12, a 51 

year old male, were chosen to match the formalin-fixation time of the patient. A disease 

control was examined to account for the effects of generalised neurodegenerative 

disorders on the brain so that the cellular and mitochondrial degeneration in Alpers’ 

syndrome specifically could be studied. 

The occipital lobe was sampled and processed as this region is known to be one of the 

more severely affected brain areas in Alpers’ syndrome. Systematically sampled 

random images were taken at low and high magnifications and structures were counted 

and analysed (Table 3.21).  

No intact or identifiable cells are seen at low magnification. Structures identified as 

nuclei are visible in both patients and controls (Figure 3.21). Mitochondria are identified 

at higher magnification (Figure 3.22). These mitochondria have intact outer membranes 

and cristae are visible in many of the mitochondria for Disease Control 11 and Control 

12. Patient 12 has a substantially sparser cytoplasm and fewer cellular organelles 

(Figure 3.21; image A) when compared to Disease Control 11 and Control 12 (Figure 

3.21; images B and C respectively) and this is confirmed by diminished counts of 

visible and intact mitochondria and axonal structures. 

Electron-dense inclusions were noted within mitochondria. These are visible in the 

patient and both controls (Figure 3.23). The number of electron-dense inclusions was 

counted and the majority of mitochondria contained either one or two inclusions. Both 

Disease Control 11 and Control 12 showed greater numbers of mitochondria with these 

inclusions present. However, it is important to note the highly degraded state of the 

tissue sample of Patient 12 and the low total counts of mitochondria recorded. 
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Figure 3.21. TEM images of formalin-fixed tissue taken at 2600X.  
Tissue is from the occipital lobe. Image A=Patient 12 POLG mutation-absent group, 
B=Disease Control 11, C=Control 12. Image A shows a substantially sparser cytoplasm 
and fewer internal organelles than images B and C. Arrows indicate nuclei within the 
cytoplasm. 
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Figure 3.22. TEM images of formalin-fixed tissue taken at 19,000X.  
Tissue is from the occipital lobe. A=Patient 12 POLG mutation-absent group, 
B=Disease Control 11, C=Control 12. Image A shows a substantially sparser cytoplasm 
and mitochondria with fewer internal cristae than images B and C. Arrows indicate 
mitochondria within the cytoplasm. 
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Figure 3.23. TEM images of formalin-fixed tissue taken at 34,000X.  
Tissue is from the occipital lobe. A=Patient 12 POLG mutation-absent group, 
B=Disease Control 11, C=Control 12. Image A, B and C show electron-dense 
inclusions inside the mitochondria. Arrows indicate mitochondria containing electron-
dense inclusions.
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 Low Magnification (2600X) High Magnification (19,000X) 

 Nuclei Axons Mitochondria 
Mitochondria 

containing electron-
dense inclusions 

One 
electron-

dense 
inclusion 

Two 
electron-

dense 
inclusions 

Three 
electron-

dense 
inclusions 

Four 
electron-

dense 
inclusions 

Patient 12 38 146 56 23 16 6 1 0 

Disease 
Control 11 25 1371 131 65 48 12 4 1 

Control 12 22 3194 81 38 25 9 3 1 

Table 3.21. Summary of EM structure counts in patient and controls. 
Structures at low and high magnification were counted. Total values are given in the table for 20 images taken at each magnification for each 
patient and control. Cellular nuclei and axons were counted at a low magnification (2600X). The total number of mitochondria, the number of those 
mitochondria with electron-dense inclusions, and the number of mitochondria with one or more electron-dense inclusions were counted at a high 
magnification (19,000X). Cellular nuclei and mitochondria with a complete and intact membrane were counted. At least 50% of the structure must 
be within the image to be counted, in order to be certain of its identification.   
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Chapter 3 Neuropathological Features of Patients with Alpers’ Syndrome 

3.6 Discussion 

The clinical diagnosis of Alpers’ syndrome is based upon the key triad of refractory 

seizures, psychomotor regression and cortical blindness, with posterior regions of the 

brain often reported to be affected (Uusimaa et al., 2008; Khan et al., 2012). This 

chapter has examined, in detail, the neuropathology present in a cohort of patients 

clinically diagnosed with Alpers’ syndrome. The neuropathology is examined within 

each group and between each group to explore and contrast the prominent 

neuropathological features. 

 Patient Variability 3.6.1

I examined each patient individually from the POLG mutation-positive group and the 

POLG mutation-absent group because these groups are both clinically and genetically 

well-defined. I also investigated Patient 5, the stillbirth. Patients 3 and 4 are not 

included in this discussion as only frozen tissue was available and therefore the 

neuropathology and any respiratory chain abnormalities could not be fully investigated 

in the same manner as the rest of the cohort. 

3.6.1.1 Patient 1 

Patient 1, a 14 month old female compound heterozygous for the p.Ala467Thr and 

p.Gly48Ser mutations, clinically presented with ataxia, developmental regression, 

epilepsy, and liver failure. No visual problems were reported. Previous biochemical 

investigations showed complex I and COX deficiency in skeletal muscle. This patient 

did not show any Purkinje cell loss in the cerebellum which is confirmed in the original 

neuropathologist’s report, where Purkinje cell loss was noted in the cerebellar vermis. 

Mild neuron loss was seen in the dentate nucleus and there was neuron loss in the 

upper cortical layers of the occipital lobe and parietal lobe. No neuron loss was seen in 

the caudate, putamen or globus pallidus of the basal ganglia. It is unusual that more 

neuron loss was not seen considering the aetiology of Alpers’ syndrome and the 

clinical signs seen in the patient. 

In addition, the cerebellum showed abnormal mitochondrial localisation in neurons, 

moderate microglial activation and some myelin loss. A Bielschowsky stain showed 

mild axonal loss though myelin loss is considered primary. This is surprising as there is 

no Purkinje cell loss in the cerebellum, suggesting all the axons should be intact. This 

suggests there may be some axonal damage not due to neuronal loss. However, the 

Bielschowsky silver stain is difficult to perform and analyse and therefore the results 
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are taken as a guide. The occipital lobe and parietal lobe showed little pathology with 

low mitochondrial density in neurons and neuron loss was concentrated in the upper 

cortical layers I-III. In the occipital lobe, there was mild myelin loss with some axonal 

loss, mild microglial activation, and mild capillary proliferation suggesting a milder 

pathology than expected. The basal ganglia showed little pathology with a moderate 

microglial activation and low mitochondrial density in neurons of the globus pallidus. 

The investigations suggest that the neuropathological changes represent an early 

stage in the degenerative process, agreeing with the original neuropathologist’s report. 

The neuropathology seen during these investigations suggest that other factors may 

have led to the neuronal dysfunction and the possibility of damage to other brain areas 

may have led to the clinical signs in this patient. Patient 2 is of a similar age and clinical 

course and exhibits substantially greater pathology than Patient 1, suggesting there is 

a patient-to-patient variability in the neuropathology that gives rise to the clinical 

symptoms. 

3.6.1.2 Patient 2 

Patient 2, a 27 month old male compound heterozygous for the p.Ala467Thr and 

p.Thr914Pro mutations, exhibited ataxia, visual problems that included hemianopia, 

epilepsy, and liver failure. Previous biochemical investigations showed COX deficiency 

in skeletal muscle. The patient showed severe Purkinje cell loss in the cerebellum with 

mild loss in the dentate nucleus. There was severe neuron loss in the upper cortical 

layers of the occipital lobe and parietal lobe. No neuron loss was seen in the caudate, 

putamen or globus pallidus of the basal ganglia. 

In the cerebellum, pronounced dendrites ran through the molecular layer. There was 

abnormal mitochondrial localisation in neurons, moderate microglial activation and 

some myelin loss. A Bielschowsky stain was inconclusive to detect axonal loss. The 

occipital lobe showed severe astrogliosis and severe microglial activation, a strong 

immune reaction, with severe myelin loss. In the parietal lobe, there was low 

mitochondrial density in neurons, mild capillary proliferation, mild myelin loss and 

moderate microglial activation with a severe astrogliosis in the grey matter only. No 

astrogliosis was present in the white matter of the parietal lobe. The basal ganglia 

showed no pathology but an almost compete loss of myelin. The globus pallidus 

showed low mitochondrial density in neurons. 
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There is striking pathology in Patient 2; severe neuron loss with low mitochondrial 

density and abnormal mitochondrial localisation in surviving neurons. There is marked 

myelin loss and a severe astrogliosis. This is confirmed in the original 

neuropathologist’s report, noting severe pathology of the cerebellum and occipital lobe. 

This correlates with the clinical symptoms of ataxia, visual abnormalities, and epilepsy.  

3.6.1.3 Patient 6 

Patient 6, an 18 year old female with a sibling compound heterozygous for the 

p.Trp748Ser and p.Arg1096Cys mutations, exhibited ataxia, visual problems, epilepsy, 

and liver failure. The patient showed moderate Purkinje cell loss in the cerebellum, the 

dentate nucleus was unavailable. The parietal lobe was not assessed for neuron loss 

as Patient 6 was not one of the representative patients were taken from the POLG 

mutation-positive group. The occipital lobe and basal ganglia were unavailable regions 

for this patient. 

In the cerebellum, there was a microinfarct in the posterior-inferior region measuring 

15,935.2 µm2. There was low mitochondrial density in neurons with abnormal 

mitochondrial localisation, a moderate astrogliosis, and mild microglial activation but no 

myelin loss. The original neuropathologist’s report notes vacuolation in the cerebellar 

white matter, which was not seen in the slides. The parietal lobe showed low 

mitochondrial density in neurons, mild microvacuolation and mild capillary proliferation, 

with severe astrogliosis and severe microglial activation, a strong immune reaction. 

There was no myelin loss. This parietal lobe pathology is reflected in the original 

neuropathologist’s report. 

Patient 6 shows significant neuron loss in the cerebellum but no myelin loss in any 

brain area. There is a single microinfarct in the cerebellum, contributing to the 

astrogliosis and microglial activation seen in this area. This older teenage patient had 

severe refractory epilepsy throughout the two years of disease progression, reflected 

by the severity of the neuron loss and the microinfarct.  

3.6.1.4 Stillbirth Patient 5 

Patient 5, a stillborn male with a sibling heterozygous for the p.Ala467Thr and 

p.Glu1143Gly mutations, had decreased fetal movements and died intrauterine. After 

sequencing POLG, the sibling was also found to be heterozygous for the 

p.Asp1219Glu mutation, a mutation with an unknown pathogenicity. It is still possible 

that Patient 5 carries two recessive POLG mutations, which full sequencing of the 
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parental POLG genes may reveal. This patient was included in the cohort based upon 

the POLG disorder and genotype of the sibling, who was not diagnosed with Alpers’ 

syndrome. The patient showed no Purkinje cell or dentate nucleus neuronal loss in the 

cerebellum with a high mitochondrial density. The neurons of the occipital lobe and 

parietal lobe were too small to be reliably quantified. No neuron loss was seen in the 

caudate, putamen or globus pallidus of the basal ganglia. 

Due to the age of the patient, it was not possible to compare some aspects of 

neuropathology with other patients. The average number of Purkinje cells per mm was 

much higher in Patient 5 when compared to the other patients and controls. Also, the 

myelin sheath had not fully formed in the brain areas studied and could not be 

analysed. These were both noted in the fetal control and are not signs of pathology. 

Severe capillary proliferation was noted throughout the brain of the patient, which was 

not seen in the control. In addition, the cerebellum and occipital lobe both had a mild 

astrogliosis. The severe proliferation of capillaries could suggest a pathological reaction 

to stresses on the central nervous system as it was not demonstrated in the age-

matched control. 

3.6.1.5 Patient 12 

Patient 12, a 6 year old male with no pathogenic mutation in POLG, exhibited ataxia, 

visual problems that included hemianopia and epilepsy. Previous biochemical 

investigations showed a normal respiratory chain although complex IV was slightly low 

in skeletal muscle. The patient showed moderate Purkinje cell loss with low 

mitochondrial density and abnormal mitochondrial localisation in the remaining 

neurons. There was neuronal loss from the dentate nucleus though remaining neurons 

showed a high mitochondrial density. There was moderate neuron loss in layer III of 

the occipital lobe and layers III and VI of the parietal lobe. No neuron loss was seen in 

the caudate, putamen or globus pallidus of the basal ganglia. 

In the cerebellum, there was a moderate microvacuolation and moderate myelin loss. A 

Bielschowsky stain showed some axonal loss suggesting the myelin loss is secondary. 

However, the Bielschowsky silver stain is difficult to perform and analyse and therefore 

the results are taken as a guide. The occipital lobe showed a mild microvacuolation 

and capillary proliferation, with severe astrogliosis and severe microglial activation in 

the grey matter. Milder microglial activation was present in the white matter. In the 

parietal lobe, there was a moderate microvacuolation, mild microglial activation and 
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mild astrogliosis with a mild loss of myelin. The basal ganglia showed mild 

microvacuolation and an almost compete loss of myelin in the caudate and putamen. 

As reported in the patients above, there is severe pathology in Patient 12. In addition to 

neuron loss, there is a more severe myelin loss shown over all four brain areas studied. 

The lack of a pathological mutation in POLG suggests a different course of disease 

progression to the patients in this cohort with a mutation in POLG. 

 Within-group Variation 3.6.2

Much variation has been demonstrated within the groups designated POLG mutation-

positive group and POLG mutation-undetermined group. The POLG mutation-absent 

group consisted of a single patient. The stillbirth is not included in this discussion as it 

is a single patient with relatively little pathology to report. 

The POLG mutation-positive group showed variation in age at symptom onset, clinical 

signs and neuropathological changes between patients of this group. All patients 

included in this group were compound heterozygous for one common mutation and one 

less common mutation, or had a sibling with pathogenic POLG mutations and were 

therefore assumed to have the same mutations. In this cohort, there was no correlation 

between the POLG mutation and the severity of the neuropathology. There was a 

correlation between the neuropathological changes and the age of the patient; 

microinfarcts appeared as the age of the patient increased. Both of the oldest patients 

in this group, Patient 4 and Patient 6, had microinfarcts present in the cerebellum. The 

progression of their illness lasted 4 years and 2 years, respectively. No other patients 

showed microinfarcts in any brain regions. 

The POLG mutation-undetermined group showed great variation in the 

neuropathological changes between patients of this group. This can be explained by 

the unknown range of genotypes and the range of POLG and non-POLG mutations 

that may be present in this group. There is limited clinical data from this group, as they 

came from a different university to Patients 1-6, 12, the University of Vienna. The age 

at onset is similar between patients with clinical signs becoming apparent at a young 

age, before the age of 6 months. In all but Patient 11, there was a short clinical course 

that was less than 9 months. Patient 11 had a clinical course of 6.5 years, the longest 

of any patient in the cohort. There was a correlation between the neuropathology and 

the age of the patient; Patient 11, 7 years old, showed severe neuron loss in addition to 

moderate microvacuolation, astrogliosis and microglial activation in the cerebellum and 
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occipital lobe. The parietal lobe was not available and the basal ganglia showed no 

neuron loss. 

The within-group variation is evident with a correlation of neuropathological findings 

with the age of the patient. The older patients of the POLG mutation-positive group with 

a clinical course lasting over one year showed the severe neuropathological feature of 

microinfarcts. The oldest patient of the POLG mutation-undetermined group showed 

the most severe neuropathological features of the group. There is no clear severity 

between the age and length of disease progression of the other patients. This suggests 

there is a natural variation in the clinical and neuropathological phenotypes when the 

course of disease is short and that the presence of microinfarcts is a clear factor for 

disease progression. 

 Inter-group Variation 3.6.3

There were clear differences between the POLG groups investigated. Each group 

showed signs of neuron loss, suggesting that neuron loss is a common and 

unmistakable feature of Alpers’ syndrome. The stillbirth, Patient 5, did not show any 

significant level of neuron loss. 

In the POLG mutation-positive group, the parietal lobe showed the most severe 

microglial activation and the occipital lobe showed the most severe astrogliosis 

compared to the other groups. Microglial activation and astrogliosis are reactions 

involved in immune response or to protect tissue and they often correlated with each 

other in a brain region. Low mitochondrial density was noted in the occipital lobe and 

parietal lobe, where density was high in other groups for these brain regions.  

The stillbirth showed a severe capillary proliferation in all brain areas investigated. A 

mild astrogliosis was seen in the cerebellum and occipital lobe, with no microglial 

activation seen at all. There was moderate microvacuolation in the parietal lobe. This 

patient had relatively mild neuropathology, with capillary proliferation being the most 

severe response. 

The POLG mutation-undetermined group showed a wide range of severities for each 

neuropathological feature. This reflects the unknown fixation lengths and unknown 

genotypes within this group and the possibility of a mixture of POLG and non-POLG 

mutations. The POLG mutation-undetermined group showed a more severe 

microvacuolation in 3 of the 4 brain areas. This group showed the most severe 

microglial activation and astrogliosis in the basal ganglia compared to other groups. 
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Mitochondrial density was low in both Purkinje cells and neurons of the dentate nucleus 

and frequently accompanied by abnormal mitochondrial localisation.  

The POLG mutation-absent patient showed a severe phenotype, with much neuron 

loss and myelin loss in all brain areas. This may reflect mutations in a well-conserved 

gene, leading to an Alpers’ syndrome phenotype. The POLG mutation-absent patient 

showed the most severe myelin loss in all brain areas and the occipital lobe showed 

the most severe microglial inflammation. 

The inter-group variation is clear and does seem to correlate with genotype. Reports of 

the correlation of phenotype with genotype have suggested that non-POLG patients 

have a very early-onset, partly preserved Purkinje cells, and mainly preserved white 

matter (Sofou et al., 2012). This is in disagreement with what is seen in the cohort used 

in this study. In my cohort, the non-POLG genotype has a severe phenotype but a later 

symptom onset than most of the patients with a POLG mutation-positive phenotype. In 

the published study, patients with an undetermined phenotype have a mixed range of 

neuropathology and undefined phenotypes, which reflects the range of genotypes that 

could be present in this group. This disparity may arise from many of the non-POLG 

patients being discovered to have mtDNA mutations with other childhood 

neuropathological diseases not being fully ruled out. 

 The Project’s Findings in the Context of the Literature 3.6.4

There are many case reports of patients with Alpers’ syndrome in the scientific 

literature. Previous research into Alpers’ syndrome has reported neuropathology in the 

CNS tissues of patients; atrophy, microvacuolation, capillary proliferation, neuron loss 

and astrogliosis being the most frequently reported features. 

3.6.4.1 Areas of Pathology 

This study has shown that pathology and neuron loss are most severe in the 

cerebellum, with much neuron loss in the upper layers of the occipital lobe. This is in 

agreement with studies that have shown severe pathology in the cerebellum (Harding 

2008; Uusimaa et al., 2008) and occipital lobe (Harding et al., 1986; Khan et al., 2012). 

Fewer reports have been published on the involvement of the parietal lobe and basal 

ganglia, making these areas of interest to examine whether they show comparable 

levels of pathology to more well-studied brain areas. 
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In particular, the basal ganglia showed little pathology. Previously literature has 

reported atrophy, neuronal loss, and astrogliosis in the basal ganglia (Delarue et al., 

2000; Kayihan et al., 2000; Wiltshire et al., 2008; Cardenas and Amato 2010) but this 

has not been noted for many patients in this cohort, suggesting that pathology is 

variable in patients and severe pathology of the basal ganglia is uncommon. 

The research carried out in this project is comparable with the current scientific 

literature, raising further points. There is considerable pathology in the cerebellum, with 

less pathology in the occipital lobe, parietal lobe and basal ganglia. Pathology is 

present in all brain areas studied and quantitative evidence in support of this is 

demonstrated in this chapter. 

3.6.4.2 Neuron Loss 

Neuron loss is one of the most commonly reported neuropathological findings of 

Alpers’ syndrome (Harding et al., 1995; Kayihan et al., 2000; Simonati et al., 2003a; 

Harding 2008; Wiltshire et al., 2008). Neuron loss was seen in almost all of the patients 

in this cohort; the cerebellum of Patient 1 being a notable exception. 

Neuron loss was most severe in the cerebellum, with loss of Purkinje cells and dentate 

nucleus neurons occurring either concurrently or independently of each other. This 

suggests that Purkinje cells and neurons of the dentate nucleus are equally vulnerable 

in patients, though may not be affected to the same severity.  

There was neuron loss from the occipital lobe, predominantly in the upper layers I-III. In 

those patients with a more severe neuron loss, this correlated with a more severe 

astrogliosis. Considering the widely reported pathology to the posterior of the brain in 

Alpers’ syndrome patients, it is unusual that there was not a greater neuron loss in the 

occipital lobe in this cohort. It is possible that due to the sampling protocols of the 

Newcastle Brain Tissue Resource, the extrastriate cortical area is sampled and not the 

primary visual cortex. More profound change may be seen in the primary visual cortex. 

There was neuron loss from the parietal lobe, predominantly in the upper layers I-III. In 

the occipital and parietal lobe, neuron loss is not attributed to microvacuolation in the 

upper cortical layers. However, it may have played a role in the parietal lobe neuron 

loss of Patient 12, which showed a moderate microvacuolation (++) and 34%-45% 

neuron loss in the cortical layers III - VI. Neuron loss in the upper grey matter layers 

may be partly attributable to the fact that these neurons were difficult to distinguish with 

confidence, with low numbers being counted for all patients and control. 
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Only one patient, Patient 9, showed neuron loss from the basal ganglia. This is an area 

infrequently reported to show pathology and neuron loss does not appear to be a main 

feature of neuropathology in the basal ganglia. 

3.6.4.3 Astrogliosis 

The research findings of this project agree with previous reports showing obvious 

astrogliosis in patients (Harding et al., 1995; Wiltshire et al., 2008). Severe astrogliosis 

can be correlated with severe neuron loss in the occipital lobe.  

In this cohort, many of the patients exhibit swollen astrocytes, a feature which has not 

been previously reported in the literature for patients with Alpers’ syndrome. The role of 

astrocytes in neurodegenerative conditions is not fully understood, these cells can play 

a role in the protection and preservation of neurons (Acarin et al., 2007) but may also 

play a role in the neurological aspects of other conditions, including HIV, where 

patients show astrogliosis (An and Scaravilli 1997). 

3.6.4.4 Mitochondrial Localisation 

Mitochondrial density was low in the neurons of the majority of patients and was 

frequently accompanied by an abnormal localisation of mitochondria around the 

periphery of the nucleus, the periphery of the soma, or localised away from an edge of 

the soma. This was most readily seen in large neurons, such as Purkinje cells of the 

cerebellum and the neurons of the globus pallidus of the basal ganglia. 

Typically, mitochondria have a pan-cytoplasmic distribution throughout the cell body of 

the neuron. ATP is required throughout the neuron, nodes of Ranvier and synapse. 

Axonal transport distributes mitochondria towards the synapse in anterograde 

transport, where ATP is utilised for cellular processes. Depolarised mitochondria are 

then returned to the cell soma in retrograde transport, in order to be degraded and 

recycled. Clustering of mitochondria around the nucleus was noted in the control tissue 

in this study, and this may happen naturally in all neurons but it may be happening at a 

greater rate or in greater numbers in the neurons of patients with Alpers’ syndrome. 

Depolarised mitochondria may cluster around the nucleus prior to degradation in other 

neurological disorders, and this has been documented in cell lines with mutations in 

Parkin, a gene implicated in Parkinson’s disease (Okatsu et al., 2010). In HeLa cells, 

increased perinuclear clustering and movement of mitochondria away from the cell 

periphery is reported to occur after the disruption of the dynein complex (Varadi et al., 

2004). The clear localisation of mitochondria around the periphery of the nucleus in the 
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neurons of many patients in this cohort, suggests that large numbers of mitochondria 

may be damaged and depolarised, compared to the controls. 

3.6.4.5 White Matter Abnormalities 

Involvement of the white matter in Alpers’ syndrome is infrequently mentioned in the 

literature. There have been previous reports noting abnormalities of the white matter 

and myelin loss (Harding et al., 1995; Simonati et al., 2003b; Bao et al., 2008).  

In this cohort, considerable white matter pathology was seen in the cerebellum, 

occipital lobe, and the basal ganglia in 3 of the 4 patients studied. Myelin loss was the 

most prominent pathology of the basal ganglia, as it had no neuron loss and less 

astrogliosis and microglial activation than other brain areas. This suggests that myelin 

loss may occur in the absence of other neuropathological features in patients. The 

white matter loss in Alpers’ syndrome patients is most likely to be secondary to 

neuronal loss and the loss of neuronal axons. Primary loss of myelin cannot be ruled 

out completely, as Patient 12 displayed myelin loss but no axonal loss in the basal 

ganglia. 

White matter abnormalities are a more important factor than is currently considered in 

the literature and warrants further investigation into the root cause of myelin loss, which 

could aid in the understanding of disease progression in Alpers’ syndrome. 

3.6.4.6 Microglial Activation 

Microglia are ubiquitous immune cells, usually quiescent, that become activated in 

response to a variety of pathological stimuli. They are spatially restricted and this can 

indicate the area of any continuing disease processes (Banati et al., 2004). 

Inflammation and microglial activation are not often reported as part of the 

neuropathology in patients with Alpers’ syndrome. Reactive inflammatory changes 

have been previously described in the brain tissue of patients with Alpers’ syndrome, 

though suggest that it was not involved in the disease progression (Nolte et al., 2013).  

Activated microglia were seen in every patient in at least one brain area, except the 

stillbirth, Patient 5. A moderate to severe increase in these cells was often seen and 

correlated with the severity of astrogliosis, indicating areas of pathology despite there 

being no neuron loss. Interestingly, extremely swollen microglia were seen in the 

occipital lobe of Patient 2 which corresponded with microvacuolation and severe myelin 
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loss, possible indicators of the phagocytosis of degenerating cells and large amounts of 

materials. 

3.6.4.7 Electron Microscopy 

There are very few EM studies on tissue from patients with Alpers’ syndrome. This 

project is one of the few to use the technique to examine the mitochondria in patient 

cells. This study noted a difference between the patient and disease control, with a 

greater difference between the patient and the control. Fewer cellular structures, 

including axons and mitochondria, were visible in the patient sample suggesting a 

greater extent of tissue degradation. Electron-dense inclusions were seen within the 

mitochondria of brain tissue examined from a patient diagnosed with Alpers’ syndrome. 

Control tissue was tested at the same times as patient tissue and electron-dense 

inclusions were also found to be present in this tissue. The results of control tissue 

have not been previously reported in the literature, possibly due to case reports testing 

patient tissue only. 

In agreement with the results in the patient tissue, a study noted electron-dense 

inclusions in liver and skeletal muscle mitochondria in a patient with Alpers’ syndrome 

(Mangalat et al., 2012). A separate study examined two patients with a POLG-related 

encephalopathy and reported globoid inclusions in EM of muscle and brain 

mitochondria (Nolte et al., 2013). 

A full analysis of the patient using EM techniques was difficult due to the degradation of 

the tissue sample. It is possible that the degradation was due, in part, to disease 

processes that damaged the tissue to a greater extent than was seen in either of the 

controls. The patient showed low numbers of mitochondria with few intact cristae when 

compared to the controls and this may suggest a particular vulnerability of these 

organelles. This approach is limited as cellular and mitochondrial morphology can be 

affected by post-mortem delay and fixation length. It can be difficult to obtain tissue of a 

suitable quality for EM studies and controls should be matched for age as well as 

fixation length. 
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 Novel Findings 3.6.5

This project has a large cohort of patients over a large age range and diverse range of 

genetic diagnoses, which has not been published previously in the literature. 

This study has shown that patients with Alpers’ syndrome show a more diverse range 

of features than previously thought, including astrogliosis and white matter 

abnormalities. Pathology of the white matter occurred more often than was expected 

and in all brain regions. It had a greater pathology that was not reflected in the 

literature and the results of this study suggest that white matter pathology should be 

investigated as part of the neuropathology of Alpers’ syndrome.  

Structural abnormalities of mitochondria occur at the ultrastructural level, however 

great care should be taken in interpreting these findings. Through the use of EM 

techniques, this study has shown electron-dense inclusions in both the patient and 

fixation-matched control tissue. This may indicate an artefact of the fixation process 

highlighting the limitations of this approach. 

Astrogliosis with swollen astrocytes of an abnormal morphology have not been 

previously reported in the literature. This is an interesting finding that may suggest a 

pathological role of astrocytes in the course of Alpers’ syndrome. Astrocytes can play a 

role in the neurological aspects of other conditions; HIV patients show astrogliosis (An 

and Scaravilli 1997). However, astrocytes can show neuroprotective properties and 

their presence can lead to the preservation of neurons (Acarin et al., 2007). The full 

role of astrocytes in neurodegenerative conditions is not fully understood. 

The knowledge that clinically diagnosed Alpers’ syndrome may be due to both POLG 

and non-POLG mutations is leading to new area of research. So far, few studies have 

compared these possible groups (Sofou et al., 2012) which can add new data to an 

expanding array of possible genes involved in Alpers’ syndrome. 
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3.7 Future Work  

The work performed in this study has highlighted the need for a genetic diagnosis when 

studying patients clinically diagnosed with Alpers’ syndrome. Genetic data can add 

much information and aid in the interpretation of clinical and neuropathological data. In 

the case of this cohort, current methods of DNA extraction were not successful and 

despite all efforts, a genetic diagnosis could not be made for some patients. Future 

attempts to elucidate the genetic status of the group with an undetermined POLG 

mutation may prove fruitful and allow fresh interpretations of the neuropathological 

data. 

Work to uncover the aetiology of the clinical signs seen in the POLG mutation-absent 

patient is currently on-going. Whole exome sequencing has identified a potential 

candidate gene but further work is required to prove a link between the genetic defect 

and levels of cellular respiration. Data contributing to the knowledge of mutations in 

other genes leading to Alpers’ syndrome, may vastly improve our understanding of the 

spectrum of mitochondrial disease and its impact upon the CNS. 

Further assessment of the white matter of the group with an undetermined POLG 

mutation will be interesting and add to the investigations performed during the course 

of this project. The use of fully quantitative techniques to assess white matter 

abnormalities and porin localisation may be of use, particularly densitometric 

techniques. 

This study has underlined the importance of full neuropathological, phenotypic and 

genotypic data when studying a patient cohort. The cohort in this project is the largest 

and most comprehensive that has been studied with Alpers’ syndrome. Further 

investigations will add invaluable insights into what has already been determined in this 

project.  
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Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ 
Syndrome 

4.1 Introduction 

The mitochondrial polymerase gamma enzyme (POLG) is essential for mtDNA 

replication and is the only known polymerase in mammals to perform this action 

(Hance et al., 2005). Mutations in this gene may affect its function, leading to 

secondary mtDNA abnormalities. As mtDNA encodes 13 polypeptides making up the 

respiratory chain, the effect of mutated POLG on the mtDNA can have negative 

consequences for the respiratory chain in affected tissues. 

There have been studies of respiratory chain deficiency in patients with a mitochondrial 

disease, due to mutations in POLG causing mtDNA defects. These studies have shown 

variable respiratory chain dysfunction, from normal respiratory chain activity (Milone et 

al., 2008; Isohanni et al., 2011) to a deficiency of complex I (Hakonen et al., 2008) and 

complex III (Blok et al., 2009). Normal respiratory chain functioning was seen in the 

skeletal muscle of five patients diagnosed with cPEO (Milone et al., 2008) and in the 

skeletal muscle of five patients with POLG mutations (Isohanni et al., 2011). Two 

patients diagnosed with MIRAS had complex I deficiency in neurons of the cerebellum 

and frontal cortex (Hakonen et al., 2008) while a patient with homozygous p.Ala467Thr 

mutations showed reduced complex III in the brain (Blok et al., 2009). Complex IV is 

less severely affected but has shown milder defects in neurons of patients with a 

POLG-related disorder, thought to be due to clonally expanded mtDNA deletions (Lax 

et al., 2012). 

Mitochondrial respiratory chain impairment in the CNS and liver is a prominent feature 

of Alpers’ syndrome. Studies of patients have examined respiratory chain defects in a 

variety of tissues, including liver and skeletal muscle. These have shown a loss of 

activity of multiple respiratory chain complexes (Delarue et al., 2000; Wiltshire et al., 

2008; Schaller et al., 2011). However, as mentioned above concerning patients with 

POLG disorders, there have been reports of patients with Alpers’ syndrome with 

normal respiratory chain activity in muscle, fibroblast and liver tissue samples (de Vries 

et al., 2008). Fewer studies have focussed on Alpers’ syndrome than on other POLG 

disorders and there have been no published studies examining the respiratory chain in 

the brain tissue of diagnosed Alpers’ syndrome patients. In addition, studies on Alpers’ 

syndrome generally focus on case studies of a single patient or small number of 
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patients rather than a cohort of patients. These studies focus on specific parts of the 

respiratory chain, most often on complex I and complex IV due to the mtDNA defects 

resulting in a loss of function and assembly of these complexes. 

Previous studies have mostly used homogenate tissue samples to quantify respiratory 

chain expression and activity (Hakonen et al., 2008; Blok et al., 2009), with some 

COX/SDH studies performed on single neurons (Lax et al., 2012). This study is unique 

in that it investigates the respiratory chain in single neurons in the brain of patients 

diagnosed with Alpers’ syndrome. Examining tissue at the level of the single neuron 

greatly increases the sensitivity and accuracy of the results, and gives certainty of the 

extent and severity of deficiency in neurons. Studies of respiratory chain deficiency 

often examine complex I and complex IV, which are frequently affected by acquired 

mtDNA defects. The size and complexity of complex I, and the position of complex IV 

at the end of the chain transporting electrons, make them both agents for the failure of 

the respiratory chain. This study also examines complex III, which is seldom studied in 

single cells. 

The previous chapter examined the neuropathology seen in a large cohort of patients 

with clinical Alpers’ syndrome. This chapter will investigate the integrity of mitochondrial 

respiratory chain in neurons of the cerebellum, occipital lobe, parietal lobe, and basal 

ganglia in the same cohort. 

4.2 Aims 

Patients with Alpers’ syndrome demonstrate clinical signs that correlate with areas of 

neuropathology. This chapter will investigate the pathology further by examining the 

respiratory chain in the four brain regions. The aims of this work are: 

1. To semi-quantitatively assess protein expression of different subunits of the 

respiratory chain of mitochondria in neurons. This will be performed in CNS 

tissues of patients clinically diagnosed with Alpers’ syndrome, and will compare 

the findings to those of controls. 

2. To investigate the differences in the expression of the respiratory chain 

between the patient groups. 
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4.3 Methodological Approach 

Antibodies were used to assess complexes of the respiratory chain in mitochondria in 

nine patients (Table 4.1), as described in Chapter 2 Methods and Materials, 2.2.5.1 

‘Respiratory Chain Antibody Staining’. A semi-quantitative assessment of the neurons 

was completed according to the scale – deficient/no staining, + weak staining, ++ weak 

to moderate staining, +++ intense staining. Deficiency of a respiratory chain complex 

was defined as greatly reduced expression or absence of a protein subunit. Patients 3 

and 4 could not be assessed as no FFPE tissue was available. Patient 5 had tissue 

that had been fixed in formalin for 13 years. This made the tissue unreliable for 

quantifying respiratory chain antibodies. Therefore these patients are not included in 

the results. The patient without a mutation in POLG, Patient 12, had tissue that had 

been fixed in formalin for 14 years from the cerebellum, parietal lobe, and basal 

ganglia. This made the tissue unreliable for quantifying respiratory chain antibodies and 

only the occipital lobe was suitable for this study. 

Patient Age at Death Sex POLG Mutation 

1 14 months F p.Ala467Thr; 
p.Gly848Ser 

2 27 months M p.Ala467Thr; 
p.Thr914Pro 

6 18 years F 
A sibling with 
p.Trp748Ser; 
p.Arg1096Cys 

7 2.5 months F Unknown 

8 5.5 months M Unknown 

9 6.5 months F Unknown 

10 13 months M Unknown 

11 7 years F Unknown 

12 6 years M None 

Table 4.1. Details of the patients used in the study of respiratory chain 
deficiency.   
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4.4 Results 

4.4.1 Staining Quantification 

Visualisation of antibody staining was achieved through the use of DAB, which 

produces an insoluble brown polymer upon its oxidation. Semi-quantitative assessment 

of the patients and controls was done according to the scale below (Figure 4.1). 

One hundred neurons were counted with each antibody in each patient. Neurons 

classed as weak to moderate (+) and intense (+++) were considered part of the natural 

variation of respiratory chain expression. Deficiency was defined as the combined 

numbers of neurons classed as deficient (-) and weak (+). 
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Figure 4.1. Semi-quantitative scale of antibody staining in neurons.  
Key: Image A=deficient (-), image B=weak (+), image C=weak to moderate (++), image 
D=intense (+++). The images shown are taken from the cerebellum. Arrowheads 
indicate Purkinje cells of the specified intensity. 
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4.4.2 Cerebellum 

The Purkinje cells and the dentate nucleus were examined. The availability of the 

dentate nucleus was dependent upon the orientation of the sample taken by the 

original pathology team. In some patients, this led to the dentate nucleus being 

unavailable for analysis. 

4.4.2.1 Purkinje Cells 

Recognised by Czech physiologist Jan Evangelista Purkinje in 1837, Purkinje cells are 

large, GABA-ergic, inhibitory neurons of the cerebellum. They form a single cell-thick 

layer between the molecular layer and the granular cell layer, their dendrites branching 

out into the molecular layer, where stellate cells and basket cells may act upon the 

Purkinje cell. They are acted upon by mossy climbing fibres and parallel fibres, and 

Purkinje cells themselves act upon neurons of the deep grey nuclei, including the 

dentate nucleus. They are responsible for controlling motor coordination and voluntary 

movement. 

4.4.2.1.1 Complex I – NADH: Ubiquinone Oxidoreductase 

Complex I is a multi-subunit protein made up of at least 44 subunits; 37 subunits are 

nuclear-encoded, 7 are mitochondrially-encoded. Antibodies to four different subunits 

were tested to investigate all parts of the complex: CI-19 (NDUFA13) part of the 

hydrophilic domain, CI-20 (NDUFB8) and CI-39 (NDUFA9) part of the hydrophobic 

domain, and one of the core hydrophilic domain subunits CI-30 (NDUFS3). All subunits 

investigated were nuclear-encoded, as there are no suitable antibodies currently 

available to subunits encoded by the mitochondrial DNA. 

In a subset of patients, CI-19 and CI-20 antibodies were tested only, as it became 

apparent there was little additional information being added to the investigation through 

the inclusion of CI-30 and CI-39 antibodies. 

Patients with evidence for POLG mutations (Figure 4.2; image B) show moderate 

levels of deficiency in all four of the complex I subunits tested.  

Patients with no genetic diagnosis available (Figure 4.2; images C and D) show 

moderate to high levels of deficiency in two of the complex I subunits tested. 

All patients, except Patient 2 and Patient 7, show a complex I deficiency in the Purkinje 

cells. The POLG mutation-positive group shows the greatest levels of deficiency in 

complex I-20 and complex I-30. The POLG mutation-undetermined group shows the 
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highest levels of deficiency in complex I-19. The pattern of staining appears to be 

random with either of the complex subunit antibodies showing greater deficiency than 

the other three. The control shows no evidence of deficiency. 
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Figure 4.2. Staining with antibodies for complex I in the Purkinje cells of the 
cerebellum. 
Arrowheads indicate neurons. All sections stained with complex I antibody.  
A=Control 6 CI-19, B=Patient 1 POLG mutation-positive group CI-19, C=Patient 11 
POLG mutation-undetermined group CI-19, D=Patient 10 POLG mutation-
undetermined group CI-19. Scale bar = 100µm. 
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Deficiency values for all subunits are shown in Table 4.2. The brain area is unavailable 

for patients not listed in the table. The antibody stain for CI-39 could not be performed 

for Patient 2 as the stain was very uneven after repeating. 

POLG 
mutation Patient Complex I-

19 
Complex I-

20 
Complex I-

30 
Complex I-

39 

+ 

1 8% 22% 0% 8% 

2 1% 1% 0% N/A 

6 11% 12% 25% 19% 

? 

7 3% 2% N/A N/A 

8 10% 3% N/A N/A 

9 61% 21% N/A N/A 

10 44% 13% N/A N/A 

11 63% 38% N/A N/A 

Table 4.2. Table of complex I deficiency in Purkinje cells of the cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 
Key: N/A=not available 
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4.4.2.1.2 Complex II – Succinate: Ubiquinone Oxidoreductase 

Complex II is a multi-subunit protein made up of 4 subunits; subunits A, B, C, and D 

that are all nuclear-encoded. Electrons may enter the ETC at complex I or at complex II 

and continue to flow along the respiratory chain. 

Patients with evidence for POLG mutations show little evidence of deficiency (<5%) 

(Figure 4.3; images B and C). 

Almost all the patients with no genetic diagnosis available show no deficiency. One 

patient, Patient 10, shows moderate levels of complex II deficiency at 28% in the 

Purkinje cells of the cerebellum (Figure 4.3; image D) but 0% deficiency in all other 

areas studied, including in neurons of the dentate nucleus of the cerebellum. 

In the majority of patients, there is no evidence for complex II deficiency. However, a 

single patient, Patient 10, showed moderate levels of deficiency which may have been 

due to issues that affected only the Purkinje cells. The fixation time of the tissue is 

unknown for Patient 10. The controls show no evidence of deficiency. 
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Figure 4.3. Staining with antibodies for complex II in the Purkinje cells of the 
cerebellum. 
Arrowheads indicate neurons. All sections stained with complex II subunit 70 antibody. 
A=Control 6, B=Patient 1 POLG mutation-positive group, C=Patient 6 POLG mutation-
positive group, D=Patient 10 POLG mutation-undetermined group. Scale bar = 100µm. 
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Deficiency values are shown in Table 4.3. The brain area is unavailable for patients not 

listed in the table. 

POLG 
mutation Patient Complex II-70 

+ 

1 0% 

2 1% 

6 5% 

? 

7 0% 

8 0% 

9 0% 

10 28% 

11 0% 

Table 4.3. Table of complex II deficiency in Purkinje cells of the cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
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4.4.2.1.3 Complex III – Ubiquinol Cytochrome c Reductase 

Complex III is a multi-subunit protein made up of 11 subunits; 10 subunits are nuclear-

encoded, 1 is mitochondrially-encoded, cytochrome b. The antibody used for 

immunohistochemistry is raised against the Rieske subunit, an iron-sulphur protein that 

is nuclear-encoded with an important role in electron transfer. 

Patients with evidence for POLG mutations (Figure 4.4; images B and C) show variable 

levels of complex III deficiency. One patient shows very little evidence of deficiency 

while two further patients show moderate levels of deficiency. Patient 2 shows 

moderate levels of complex III deficiency but is the only patient not to exhibit a complex 

I deficiency in this part of the brain. 

Patients with no genetic diagnosis available (Figure 4.4; image D) show moderate to 

high levels of deficiency.  

The control shows no evidence of deficiency.  
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Figure 4.4. Staining with antibodies for complex III Rieske subunit in the Purkinje 
cells of the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex III Rieske subunit 
antibody. A=Control 10, B=Patient 6 POLG mutation-positive group, C=Patient 1 POLG 
mutation-positive group, D=Patient 8 POLG mutation-undetermined group. Scale bar = 
100µm. 
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Deficiency values are shown in Table 4.4. The brain area is unavailable for patients not 

listed in the table. This antibody stain could not be performed for Patient 9 as the 

supply of tissue was depleted. 

POLG 
mutation Patient Complex III-Rieske 

+ 

1 1% 

2 39% 

6 27% 

? 

7 30% 

8 27% 

10 60% 

11 68% 

Table 4.4. Table of complex III deficiency in Purkinje cells of the cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
 
  

  

198 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

4.4.2.1.4 Complex IV – Cytochrome c Oxidase 

Complex IV is a multi-subunit protein made up of 14 subunits; 11 subunits are nuclear-

encoded, 3 are mitochondrially-encoded. 

Patients with evidence for POLG mutations show little evidence of complex IV subunit I 

deficiency (Figure 4.5; image B). They show no complex IV subunit IV deficiency 

(Figure 4.6; images C and D). 

Patients with no genetic diagnosis available show moderate levels of complex IV 

subunit I deficiency (Figure 4.5; images C and D). They show little evidence of complex 

IV subunit IV deficiency (Figure 4.6; image B). 

The control shows no evidence of deficiency for both subunits. 

It is unusual that Patient 11 shows a complex IV-IV deficiency of 14%, comparable to 

the complex IV-I deficiency of 18%. This is discussed in the Discussion section at the 

end of this chapter.  
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Figure 4.5. Staining with antibodies for complex IV subunit I in Purkinje cells of 
the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex IV subunit I antibody. 
A=Control 6, B=Patient 6 POLG mutation-positive group, C=Patient 9 POLG mutation-
undetermined group, D=Patient 7 POLG mutation-undetermined group. Scale bar = 
100µm. 
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Figure 4.6. Staining with antibodies for complex IV subunit IV in Purkinje cells of 
the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex IV subunit IV antibody. 
A=Control 6, B=Patient 8 POLG mutation-undetermined group, C=Patient 1 POLG 
mutation-positive group, D=Patient 6 POLG mutation-positive group. Scale bar = 
100µm. 
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Deficiency values for both subunits are shown in Table 4.5. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex IV-I Complex IV-IV 

+ 

1 1% 0% 

2 0% 0% 

6 15% 0% 

? 

7 0% 0% 

8 1% 0% 

9 33% 0% 

10 10% 8% 

11 18% 14% 

Table 4.5. Table of complex IV deficiency in Purkinje cells of the cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
  

202 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

4.4.2.2 Dentate Nucleus 

Neurons of the dentate nucleus are found in the deep white matter of the cerebellum. 

The dentate nucleus is the largest of four deep cerebellar nuclei, the others being the 

fastigal nucleus, the emboliform nucleus, and the globose nucleus. These neurons 

receive input from the premotor cortex and from Purkinje cells. The deep cerebellar 

nuclei are the main output of the cerebellum, projecting to regions of the cerebrum, 

including the frontal lobe and parietal lobe. The dentate nucleus controls the planning 

and initiation of voluntary movement, as well as playing a role in visuospatial 

awareness. 

4.4.2.2.1 Complex I – NADH: Ubiquinone Oxidoreductase 

Patients with evidence for POLG mutations (Figure 4.7; image B) show little evidence 

of complex I deficiency for the majority of subunits. There is a moderate to high level of 

deficiency of complex I-30. Patient 1 shows 53% deficiency of the core subunit 

complex I-30, affecting only neurons of the dentate nucleus. Normal levels of staining 

are seen in the Purkinje cells. 

Patients with no genetic diagnosis available show a variable deficiency. Patient 7 and 

Patient 8 show no deficiency of complex I, but Patient 9 and Patient 10 show a 

moderate to high deficiency (Figure 4.7; images C and D). 

The majority of patients, except Patient 7 and Patient 8, show a complex I deficiency in 

the dentate nucleus. Patient 1 shows a high level of deficiency of a single subunit, 

complex I-30, which occurs only in the neurons of the dentate nucleus. The POLG 

mutation-undetermined group shows the greatest levels of deficiency. Although Patient 

8 does not show a deficiency in the dentate nucleus, this patient does show complex I 

deficiency in the Purkinje cells. As in the Purkinje cells, the affected subunits appear to 

be random with either of the complex subunit antibodies showing greater deficiency 

than the other three. The control shows no evidence of deficiency. 

  

203 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

 

Figure 4.7. Staining with antibodies for complex I in neurons of the dentate 
nucleus in the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex I antibody. A=Control 1 
CI-20, B=Patient 1 POLG mutation-positive group CI-20, C=Patient 9 POLG mutation-
undetermined group CI-20, D=Patient 10 POLG mutation-undetermined group CI-20. 
Scale bar = 100µm. 
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Deficiency values for all subunits are shown in Table 4.6. The brain area is unavailable 

for patients not listed in the table. The availability of the dentate nucleus was 

dependent upon the orientation of the sample taken by the original pathology team. In 

some patients, this led to the dentate nucleus being unavailable for analysis, as for 

Patient 6. 

POLG 
mutation Patient Complex I-

19 
Complex I-

20 
Complex I-

30 
Complex I-

39 

+ 
1 0% 10% 53% 11% 

2 0% 9% 14% 0% 

? 

7 2% 0% N/A N/A 

8 0% 0% N/A N/A 

9 68% 89% N/A N/A 

10 41% 24% N/A N/A 

Table 4.6. Table of complex I deficiency in neurons of the dentate nucleus in the 
cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 
Key: N/A=not available 
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4.4.2.2.2 Complex II – Succinate: Ubiquinone Oxidoreductase 

Patients with evidence for POLG mutations or with no genetic diagnosis available show 

no deficiency (Figure 4.8). The controls show no evidence of deficiency. 

There is no evidence for complex II deficiency in these patients. A single patient, 

Patient 10, showed moderate levels of deficiency in the Purkinje cells but not in the 

neurons of the dentate nucleus. 
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Figure 4.8. Staining with antibodies for complex II in neurons of the dentate 
nucleus in the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex II subunit 70 antibody. 
A=Control 6, B=Patient 1 POLG mutation-positive group, C=Patient 2 POLG mutation-
positive group, D=Patient 10 POLG mutation-undetermined group. Scale bar = 100µm.  
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4.4.2.2.3 Complex III – Ubiquinol Cytochrome c Reductase 

Patients with evidence for POLG mutations show a variable deficiency. Patient 1 shows 

no deficiency while Patient 2 shows a moderate deficiency (Figure 4.9; image B). 

Patients with no genetic diagnosis available (Figure 4.9; images C and D) also show a 

variable deficiency. This ranges from no deficiency in Patient 10 to a moderate 

deficiency in Patient 7. Patient 2 shows moderate levels of complex III deficiency but is 

the only patient not to exhibit a complex I deficiency in this part of the brain. 

There is a variable complex III deficiency in the dentate nucleus across both POLG 

groups. Patient 2 and Patient 7 show a moderate deficiency whilst Patient 1 and 

Patient 10 show no deficiency at all. The control shows no evidence of deficiency. 
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Figure 4.9. Staining with antibodies for complex III Rieske subunit in neurons of 
the dentate nucleus in the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex III Rieske subunit 
antibody. A=Control 10, B=Patient 2 POLG mutation-positive group, C=Patient 10 
POLG mutation-undetermined group, D=Patient 11 POLG mutation-undetermined 
group. Scale bar = 100µm. 
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Deficiency values are shown in Table 4.7. The brain area is unavailable for patients not 

listed in the table. The availability of the dentate nucleus was dependent upon the 

orientation of the sample taken by the original pathology team. In some patients, this 

led to the dentate nucleus being unavailable for analysis, as for Patient 6 and Patient 

11. This antibody stain could not be performed for Patient 9 as the supply of tissue was 

depleted. 

POLG 
mutation Patient Complex III-Rieske 

+ 
1 0% 

2 47% 

? 

7 49% 

8 10% 

10 0% 

Table 4.7. Table of complex III deficiency in neurons of the dentate nucleus in the 
cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
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4.4.2.2.4 Complex IV – Cytochrome c Oxidase 

Patients with evidence for POLG mutations show no complex IV subunit I deficiency 

(Figure 4.10; image B) and show no complex IV subunit IV deficiency (Figure 4.11; 

image B). 

Patients with no genetic diagnosis available show a moderate complex IV subunit I 

deficiency in Patient 7 and Patient 9 only (Figure 4.10; images C and D). There is no 

complex IV subunit IV deficiency (Figure 4.11; images C and D). 

The control shows no evidence of deficiency for both subunits. 
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Figure 4.10. Staining with antibodies for complex IV subunit I in neurons of the 
dentate nucleus in the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex IV subunit I antibody. 
A=Control 1, B=Patient 2 POLG mutation-positive group, C=Patient 7 POLG mutation-
undetermined group, D=Patient 9 POLG mutation-undetermined group. Scale bar = 
100µm. 
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Figure 4.11. Staining with antibodies for complex IV subunit IV in neurons of the 
dentate nucleus in the cerebellum. 
Arrowheads indicate neurons. All sections stained with complex IV subunit IV antibody. 
A=Control 1, B=Patient 2 POLG mutation-positive group, C=Patient 7 POLG mutation-
undetermined group, D=Patient 9 POLG mutation-undetermined group. Scale bar = 
100µm. 
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Deficiency values for both subunits are shown in Table 4.8. The brain area is 

unavailable for patients not listed in the table. The availability of the dentate nucleus 

was dependent upon the orientation of the sample taken by the original pathology 

team. In some patients, this led to the dentate nucleus being unavailable for analysis, 

as for Patient 6 and Patient 11. 

POLG 
mutation Patient Complex IV-I Complex IV-IV 

+ 
1 2% 0% 

2 0% 0% 

? 

7 22% 0% 

8 0% 0% 

9 17% 1% 

10 0% 0% 

Table 4.8. Table of complex IV deficiency in neurons of the dentate nucleus in the 
cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 

 

A summary of respiratory chain deficiency values for the cerebellum is detailed in Table 

4.9.

214 

 



 

  Purkinje Cells Dentate Nucleus 

POLG 
mutation Patient CI-19 CI-20 CI-30 CI-39 CII-70 CIII CIV-I CIV-

IV CI-19 CI-20 CI-30 CI-39 CII-70 CIII CIV-I CIV-
IV 

+ 

1 8% 22% 0% 8% 0% 1% 1% 0% 0% 10% 53% 11% 0% 0% 2% 0% 

2 1% 1% 0% N/A 1% 39% 0% 0% 0% 9% 14% 0% 0% 47% 0% 0% 

6 11% 12% 25% 19% 5% 27% 15% 0% N/A N/A N/A N/A N/A N/A N/A N/A 

? 

7 3% 2% N/A N/A 0% 30% 0% 0% 2% 0% N/A N/A 0% 49% 22% 0% 

8 10% 3% N/A N/A 0% 27% 1% 0% 0% 0% N/A N/A 0% 10% 0% 0% 

9 61% 21% N/A N/A 0% N/A 33% 0% 68% 89% N/A N/A 0% N/A 17% 1% 

10 44% 13% N/A N/A 28% 60% 10% 8% 41% 24% N/A N/A 0% 0% 0% 0% 

11 63% 38% N/A N/A 0% 68% 18% 14% N/A N/A N/A N/A N/A N/A N/A N/A 

Table 4.9. Summary of respiratory chain deficiency in the cerebellum. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts combined. One hundred neurons were counted with each antibody in 
each patient. Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 months, no values are given. 
 
Key: N/A=not available 
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4.4.3 Occipital Lobe  

Brodmann Area 19 (BA19) of the occipital lobe was examined. 

4.4.3.1 Pyramidal Neurons of Layer V 

4.4.3.1.1 Complex I – NADH: Ubiquinone Oxidoreductase 

In a subset of patients, CI-19 and CI-20 antibodies were tested only, as it became 

apparent there was little additional information being added to the investigation through 

the inclusion of CI-30 and CI-39 antibodies. 

Patients with evidence for POLG mutations (Figure 4.12; images B) show little 

evidence of complex I deficiency in all four of the complex I subunits tested. 

Patients with no genetic diagnosis available (Figure 4.12; image D) show moderate 

levels of complex I deficiency in two of the complex I subunits tested. 

The patient without a POLG mutation (Figure 4.12; image C) shows a moderate level of 

deficiency with CI-39 and little evidence of deficiency with the other subunits. The 

occipital lobe in this patient had a fixation time of 1 month, so was therefore included 

for respiratory chain analysis. The cerebellum, parietal lobe, and basal ganglia had a 

fixation time of 14 years. 

There is a complex I deficiency in the occipital lobe of the POLG mutation-

undetermined group. The POLG mutation-positive group and POLG mutation-absent 

group show no deficiency or very few neurons with deficiency. The control shows no 

evidence of deficiency. 

The lack of respiratory chain deficiency in this brain area is in contrast to the 

neuropathology. Possible reasons for this are discussed in the Discussion section at 

the end of this chapter.  
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Figure 4.12. Staining with antibodies for complex I in the pyramidal neurons of 
the occipital lobe. 
Arrowheads indicate neurons. All sections stained with complex I antibody. A=Control 7 
CI-20, B=Patient 1 POLG mutation-positive group CI-20, C=Patient 12 POLG mutation-
absent group CI-20, D=Patient 10 POLG mutation-undetermined group CI-20. Scale 
bar = 100µm. 
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Deficiency values for all subunits are shown in Table 4.10. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex I-

19 
Complex I-

20 
Complex I-

30 
Complex I-

39 

+ 
1 2% 2% 0% 3% 

2 2% 0% 0% 0% 

? 

8 14% 5% N/A N/A 

10 16% 8% N/A N/A 

11 2% 23% N/A N/A 

- 12 0% 1% 0% 19% 

Table 4.10. Table of complex I deficiency in the pyramidal neurons of the 
occipital lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted with 
each antibody in each patient. Where FFPE tissue is unavailable or is known to have 
been fixed for longer than 6 months, no values are given. 
 
Key: N/A=not available 
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4.4.3.1.2 Complex II – Succinate: Ubiquinone Oxidoreductase 

Patients with evidence for POLG mutations, undetermined genetic diagnosis, or without 

a POLG mutation show no deficiency (Figure 4.13; images B, C and D). 

There is no evidence for complex II deficiency in these patients. The controls show no 

evidence of deficiency. 
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Figure 4.13. Staining with antibodies for complex II in the pyramidal neurons of 
the occipital lobe. 
Arrowheads indicate neurons. All sections stained with complex II subunit 70 antibody. 
A=Control 7, B=Patient 12 POLG mutation-absent group, C=Patient 1 POLG mutation-
positive group, D=Patient 2 POLG mutation-positive group. Scale bar = 100µm. 
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4.4.3.1.3 Complex III – Ubiquinol Cytochrome c Reductase 

Patients with evidence for POLG mutations or without a POLG mutation (Figure 4.14; 

image C) show no complex III deficiency. 

Patients with no genetic diagnosis available (Figure 4.14; images B and D) show 

moderate to high levels of complex III deficiency.  

The control shows no evidence of deficiency. 

Patient 10, no genetic diagnosis available, shows the highest complex III deficiency of 

80% of all patients in all brain areas. The occipital lobe of this patient shows a 

moderate complex I deficiency of 16% CI-19 deficiency. 
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Figure 4.14. Staining with antibodies for complex III Rieske subunit in the 
pyramidal neurons of the occipital lobe. 
Arrowheads indicate neurons. All sections stained with complex III Rieske subunit 
antibody. A=Control 7, B=Patient 8 POLG mutation-undetermined group, C=Patient 12 
POLG mutation-absent group, D=Patient 11 POLG mutation-undetermined group. 
Scale bar = 100µm. 
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Deficiency values are shown in Table 4.11. The brain area is unavailable for patients 

not listed in the table. This antibody stain could not be performed for Patient 2 as the 

supply of tissue was depleted. 

POLG 
mutation Patient Complex III-Rieske 

+ 1 0% 

? 

8 33% 

10 80% 

11 16% 

- 12 0% 

Table 4.11. Table of complex III deficiency in the pyramidal neurons of the 
occipital lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted in each 
patient. Where FFPE tissue is unavailable or is known to have been fixed for longer 
than 6 months, no values are given. 
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4.4.3.1.4 Complex IV – Cytochrome c Oxidase 

Patients with evidence for POLG mutations show no complex IV subunit I deficiency 

(Figure 4.15; images B and C) and no complex IV subunit IV deficiency (Figure 4.16; 

images C and D). 

Patients with no genetic diagnosis available show little evidence of complex IV subunit I 

deficiency (Figure 4.15; image D). They show very little evidence of complex IV subunit 

IV deficiency. 

The patient without a POLG mutation shows little evidence of complex IV subunit I 

deficiency and no complex IV subunit IV deficiency (Figure 4.16; image B). The 

occipital lobe in this patient had a fixation time of 1 month, so was therefore included 

for respiratory chain analysis. The cerebellum, parietal lobe, and basal ganglia had a 

fixation time of 14 years. 

The control shows no evidence of deficiency for both subunits. 
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Figure 4.15. Staining with antibodies for complex IV subunit I in pyramidal 
neurons of the occipital lobe. 
Arrowheads indicate neurons. All sections stained with complex IV subunit I antibody. 
A=Control 7, B=Patient 1 POLG mutation-positive group, C=Patient 2 POLG mutation-
positive group, D=Patient 10 POLG mutation-undetermined group. Scale bar = 100µm. 
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Figure 4.16. Staining with antibodies for complex IV subunit IV in pyramidal 
neurons of the occipital lobe. 
Arrowheads indicate neurons. All sections stained with complex IV subunit IV antibody. 
A=Control 7, B=Patient 12 POLG mutation-absent group, C=Patient 1 POLG mutation-
positive group, D=Patient 2 POLG mutation-positive group. Scale bar = 100µm. 
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Deficiency values for both subunits are shown in Table 4.12. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex IV-I Complex IV-IV 

+ 
1 0% 0% 

2 0% 0% 

? 

8 10% 1% 

10 18% 0% 

11 14% 1% 

- 12 3% 0% 

Table 4.12. Table of complex IV deficiency in the pyramidal neurons of the 
occipital lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted with 
each antibody in each patient. Where FFPE tissue is unavailable or is known to have 
been fixed for longer than 6 months, no values are given. 
 
 

A summary of respiratory chain deficiency values for the occipital lobe is detailed in 

Table 4.13.
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  Occipital Lobe 

POLG mutation Patient CI-19 CI-20 CI-30 CI-39 CII-70 CIII CIV-I CIV-IV 

+ 
1 2% 2% 3% 0% 0% 0% 0% 0% 

2 2% 0% 0% 0% 0% N/A 0% 0% 

? 

8 14% 5% N/A N/A 0% 33% 10% 1% 

10 16% 8% N/A N/A 0% 80% 18% 0% 

11 2% 23% N/A N/A 0% 16% 14% 1% 

- 12 0% 1% 0% 19% 0% 0% 3% 0% 

Table 4.13. Summary of respiratory chain deficiency in the occipital lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-) and weak (+) neuron counts combined. One hundred 
neurons were counted with each antibody in each patient. Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 
Key: N/A=not available 
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4.4.4 Parietal Lobe  

Brodmann Area 40 (BA40) of the parietal lobe was examined. 

4.4.4.1 Pyramidal Neurons of Layer V 

4.4.4.1.1 Complex I – NADH: Ubiquinone Oxidoreductase 

In a subset of patients, CI-19 and CI-20 antibodies were tested only, as it became 

apparent there was little additional information being added to the investigation through 

the inclusion of CI-30 and CI-39 antibodies. 

Patients with evidence for POLG mutations (Figure 4.17; images B, C and D) show 

either no deficiency or very few neurons with deficiency in complex I-30. The POLG 

mutation-undetermined group consisted of only one patient, Patient 8, which shows a 

particular deficiency in complex I-19.  

The control shows no evidence of deficiency. 
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Figure 4.17. Staining with antibodies for complex I in the pyramidal neurons of 
the parietal lobe. 
Arrowheads indicate neurons. All sections stained with complex I antibody. A=Control 7 
CI-30, B=Patient 2 POLG mutation-positive group CI-30, C=Patient 1 POLG mutation-
positive group CI-30, D=Patient 6 POLG mutation-positive group CI-30. Scale bar = 
100µm. 
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Deficiency values for all subunits are shown in Table 4.14. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex I-

19 
Complex I-

20 
Complex I-

30 
Complex I-

39 

+ 

1 0% 0% 4% 2% 

2 5% 0% 9% 0% 

6 0% 1% 17% 0% 

? 8 53% 19% N/A N/A 

Table 4.14. Table of complex I deficiency in the pyramidal neurons of the parietal 
lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted with 
each antibody in each patient. Where FFPE tissue is unavailable or is known to have 
been fixed for longer than 6 months, no values are given. 
 
Key: N/A=not available 
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4.4.4.1.2 Complex II – Succinate: Ubiquinone Oxidoreductase 

Patients with evidence for POLG mutations, undetermined genetic diagnosis, or without 

a POLG mutation show no deficiency (<2%) (Figure 4.18; images B, C and D). 

There is no evidence for complex II deficiency in these patients. The controls show no 

evidence of deficiency. 
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Figure 4.18. Staining with antibodies for complex II in the pyramidal neurons of 
the parietal lobe. 
Arrowheads indicate neurons. All sections stained with complex II subunit 70 antibody. 
A=Control 7, B=Patient 1 POLG mutation-positive group, C=Patient 2 POLG mutation-
positive group, D=Patient 8 POLG mutation-undetermined group. Scale bar = 100µm. 
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Deficiency values are shown in Table 4.15. The brain area is unavailable for patients 

not listed in the table. 

POLG 
mutation Patient Complex II-70 

+ 

1 2% 

2 0% 

6 0% 

? 8 0% 

Table 4.15. Table of complex II deficiency in the pyramidal neurons of the parietal 
lobe. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
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4.4.4.1.3 Complex III – Ubiquinol Cytochrome c Reductase 

Patients with evidence for POLG mutations (Figure 4.19; images B, C and D) show 

little evidence of complex III deficiency. 

There was one patient, Patient 8, from the group with no genetic diagnosis available 

where the parietal lobe could be assessed. Patient 8 shows little evidence of complex 

III deficiency.  

The control shows no evidence of deficiency. 

  

235 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

 

Figure 4.19. Staining with antibodies for complex III Rieske subunit in the 
pyramidal neurons of the parietal lobe. 
Arrowheads indicate neurons. All sections stained with complex III Rieske subunit 
antibody. A=Control 7, B=Patient 6 POLG mutation-positive group, C=Patient 1 POLG 
mutation-positive group, D=Patient 2 POLG mutation-positive group. Scale bar = 
100µm. 
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Deficiency values are shown in Table 4.16. The brain area is unavailable for patients 

not listed in the table. 

POLG 
mutation Patient Complex III-Rieske 

+ 

1 0% 

2 15% 

6 1% 

? 8 13% 

Table 4.16. Table of complex III deficiency in the pyramidal neurons of the 
parietal lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted in each 
patient. Where FFPE tissue is unavailable or is known to have been fixed for longer 
than 6 months, no values are given. 
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4.4.4.1.4 Complex IV – Cytochrome c Oxidase 

Patients with evidence for POLG mutations show little evidence of complex IV subunit I 

deficiency (Figure 4.20; images A, B and C) and no complex IV subunit IV deficiency 

(Figure 4.21; images A, B and C). 

There was only one patient, Patient 8, from the group with no genetic diagnosis 

available where the parietal lobe could be assessed. Patient 8 shows little evidence of 

complex IV subunit I deficiency and little evidence of complex IV subunit IV deficiency. 

The control shows no evidence of deficiency for both subunits. 
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Figure 4.20. Staining with antibodies for complex IV subunit I in pyramidal 
neurons of the parietal lobe. 
Arrowheads indicate neurons. All sections stained with complex IV subunit I antibody. 
A=Control 1, B=Patient 6 POLG mutation-positive group, C=Patient 1 POLG mutation-
positive group, D=Patient 2 POLG mutation-positive group. Scale bar = 100µm. 
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Figure 4.21. Staining with antibodies for complex IV subunit IV in pyramidal 
neurons of the parietal lobe. 
Arrowheads indicate neurons. All sections stained with complex IV subunit IV antibody. 
A=Control 1, B=Patient 1 POLG mutation-positive group, C=Patient 2 POLG mutation-
positive group, D=Patient 6 POLG mutation-positive group. Scale bar = 100µm. 
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Deficiency values for both subunits are shown in Table 4.17. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex IV-I Complex IV-IV 

+ 

1 5% 0% 

2 3% 0% 

6 0% 0% 

? 8 4% 3% 

Table 4.17. Table of complex IV deficiency in the pyramidal neurons of the 
parietal lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-
) and weak (+) neuron counts combined. One hundred neurons were counted with 
each antibody in each patient. Where FFPE tissue is unavailable or is known to have 
been fixed for longer than 6 months, no values are given. 
 
 
A summary of respiratory chain deficiency values for the parietal lobe is detailed in 

Table 4.18. 
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  Parietal Lobe 

POLG mutation Patient CI-19 CI-20 CI-30 CI-39 CII-70 CIII CIV-I CIV-IV 

+ 

1 0% 0% 4% 2% 2% 0% 5% 0% 

2 5% 0% 9% 0% 0% 15% 3% 0% 

6 0% 1% 17% 0% 0% 1% 0% 0% 

? 8 53% 19% N/A N/A 0% 13% 4% 3% 

 

Table 4.18. Summary of respiratory chain deficiency in the parietal lobe. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-) and weak (+) neuron counts combined. One hundred 
neurons were counted with each antibody in each patient. Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 

Key: N/A=not available

C
hapter 4 

R
espiratory C

hain D
eficiency in P

atients w
ith A

lpers’ S
yndrom

e 

 

242 

 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

4.4.5 Basal Ganglia  

4.4.5.1 Caudate, Putamen, and Globus Pallidus 

The basal ganglia is a structure of grey matter located deep in the white matter of the 

cerebrum. It functions in control of voluntary movement and cognitive functions. It 

consists of well-defined areas; the caudate, the putamen, the medial globus pallidus, 

and the lateral globus pallidus. The caudate and putamen are together named the 

striate nucleus because they contain the same inhibitory classes of neurons; medium 

spiny neurons, and both GABA-ergic and cholinergic interneurons. These two 

structures are separated by a tract of axons named the internal capsule. The striate 

nucleus receives input mainly from the frontal lobe and also from the cerebral cortex, 

and the output from the striate nucleus acts upon the substantia nigra and globus 

pallidus to regulate voluntary motor function. The caudate and putamen may have 

different functions: the caudate affecting eye movements and cognitive functions, and 

the putamen affecting motor control. The putamen and the globus pallidus together are 

named lentiform nucleus. The lentiform nucleus receives input from the striate nucleus 

and acts upon the subthalamic nucleus to modulate motor function.  

The availability of each of the caudate, putamen, and globus pallidus for analysis was 

dependent upon the precise location of the sample that was taken by the original 

pathology team. In some patients, this led to two of the three areas being available for 

analysis. 

4.4.5.1.1 Complex I – NADH: Ubiquinone Oxidoreductase 

In a subset of patients, CI-19 and CI-20 antibodies were tested only, as it became 

apparent there was little additional information being added to the investigation through 

the inclusion of CI-30 and CI-39 antibodies. 

Patients with evidence for POLG mutations (Figure 4.22; images C) show low to 

moderate levels of complex I deficiency in all four of the complex I subunits tested. 

Patients with no genetic diagnosis available (Figure 4.22; images B and D) show low to 

moderate levels of complex I deficiency in two of the complex I subunits tested. 

The POLG mutation-undetermined group shows a complex I deficiency in the basal 

ganglia in complex I-19 and complex I-20. The POLG mutation-positive group shows 

deficiency in complex I-20 and complex I-39. The control shows no evidence of 

deficiency. 
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Figure 4.22. Staining with antibodies for complex I in neurons of the basal 
ganglia. 
Arrowheads indicate neurons. All sections stained with complex I antibody. A=Control 6 
CI-19, B=Patient 11 POLG mutation-undetermined group CI-19, C=Patient 1 POLG 
mutation-positive group CI-19, D=Patient 10 POLG mutation-undetermined group CI-
19. All images are taken of the putamen. Scale bar = 100µm. 
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Deficiency values for all subunits are shown in Table 4.19. The brain area is 

unavailable for patients not listed in the table. Complex I-30 and complex I-39 results 

are not included as they were only available for Patient 1 and did not show extreme 

deficiency. 

POLG 
mutation Patient Complex I-

19 
Complex I-

20 

+ 1 
C – 0% C – 18% 

P – 2% P – 1% 

GP – 0% GP – 3% 

? 

8 
C – N/A C – N/A 

P – 10% P – 2% 

GP – 4% GP – 0% 

9 
C – 13% C – 14% 

P – 41% P – 7% 

GP – 26% GP – 0% 

10 
C – N/A C – N/A 

P – 0% P – 0% 

GP – 0% GP – 0% 

11 
C – 15% C – 12% 

P – 19% P – 19% 

GP – 18% GP – N/A 

Table 4.19. Table of complex I deficiency in the basal ganglia. 
Values are given for neurons from the caudate, putamen, and globus pallidus. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 

Key: N/A=not available, C=caudate, P=putamen, GP=globus pallidus  

  

245 

 



Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

4.4.5.1.2 Complex II – Succinate: Ubiquinone Oxidoreductase 

Patients with evidence for POLG mutations, undetermined genetic diagnosis, or without 

a POLG mutation show no deficiency (<6%) (Figure 4.23; images B, C and D). 

There is no evidence for complex II deficiency in these patients. The controls show no 

evidence of deficiency. 
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Figure 4.23. Staining with antibodies for complex II in neurons of the basal 
ganglia. 
Arrowheads indicate neurons. All sections stained with complex II subunit 70 antibody. 
A=Control 6 putamen, B=Patient 11 POLG mutation-undetermined group globus 
pallidus, C=Patient 1 POLG mutation-positive group globus pallidus, D=Patient 9 
POLG mutation-undetermined group putamen. Scale bar = 100µm. 
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Deficiency values are shown in Table 4.20. The brain area is unavailable for patients 

not listed in the table. 

POLG 
mutation Patient Complex II-70 

+ 1 
C – 0% 

P – 1% 

GP – 0% 

? 

8 
C – N/A 

P – 0% 

GP – 0% 

9 
C – 0% 

P – 1% 

GP – 6% 

10 
C – N/A 

P – 0% 

GP – 0% 

11 
C – 0% 

P – 0% 

GP – 0% 

Table 4.20. Table of complex II deficiency in the basal ganglia. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
 
Key: N/A=not available, C=caudate, P=putamen, GP=globus pallidus 
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4.4.5.1.3 Complex III – Ubiquinol Cytochrome c Reductase 

The availability of each of the caudate, putamen, and globus pallidus for analysis was 

dependent upon the precise location of the sample that was taken by the original 

pathology team. In some patients, this led to two of the three areas being available for 

analysis. 

Patients with evidence for POLG mutations (Figure 4.24; image D) show moderate 

levels of complex III deficiency. 

Patients with no genetic diagnosis available (Figure 4.24; images B and C) show low to 

moderate levels of complex III deficiency.  

The control shows no evidence of deficiency. 
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Figure 4.24. Staining with antibodies for complex III Rieske subunit in neurons of 
the basal ganglia. 
Arrowheads indicate neurons. All sections stained with complex III Rieske subunit 
antibody. A=Control 5 putamen, B=Patient 8 POLG mutation-undetermined group 
globus pallidus, C=Patient 10 POLG mutation-undetermined group putamen, D=Patient 
1 POLG mutation-positive group globus pallidus. Scale bar = 100µm. 
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Deficiency values are shown in Table 4.21. The brain area is unavailable for patients 

not listed in the table. This antibody stain could not be performed for Patient 11 as the 

supply of tissue was depleted. 

POLG 
mutation Patient Complex III-Rieske 

+ 1 
C – 14% 

P – 0% 

GP – 32% 

? 

8 
C – N/A 

P – 7% 

GP – 33% 

9 
C – 13% 

P – 40% 

GP – 17% 

10 
C – N/A 

P – 2% 

GP – 1% 

Table 4.21. Table of complex III deficiency in the basal ganglia. 
Values are given for neurons from the caudate, putamen, and globus pallidus. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted in each patient. Where FFPE tissue is 
unavailable or is known to have been fixed for longer than 6 months, no values are 
given. 
 

Key: N/A=not available, C=caudate, P=putamen, GP=globus pallidus 
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4.4.5.1.4 Complex IV – Cytochrome c Oxidase 

The availability of each of the caudate, putamen, and globus pallidus for analysis was 

dependent upon the precise location of the sample that was taken by the original 

pathology team. In some patients, this led to two of the three areas being available for 

analysis. 

Patients with evidence for POLG mutations show little evidence of complex IV subunit I 

deficiency (Figure 4.25; image B) and no complex IV subunit IV deficiency (Figure 4.26; 

image B). 

Patients with no genetic diagnosis available show low to moderate levels of complex IV 

subunit I deficiency (Figure 4.25; images C and D). They show little evidence of 

complex IV subunit IV deficiency (Figure 4.26; images C and D). 

The control shows no evidence of deficiency for both subunits. 
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Figure 4.25. Staining with antibodies for complex IV subunit I in neurons of the 
basal ganglia. 
Arrowheads indicate neurons. All sections stained with complex IV subunit I antibody. 
A=Control 6 putamen, B=Patient 1 POLG mutation-positive group caudate, C=Patient 9 
POLG mutation-undetermined group caudate, D=Patient 11 POLG mutation-
undetermined group caudate. Scale bar = 100µm. 
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Figure 4.26. Staining with antibodies for complex IV subunit IV in neurons of the 
basal ganglia. 
Arrowheads indicate neurons. All sections stained with complex IV subunit IV antibody. 
A=Control 6 putamen, B=Patient 1 POLG mutation-positive group caudate, C=Patient 
11 POLG mutation-undetermined group putamen, D=Patient 10 POLG mutation-
undetermined group putamen. Scale bar = 100µm. 
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Deficiency values for both subunits are shown in Table 4.22. The brain area is 

unavailable for patients not listed in the table. 

POLG 
mutation Patient Complex IV-I Complex IV-IV 

+ 1 
C – 5% C – 0% 

P – 1% P – 0% 

GP – 0% GP – 0% 

? 

8 
C – N/A C – N/A 

P – 2% P – 0% 

GP – 2% GP – 0% 

9 
C – 3% C – 0% 

P – 11% P – 4% 

GP – 2% GP – 0% 

10 
C – N/A C – N/A 

P – 2% P – 1% 

GP – 0% GP – 0% 

11 
C – 4% C – 0% 

P – 15% P – 10% 

GP – 0% GP – 0% 

Table 4.22. Table of complex IV deficiency in the basal ganglia. 
Values are given for neurons from the caudate, putamen, and globus pallidus. 
Percentage of deficiency defined as deficient (-) and weak (+) neuron counts 
combined. One hundred neurons were counted with each antibody in each patient. 
Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 

Key: N/A=not available, C=caudate, P=putamen, GP=globus pallidus 

 

 

A summary of respiratory chain deficiency values for the basal ganglia is detailed in 

Table 4.23.
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  Basal Ganglia 

POLG mutation Patient CI-19 CI-20 CII-70 CIII CIV-I CIV-IV 

+ 1 
C – 0% C – 18% C – 0% C – 14% C – 5% C – 0% 
P – 2% P – 1% P – 1% P – 0% P – 1% P – 0% 

GP – 0% GP – 3% GP – 0% GP – 32% GP – 0% GP – 0% 

? 

8 
C – N/A C – N/A C – N/A C – N/A C – N/A C – N/A 
P – 10% P – 2% P – 0% P – 7% P – 2% P – 0% 
GP – 4% GP – 0% GP – 0% GP – 33% GP – 2% GP – 0% 

9 
C – 13% C – 14% C – 0% C – 13% C – 3% C – 0% 
P – 41% P – 7% P – 1% P – 40% P – 11% P – 4% 

GP – 26% GP – 0% GP – 6% GP – 1% GP – 2% GP – 0% 

10 
C – N/A C – N/A C – N/A C – N/A C – N/A C – N/A 
P – 0% P – 0% P – 0% P – 2% P – 2% P – 1% 

GP – 0% GP – 0% GP – 0% GP – 1% GP – 0% GP – 0% 

11 
C – 15% C – 12% C – 0% C – N/A C – 4% C – 0% 
P – 19% P – 19% P – 0% P – N/A P – 15% P – 10% 

GP – 18% GP – N/A GP – 0% GP – N/A GP – 0% GP – 0% 

Table 4.23. Summary of respiratory chain deficiency in the basal ganglia. 
Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-) and weak (+) neuron counts combined. One hundred 
neurons were counted with each antibody in each patient. Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
Key: N/A=not available, C=caudate, P=putamen, GP=globus pallidus 
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A summary of the respiratory chain deficiency in all brain areas of all patients is detailed in Table 4.24.  

POLG 
Mutation Patient Cerebellum Occipital Lobe 

  I-19 I-20 I-30 I-39 II III IV-I IV-IV I-19 I-20 I-30 I-39 II III IV-I IV-IV 

+ 

1 PC-8% 
DN-0% 

PC-22% 
DN-10% 

PC-0% 
DN-53% 

PC-8% 
DN-11% 

PC-0% 
DN-0% 

PC-1% 
DN-0% 

PC-1% 
DN-2% 

PC-0% 
DN-0% 2% 2% 3% 0% 0% 0% 0% 0% 

2 PC-1% 
DN-0% 

PC-1% 
DN-9% 

PC-0% 
DN-14% 

PC-N/A 
DN-0% 

PC-1% 
DN-0% 

PC-39% 
DN-47% 

PC-0% 
DN-0% 

PC-0% 
DN-0% 2% 0% 0% 0% 0% N/A 0% 0% 

6 PC-11% PC-12% PC-25% PC-19% PC-5% PC-27% PC-15% PC-0% N/A N/A N/A N/A N/A N/A N/A N/A 

? 

7 PC-3% 
DN-2% 

PC-2% 
DN-0% N/A N/A PC-0% 

DN-0% 
PC-30% 
DN-49% 

PC-0% 
DN-22% 

PC-0% 
DN-0% N/A N/A N/A N/A N/A N/A N/A N/A 

8 PC-10% 
DN-0% 

PC-3% 
DN-0% N/A N/A PC-0% 

DN-0% 
PC-27% 
DN-10% 

PC-1% 
DN-0% 

PC-0% 
DN-0% 14% 5% N/A N/A 0% 33% 10% 1% 

9 PC-61% 
DN-68% 

PC-21% 
DN-89% N/A N/A PC-0% 

DN-0% N/A PC-33% 
DN-17% 

PC-0% 
DN-1% 

N/A N/A N/A N/A N/A N/A N/A N/A 

10 PC-44% 
DN-41% 

PC-13% 
DN-24% N/A N/A PC-28% 

DN-0% 
PC-60% 
DN-0% 

PC-10% 
DN-0% 

PC-8% 
DN-0% 16% 8% N/A N/A 0% 80% 18% 0% 

11 PC-63% PC-38% N/A N/A PC-0% PC-68% PC-18% PC-14% 2% 23% N/A N/A 0% 16% 14% 1% 

- 12 N/A 0% 1% 0% 19% 0% 0% 3% 0% 
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POLG 
Mutation Patient Parietal Lobe Basal Ganglia 

  I-19 I-20 I-30 I-39 II III IV-I IV-IV I-19 I-20 I-30 I-39 II III IV-I IV-IV 

+ 

1 0% 0% 4% 2% 2% 0% 5% 0% 
C-0% 
P-2% 

GP-0% 

C-18% 
P-1% 

GP-3% 

C-4% 
P-1% 

GP-3% 

C-23% 
P-2% 

GP-5% 

C-0% 
P-1% 

GP-0% 

C-14% 
P-0% 
GP-
32% 

C-5% 
P-1% 

GP-0% 

C-0% 
P-0% 

GP-0% 

2 5% 0% 9% 0% 0% 15% 3% 0% N/A N/A N/A N/A N/A N/A N/A N/A 

6 0% 1% 17% 0% 0% 1% 0% 0% N/A N/A N/A N/A N/A N/A N/A N/A 

? 

7 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

8 53% 19% N/A N/A 0% 13% 4% 3% P-10% 
GP-4% 

P-2% 
GP-0% N/A N/A P-0% 

GP-0% 

P-7% 
GP-
33% 

P-2% 
GP-2% 

P-0% 
GP-0% 

9 N/A N/A N/A N/A N/A N/A N/A N/A 
C-13% 
P-41% 

GP-
26% 

C-14% 
P-7% 

GP-0% 
N/A N/A 

C-0% 
P-1% 

GP-6% 

C-13% 
P-40% 

GP-
17% 

C-3% 
P-11% 
GP-2% 

C-0% 
P-4% 

GP-0% 

10 N/A N/A N/A N/A N/A N/A N/A N/A P-0% 
GP-0% 

P-0% 
GP-0% N/A N/A P-0% 

GP-0% 
P-2% 

GP-1% 
P-2% 

GP-0% 
P-1% 

GP-0% 

11 N/A N/A N/A N/A N/A N/A N/A N/A 
C-15% 
P-19% 

GP-
18% 

C-12% 
P-19% 
GP-N/A 

N/A N/A 
C-0% 
P-0% 

GP-0% 
N/A 

C-4% 
P-15% 
GP-0% 

C-0% 
P-10% 
GP-0% 

- 12 N/A N/A 

Table 4.24. Summary of respiratory chain deficiency in all brain areas.  
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Values are given for neurons of layer V. Percentage of deficiency defined as deficient (-) and weak (+) neuron counts combined. One hundred 
neurons were counted with each antibody in each patient. Where FFPE tissue is unavailable or is known to have been fixed for longer than 6 
months, no values are given. 
 

Key: N/A=not available, PC=Purkinje cell, DN=dentate nucleus, C=caudate, P=putamen, GP=globus pallidus 
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Chapter 4 Respiratory Chain Deficiency in Patients with Alpers’ Syndrome 

4.4.6 Respiratory Chain Deficiency in Glial Cells 

Glial cells are ubiquitous cells of the CNS that perform many different functions. They 

support the functioning of neurons by providing simple sugars as an energy source for 

the neurons, insulate the axons of neurons, surround the neurons and physically 

support them, and provide an immune response. 

Respiratory chain deficiency is seen in the glial cells of two patients, described in the 

next paragraphs. A severe astrogliosis was noted in the pathological changes of these 

patients and so a stain for astrocytes has been included. Changes to the glial cells of 

the parietal lobe are described below. 

4.4.6.1 Patient 2 

Patient 2 shows evidence for POLG mutations, harbouring the p.Ala467Thr and 

p.Thr914Pro mutations. 

A stain for astrocytes, a common glial cell was used to assess the increase in cell 

population. Patient 2 shows normal staining with GFAP, showing the astrocyte 

population (Figure 4.27; image A). The parietal lobe shows a severe astrogliosis in the 

grey matter with many fewer astrocytes being present in the white matter. The 

astrocytes appear large and swollen. Porin staining of the glial cells (image B) shows 

only a slight deficiency, suggesting that many mitochondria are present in the glia. 

However, complex I (image C) and complex III (image D) staining of the glial cells 

shows a moderate deficiency. 
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Figure 4.27. Respiratory chain deficiency within glial cells in the parietal lobe of 
Patient 2. 
A=GFAP, B=porin, C=CI-19, D=CIII Rieske subunit. Image A shows a severe 
astrogliosis. Image B shows a slight deficiency in porin. Images C and D show a 
moderate deficiency in complex I and complex III. All images taken of Patient 2 POLG 
mutation-positive group. Scale bar = 100µm. 
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4.4.6.2 Patient 6 

Patient 6 shows evidence for POLG mutations, whose sibling harbours the 

p.Trp748Ser and p.Arg1096Cys mutations. 

A stain for astrocytes, a common glial cell was used to assess the increase in cell 

population. Patient 6 shows normal staining with GFAP, showing the astrocyte 

population (Figure 4.28; image A). The parietal lobe shows a severe astrogliosis in the 

grey and white matter. The astrocytes appear large and swollen. Porin staining (image 

B) shows a severe deficiency, suggesting extremely few mitochondria are present in 

the glial cells. Complex I (image D) staining and complex II (image C) staining of the 

glial cells both show a severe deficiency. 
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Figure 4.28. Respiratory chain deficiency within glial cells in the parietal lobe of 
Patient 6. 
A=GFAP, B=porin, C=CII-70, D=CI-30. Image A shows a severe astrogliosis. Image B 
shows a severe deficiency in porin. Image C shows a severe deficiency in complex II. 
Image D shows a severe deficiency in complex I. All images taken of Patient 6 POLG 
mutation-positive group. Scale bar = 100µm. 
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4.5 Discussion 

4.5.1 Respiratory Chain Deficiency In Relation to Neuropathology 

This chapter has examined the respiratory chain deficiency in neurons. In the previous 

chapter, I examined my cohort for features of neuropathology and now these are 

examined in relation to one another. The cerebellum shows the greatest changes in 

respiratory chain function and extensive neuropathology. The occipital lobe shows 

slight changes of the respiratory chain but moderate neuropathology. The parietal and 

basal ganglia show some changes of the respiratory chain and mild neuropathology.  

The occipital lobe shows an unexpected lack of correlation between the 

neuropathology and respiratory chain deficiency, even in patients where there was 

moderate neuropathology and a confirmed POLG mutation. There was neuron loss, 

predominantly seen in the upper grey matter layers, with moderate neuropathology 

throughout, yet extremely little respiratory chain deficiency is noted. This is very 

surprising in an area of the brain where there has been much reported involvement in 

patients with Alpers’ syndrome. The occipital lobe is an area of high metabolic activity 

and the neurons in this area may be more vulnerable to dysfunction of the respiratory 

chain. It is possible there may have been more pyramidal neurons than were assessed 

during this project and that these neurons may have had a respiratory chain 

dysfunction. If these neurons had died they could therefore not be examined and 

counted in this study. The remaining neurons may have been those that did not show a 

respiratory chain dysfunction and those were the neurons that were counted. An 

additional possibility considers that there are other neuronal subtypes present in the 

occipital cortex and some of these subtypes may have been too small to accurately 

examine and count at the highest magnification available, X100 magnification. These 

neurons may have shown respiratory chain dysfunction but were not counted. This may 

suggest that there are neurons that are differentially vulnerable to respiratory chain 

dysfunction and that this situation may be unique to the occipital lobe, as the lack of 

respiratory chain dysfunction was not seen in other brain areas. A third consideration 

may be given to the vascular regions of the occipital lobe, where a high metabolic 

demand requires a suitable vascular supply. There is evidence in other mitochondrial 

disorders with seizure involvement, e.g. MELAS, that infarcts, lesions and 

neurodegeneration may arise from vascular abnormalities after seizure activity (Iizuka 

et al., 2003). The neurons of the occipital lobe in patients with Alpers’ syndrome may 

be vulnerable to these vascular changes after seizure activity and this may result in an 
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imbalance between an increased energy demand and the ATP availability in the 

neuron. 

4.5.2 Respiratory Chain Deficiency in Neurons 

This is the first time that the respiratory chain has been studied at this level of detail in 

neurons in patients with Alpers’ syndrome. There was an overall trend that complex I 

and complex III showed the greatest deficiency in all brain areas of the patients. 

Complex IV subunit I shows a moderate deficiency which was always greater than the 

few neurons with complex IV subunit IV deficiency. Complex II deficiency was seen in a 

single patient. Respiratory chain deficiency will be discussed in more detail in the 

following sections. 

4.5.2.1 Complex I 

Complex I is the largest of the respiratory chain proteins, encoded by both nuclear and 

mitochondrial genes. Its assembly into a multi-subunit protein requires assembly 

factors and may progress through intermediate stages (Antonicka et al., 2003). There 

was a clear deficiency of complex I in seven of the patients investigated and in all brain 

areas. Four antibodies to complex I subunits were used: CI-19 (NDUFA13), CI-20 

(NDUFB8), CI-39 (NDUFA9), and one of the core subunits, CI-30 (NDUFS3). All of 

these subunits are nuclear-encoded and directly unaffected by mtDNA abnormalities. 

The most severe deficiencies were observed in the cerebellum, with both the Purkinje 

cells and neurons of the dentate nucleus exhibiting up to 89% complex I deficiency. 

Less severe deficiencies were noted in the occipital lobe, parietal lobe, and basal 

ganglia yet in some patients these were substantial; Patient 8 showed a 53% 

deficiency of CI-19 in the parietal lobe, and Patient 9 showed a 41% deficiency of CI-19 

in the putamen of the basal ganglia. Severe loss of a single complex I subunit was 

seen in Patient 1; 53% deficiency of the core subunit complex I-30 was seen in 

neurons of the dentate nucleus. Normal levels of staining are seen in the Purkinje cells 

of this patient. Greater levels of CI-30 deficiency are also seen in the parietal lobe of 

Patient 6 (17%) where there is no deficiency in other subunits. However, it is also clear 

that greater loss of any individual subunit of complex I can occur in neurons. This 

suggests that neurons may be more vulnerable to loss of the core subunits of complex 

I but that loss of an individual subunit can occur and may be tolerated if other subunits 

are intact. 

The most severe complex I deficiency of the Purkinje cells or dentate nucleus 

correlated with a greater degree of loss of that neuronal type. In Patient 9, Purkinje 
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cells showed a 61% and 21% deficiency with CI-19 and CI-20 subunits respectively, 

with no discernable neuron loss, while the dentate nucleus showed 68% and 89% 

deficiency with CI-19 and CI-20 subunits respectively, with moderate neuron loss. This 

suggests that surviving neurons show deficiency in areas where a greater number of 

neurons have already been lost and we may be seeing a snapshot of this process as 

further respiratory chain deficiency leads to increased neuronal cell death. 

Complex I deficiency, is the most common defect in mitochondrial patients (Darin et al., 

2001), yet it is an underdiagnosed condition and can occur in many heterogeneous 

disorders. A previous study in this lab has shown that patients with POLG mutations 

show a predominant complex I and complex IV deficiency of both Purkinje cells and 

neurons of the dentate nucleus in the cerebellum (Lax 2011). The study did not 

investigate for signs of complex III deficiency. 

Complex I deficiency may result in increased reactive oxygen species (ROS) 

production and it has been shown in fibroblast cell lines that those with a higher ROS 

production occurs in cells with the most severe complex I deficiency (Verkaart et al., 

2007). This increased ROS production may be contributing to neuron death and 

degeneration. 

Assembly of complex I, occurring through intermediate stages and facilitated by 

assembly factors, is dependent on the structure and integrity of both nuclear- and 

mitochondrially-encoded subunits in order to form the large complex (Lazarou et al., 

2007). Deficiency of subunits may reduce the efficacy of assembly, leading to a 

complex I deficiency. This may have a subsequent effect on other complexes within the 

supercomplex structure and compromise the respiratory chain’s capacity for ATP 

production. 

4.5.2.2 Complex II 

Complex II is a nuclear-encoded complex, involved in both the electron transport chain 

and the citric acid cycle. There was an obvious deficiency of complex II in one patient, 

Patient 10. This was apparent in the Purkinje cells of the cerebellum showing a 

deficiency of 28%, but not in neurons of the dentate nucleus which showed no 

deficiency. All other patients showed little or no complex II deficiency with <6% of the 

neurons revealing evidence of complex II dysfunction over all brain areas. This was 

expected as all four subunits of complex II are nuclear-encoded and therefore not 

directly affected by mtDNA deletions, mutations or mtDNA copy number. The complex 

II deficiency observed in Patient 10 is unusual and there may be other factors 
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influencing this observation in Purkinje cells. This patient also exhibited a very low 

mitochondrial density which was detected when staining with an antibody for porin (see 

Chapter 3 Neuropathological Features of Patients With Alpers’ Syndrome, 3.4.6 

‘Mitochondrial Localisation in Neurons’). 

4.5.2.3 Complex III 

There was an obvious and severe deficiency of complex III in most of the patients and 

in most brain areas. An antibody to the iron-sulphur protein (Rieske subunit), which has 

a direct role in electron transfer, was used in this study. Defects in complex III can lead 

to early-onset disorders associated with respiratory chain deficiency, including clinical 

signs of seizures, developmental delay and increased serum lactate levels (Fernandez-

Vizarra et al., 2007) and GRACILE syndrome (Visapää et al., 2002). 

Complex I and complex III are considered the main producers of ROS (Chen et al., 

2003) and disruption of these complexes within the supercomplex may increase ROS 

production (Maranzana et al., 2013). In addition, the core subunits, including the 

Rieske subunit, facilitate assembly of the complex. Defects of complex III assembly 

due to mutations in an assembly factor have been shown to lead to diminished 

incorporation of the Rieske subunit, leading to a loss of complex activity (Fernandez-

Vizarra et al., 2007). 

4.5.2.4 Complex IV 

This study examined two subunits of complex IV; the mitochondrially-encoded subunit I 

and the nuclear-encoded subunit IV. Complex IV subunit I (COX I) was the only 

mitochondrially-encoded subunit that was used to study respiratory chain deficiency. A 

low to moderate deficiency of COX I was seen in all brain areas and this subunit 

showed a greater deficiency in patients than subunit IV (COX IV). This suggests that 

damage to mtDNA has decreased COX I availability, a process that has not affected 

nuclear DNA and COX IV. However, the mitochondrially-encoded COX I subunit 

showed a milder deficiency than with nuclear-encoded complex I and complex III 

subunits. This was unexpected and it may be that other mitochondrially-encoded 

subunits of complex I and complex III were lost and that this destabilised the entire 

complex.  

COX IV shows little evidence of deficiency in some patients, yet this is always in 

concordance with a greater deficiency in COX I. This is associated with the loss of 

COX I and potentially a loss of structured assembly of the entire complex. In the 
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cerebellum, Patient 11 displayed a combined COX I and COX IV deficiency which has 

been seen previously in the cerebellum of patients with POLG mutations (Lax et al., 

2012), though a combined deficiency was not seen in the cerebellum of Patient 6 and 

Patient 9 which primarily showed a COX I deficiency. 

4.5.2.5 Patient Variability 

The patients in this cohort showed a wide variation in the level of respiratory chain 

deficiency. There was a clear decreased expression of complex I and complex III 

respiratory chain subunits in patients and many brain areas showed neurons that were 

weak or deficient in these complexes. 

Patient 1 was an interesting exception to the findings in the rest of the cohort. This 

patient showed the clinical signs of seizures, ataxia and liver failure. There was no 

neuron loss documented in any brain areas where the respiratory chain was 

investigated. There was a complex I deficiency but little complex III deficiency in the 

cerebellum. In the occipital and parietal lobes, there was no complex I or complex III 

deficiency. However, there was both a complex I and complex III deficiency in the basal 

ganglia. This suggests that the survival of neurons is linked to the integrity of the 

respiratory chain. 

Patient 2 showed moderate levels of complex III deficiency in the cerebellum (39% and 

47%) but there is little evidence of complex I deficiency (between 0% and 14%) in this 

part of the brain. In the parietal lobe, there is a slightly greater deficiency of complex III 

(15%) than complex I (between 0% and 9%). The comparison of complex I and 

complex III could not be made in the occipital lobe or basal ganglia due to a lack of 

suitable tissue. This finding is intriguing because deficiencies of complex I and complex 

IV are considered the most significant to mitochondrial disorders. This suggests that a 

complex III deficiency may be tolerated by the surviving neurons and could be an 

important indicator of mitochondrial disease. 

Patient 10, no genetic diagnosis available, showed the highest complex III deficiency in 

the occipital lobe, at 80%, of all patients in all brain areas. The occipital lobe of this 

patient showed a moderate complex I deficiency of 16% complex I-19 deficiency and a 

moderate complex IV-I deficiency of 18%. There was no complex IV-IV deficiency. In 

the cerebellum, there was a moderate complex II deficiency, at 28%, in Purkinje cells. 

Selective complex III deficiency in the occipital lobe is unusual. This suggests, as with 

Patient 2 above, that a complex III deficiency may be tolerated in neurons and it should 

not be overlooked when analysing respiratory chain deficiencies in patients with 
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mitochondrial disease. A selective complex II deficiency in Purkinje cells is also 

unusual. There may be other factors influencing this observation of complex II 

deficiency in Purkinje cells, such as very low mitochondrial density as mentioned above 

(see section 4.5.2.2 ‘Complex II’). 

Patient 11, no genetic diagnosis available, showed a complex IV-IV deficiency of 14%, 

comparable to the complex IV-I deficiency of 18% in the Purkinje cells of the 

cerebellum. The cerebellum showed a high complex I deficiency of 63% complex I-19 

deficiency and a high complex III deficiency of 68%. There was no complex II 

deficiency.  

4.5.2.6 Within-group Variation 

The POLG mutation-positive group showed deficiency in complex I and complex III in 

the cerebellum and parietal lobe. There were variable levels of complex III deficiency; 

Patient 1 shows little evidence of deficiency in the cerebellum and occipital lobe, while 

Patient 2 and Patient 6 show moderate levels of deficiency. Complex II did not show 

deficiency. Complex IV subunit I showed slightly weaker staining than subunit IV in the 

cerebellum and parietal lobe, but no deficiency of either subunit in the occipital lobe. 

The POLG mutation-undetermined group showed the most severe complex I deficiency 

in the cerebellum. The parietal lobe also showed a complex I deficiency with the single 

highest percentage of complex I deficiency being found in Patient 8; this was a 53% 

deficiency of complex I-19. There was no complex II deficiency. Complex III showed 

moderate to high levels of deficiency in the cerebellum and occipital lobe, with less 

evidence of deficiency in the parietal lobe and basal ganglia. Complex IV subunit I 

showed slightly weaker staining than complex IV subunit IV in the cerebellum and 

occipital lobe. 

The POLG mutation-absent patient could be studied for respiratory chain deficiency in 

the occipital lobe only, due to a fixation length of more than 6 months in all other brain 

areas. Complex I showed little evidence of deficiency in all subunit except CI-39 (19%). 

Complex II did not show deficiency. Complex III was not deficient in the occipital lobe 

(0%). Complex IV subunit I showed very slightly more deficiency (3%) than subunit IV 

(0%).  

4.5.2.7 Inter-group Variation 

The POLG mutation-positive group showed a moderate complex I and complex III 

deficiency. Patient 1 showed only a complex I deficiency in the cerebellum while 
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Patient 2 showed both a complex I and complex III deficiency. The occipital lobe 

showed little evidence of deficiency. This suggests a mixed pattern of respiratory chain 

deficiency that is variable between patients, though commonly showing a complex I 

deficiency. The POLG mutation-undetermined group showed the most severe complex 

I and complex III deficiencies in all four brain areas. The POLG mutation-absent patient 

could be studied for respiratory chain deficiency only in the occipital lobe. This patient 

showed little or no deficiency in all respiratory chain subunits (<3%), apart from 

complex I-39, in which there was a deficiency of 19%. 

In all groups, complex I deficiency was seen, often in association with a complex III 

deficiency which can be of the same severity. The POLG mutation-undetermined group 

showed the most severe deficiencies, which may reflect the unknown mutations 

present in this group. 

4.5.3 Respiratory Chain Deficiency in Glial Cells 

Glial cells are found throughout the brain, performing many vital functions and 

supporting the neurons within the brain tissue. The parietal lobe was examined in two 

patients and is considered in this discussion. Further brain areas and patients could not 

be examined in the time frame of this project. 

Patient 2 shows complex I and complex III deficiencies, though mitochondria appear to 

be present in the glial cells. This indicates a respiratory chain deficiency in the glial 

cells, despite little evidence of complex I deficiency (5% CI-19 and 9% CI-30) and 

moderate complex III deficiency (15%) in the neurons of the parietal lobe of Patient 2. 

Complex II shows no deficiency, which was expected as this is a nuclear-encoded 

subunit and unaffected by mtDNA mutations. 

Patient 6 shows mitochondrial deficiency and respiratory chain deficiencies of complex 

I and complex II. Staining with an antibody to porin shows low mitochondrial density in 

the glial cells while complex I and complex II-70 show moderate to high levels of 

deficiency. This highlights the loss of the respiratory chain and a low mitochondrial 

density which both reduces the capability of OXPHOS in the cell and increases the 

demand for energy from remaining mitochondria, increasing oxidative stress and 

damaging levels of ROS. This appears to only affect glial cells as complex II is intact in 

the neurons of Patient 6. 

Patient 2 was a child patient of 27 months old at death and had a relatively short 

course of disease progression of 10 months. By contrast, Patient 6 was a young adult 
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patient of 18 years old at death and had a longer course of disease progression of 2 

years. Both of these disease progressions are compatible with Alpers’ syndrome, and 

the severity of the glial cells respiratory chain deficiency may reflect the length of 

disease progression. A longer disease progression may result in a greater respiratory 

chain deficiency leading to a loss of mitochondria over time. 

Due to the large numbers of visible glial cells with or without respiratory chain 

deficiency, it is possible that the glial cells are a rapidly proliferating cell type, such as 

astrocytes or microglia (Janeczko 1991), that require increased energy to allow for the 

changes in the physiological state of the cell. Respiratory chain deficiency has been 

noted in the astrocytes of patients with mitochondrial disease (Lax et al., 2012) and 

cells positively identified as astrocytes through GFAP staining appeared swollen, an 

observation in rat models with chronic sodium valproate administration (Sobaniec-

Lotowska 2001). The activation of microglia requires increased energy and this may 

have an impact upon mitochondria within these cells, resulting in an increased 

respiration rate (Reichner et al., 1995). Electron microscopy investigation has shown 

changes to mitochondrial morphology in activated microglia, resulting in elongated, 

crescentiform, or ring-shaped mitochondria (Banati et al., 2004). 

Further analysis of this would be required, showing dual GFAP-positive staining or 

CD68-positive staining with additional respiratory chain antibody deficiency in the same 

cells. 

4.5.4 The Project’s Findings in the Context of the Literature 

The literature reports biochemical and histochemical studies of patient tissues which 

show a range of respiratory chain deficiencies. Liver, muscle, and fibroblasts are the 

most usual cell types to be studied in patients with POLG disorders, due to their 

relevance to the features of the disease or their ease of sampling. When tested, liver is 

often reported to show biochemical respiratory chain abnormalities whilst muscle and 

fibroblast samples may appear normal. It may be that defects in the POLG enzyme 

lead to secondary mtDNA mutations which may accumulate in post-mitotic tissues. As 

fibroblasts are mitotic cells, they may not develop the level of secondary mtDNA 

mutations seen in post-mitotic tissues. However, defective mtDNA replication may 

cause a more severely decreased oxidative phosphorylation in mitotic tissues as these 

cells require increased mtDNA replication during cell division. The mechanisms 

underlying tissue specificity in POLG disorders are currently unclear. 
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The previous literature on patients with POLG mutations contains mixed reports of 

respiratory chain abnormalities. This ranges from no reported respiratory chain 

deficiency in patients with a single POLG mutation (Hakonen et al., 2008) and no 

reported respiratory chain deficiency in patients with two recessive POLG mutations 

(Milone et al., 2008), to a severe deficiency involving multiple complexes in patients 

with two recessive POLG mutations (Isohanni et al., 2011). The cohort examined in this 

project is in agreement with the previous investigations that found a respiratory chain 

deficiency, primarily of complex I, in neurons of the brain. 

The previous literature on patients with Alpers’ syndrome describes respiratory chain 

deficiency of multiple complexes in a range of tissues, including liver, muscle, and 

fibroblasts (Table 4.25). Respiratory chain investigations in neurons from the brain 

have not previously been described in the literature. A 3 year old male patient with 

Alpers-Huttenlocher syndrome was reported with respiratory chain deficiencies in 

muscle tissue of complex I at 19%, complex II at 59%, complex III at 36%, and complex 

IV at 40% of control muscle values (Delarue et al., 2000). A 17 year old female patient 

with Alpers’ syndrome, harbouring the p.Thr851Ala and p.Arg1047Trp POLG 

mutations, showed normal levels of complexes I, II, II+III, III and IV in muscle 

homogenate (Wiltshire et al., 2008). In a liver biopsy from this patient, enzymes studies 

showed complex I at 8%, complex III at 33%, and complex IV at 19% of control values, 

with normal complex II and elevated citrate synthase. 

A range of tissues were affected by respiratory chain dysfunction. Interestingly, muscle 

was affected in two of these cases and unaffected in another despite other tissue types 

showing dysfunction. This highlights that muscle cannot be relied upon to be a 

diagnostic tissue when investigating Alpers’ syndrome (Gauthier-Villars et al., 2001; 

Nguyen et al., 2005; Delonlay et al., 2013). 

Variability in the complex deficiency between different brain areas, and different tissue 

types reported in the literature, suggests the possibility of epigenetic effects upon the 

mitochondria in these neurons. This is a recent area of investigation that will provide 

many new and interesting aspects of mitochondrial disease and may shed more light 

on the understanding of tissue specificity in mitochondrial disease (Byun and Baccarelli 

2014). 
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Respiratory Chain 
Abnormality (% of 

control value) 

Tissue 
Studied 

Type of 
Investigation 

POLG Mutation Publication 

Complex I 8% 

Complex III 33% 

Complex IV 19% 
Liver Biochemical 

p.Thr851Ala; 

p.Arg1047Trp 

(Wiltshire et 

al., 2008) 

Reduced complex I 

and IV 
Liver Biochemical 

p.Ala467Thr; 

c.3643+2T>C 

(Roels et al., 

2009) 
COX-deficiency Liver 

Histochemical test 

for enzyme 

activity 

Reduced complex I, 

III, and IV 
Liver Biochemical 

p.Ala467Thr; 

c.1251-2A>T 

(Schaller et 

al., 2011) 

Reduced complex I, 

III, IV 
Liver Biochemical 

p.Ala467Thr; 

p.Trp748Ser; 

p.Gly848Ser; 

p.Arg852Cys; 

p.Ser305Arg; 

p.Leu966Arg; 

p.Arg232His; 

p.His277Leu 

(Hunter et al., 

2011) 

Complex I 25% 

Complex III 31% 

Complex IV 52% 
Liver Biochemical 

p.Gly848Ser; 

p.Trp748Ser 

(Davidzon et 

al., 2005) 

COX-deficiency Liver 

Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Ala467Thr 

(Boes et al., 

2009) 

COX-deficiency Liver 

Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Leu605Arg 

(Stewart et al., 

2009) 

Reduced complex I Liver Biochemical Unknown 

(Gauthier-

Villars et al., 

2001) 

Reduced complexes Liver Biochemical 

p.Trp748Ser; 

p.I948fsX968 

(Sarzi et al., 

2007) 

p.Ala467Thr; 

p.T326fsX387 

p.Leu428Pro; 

p.Ala467Thr 
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Respiratory Chain 
Abnormality (% of 

control value) 

Tissue 
Studied 

Type of 
Investigation 

POLG Mutation Publication 

Reduced complex IV Liver Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Ala467Thr (Nguyen et al., 

2005) 
Normal Liver 

p.Trp748Ser; 

p.Gly848Ser 

Complex I 19% 

Complex II 59% 

Complex III 36% 

Complex IV 40% 

Muscle Biochemical Not confirmed 
(Delarue et 

al., 2000) 

Partial COX-

deficiency 
Muscle 

Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Thr914Pro 

(Morris et al., 

1996) 

COX-deficiency 

Muscle 

Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Leu605Arg 

(Stewart et al., 

2009) 

COX-deficiency 
p.Ala467Thr; 

p.Gly848Ser 

5% COX-deficient 

fibres 

p.Ala467Thr; 

p.Gly848Ser 

Normal 

p.Gly11Asp; 

p.Ala467Thr; 

p.Arg852Cys 

Reduced complex IV Muscle Biochemical 
p.Ala467Thr; 

c.1251-2A>T 

(Schaller et 

al., 2011) 

Reduced complex I, 

III, IV 

Muscle 

Histochemical test 

for enzyme 

activity 

p.Arg227Trp; 

p.Ala467Thr; 

(de Vries et 

al., 2007) 

Reduced complex I, 

II, III 
p.Gly848Ser; 

p.Ala467Thr 

Reduced complex I, 

III 
p.Ala957Pro; 

p.Ala467Thr 

Normal 

Reduced complex I 

Reduced complex I-

III 

Reduced complex I-

IV 

COX-deficiency 

Muscle 

Biochemical and 

histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Arg574Trp; 

p.Gly848Ser; 

p.Trp748Ser; 

p.Gly303Arg; 

p.Ag232His; 

p.Met1163Arg 

(Sofou et al., 

2012) 
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Respiratory Chain 
Abnormality (% of 

control value) 

Tissue 
Studied 

Type of 
Investigation 

POLG Mutation Publication 

Normal Muscle Biochemical Unknown 

(Gauthier-

Villars et al., 

2001) 

Normal Muscle Biochemical p.Trp748Ser 
(Naess et al., 

2012) 

Normal Muscle Histochemical test 

for enzyme 

activity 

p.Ala467Thr; 

p.Ala467Thr (Nguyen et al., 

2005) 
Normal Muscle 

p.Trp748Ser; 

p.Gly848Ser 

Normal Muscle Biochemical 
p.Trp748Ser; 

p.Y1210fs1216X 

(Ferrari et al., 

2005) 

Normal Muscle 

Histochemical test 

for enzyme 

activity 

Not confirmed 
(Schwabe et 

al., 1997) 

Normal Muscle Biochemical 
p.Thr851Ala; 

p.Arg1047Trp 

(Wiltshire et 

al., 2008) 

Normal Muscle Biochemical 
p.Ala467Thr; 

c.3643+2T>C 

(Roels et al., 

2009) 

Normal Muscle Biochemical 

p.Trp748Ser; 

p.I948fsX968 

(Sarzi et al., 

2007) 

p.Ala467Thr; 

p.T326fsX387 

p.Ala467Thr; 

IVS20nt+2T>C 

Reduced complex I Fibroblasts Biochemical 
p.Ala467Thr; 

c.3643+2T>C 

(Roels et al., 

2009) 

Normal Fibroblasts Biochemical 
p.Ala467Thr; 

c.1251-2A>T 

(Schaller et 

al., 2011) 

Normal Fibroblasts 

Histochemical test 

for enzyme 

activity 

p.Arg227Trp; 

p.Ala467Thr; 

p.Gly848Ser; 

p.Ala957Pro 

(de Vries et 

al., 2007) 

Normal Fibroblasts Biochemical 
p.Trp748Ser; 

p.Y1210fs1216X 

(Ferrari et al., 

2005) 

Table 4.25. Published studies of respiratory chain investigations in patients with 
Alpers’ syndrome. 
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This table is a comprehensive list of publications. The list is extensive at the time of 
writing. Science publication databases Pubmed and Web of Knowledge were used with 
the search terms ‘Alpers syndrome’ and ‘Alpers syndrome respiratory chain deficiency’. 
 
Key: COX=cytochrome c oxidase  
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4.5.5 Novel Findings 

This is the first study to examine the severity of respiratory chain deficiency in single 

neurons in the brains of patients diagnosed with Alpers’ syndrome. This project has 

tested a battery of respiratory chain antibodies in single neurons in a large cohort of 

patients, which has not been published previously in the literature. 

In addition to neurons exhibiting a complex I deficiency, there was a complex III 

deficiency in all four brain areas. Complex III is rarely investigated in mitochondrial 

diseases and has revealed a new facet in the pathology of Alpers’ syndrome. Complex 

IV showed a slight deficiency in subunit I while subunit IV showed no change. The 

occipital lobe demonstrated little respiratory chain deficiency, though moderate 

neuropathology was shown in this area in patients with a POLG defect. This is 

surprising and may be due to the fact that neurons with a respiratory deficiency had 

already disappeared while neurons without any deficiency remained and were counted. 

The neurons in these young patients were small and it is also possible that some 

neuronal subtypes may have been too small to assess at the highest magnification of 

X100. If these neuronal subtypes showed respiratory chain deficiency, it would not 

have been possible to assess them during this project. 

The use of sodium valproate is not recommended in patients with a mitochondrial 

disease. Unfortunately, it may be administered prior to a full diagnosis. The chronic 

administration of sodium valproate to healthy rat models resulted in swollen astrocytes 

in the cerebellum (Sobaniec-Lotowska 2001). Although the mechanism by which 

sodium valproate becomes harmful in patients with a metabolic disorder is not fully 

understood, pathological features in healthy rat models suggests that similar pathology 

may occur in patients with mitochondrial disease. In patients of the cohort, the degree 

of swelling in the glial cells was different between the two patients examined, 

suggesting a progression of this pathological feature. In addition, the glial cells were 

found to have a respiratory chain deficiency which has not been reported in Alpers’ 

syndrome previously. In future projects, further brain areas could be examined for signs 

of glial cell pathology. 
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4.6 Future Work 

The work performed in this study has highlighted the need for large cohorts when 

examining respiratory chain deficiencies in Alpers’ syndrome. Bringing together many 

patients allows for deficiencies to be compared between groups of similar patients. 

Further assessment of complex I deficiencies in patients would be interesting, allowing 

research into the assembly of complex I and whether complex I deficiency in patients 

with Alpers’ syndrome is due, in part, to an assembly problem.  

Further investigations are needed into respiratory chain deficiencies in glial cell 

populations in different brain regions and in greater numbers of patients. Discovering 

the function of the respiratory chain deficient glial cells and correlating the severity of 

the respiratory chain deficiency, in neurons and glial cells, with the length of disease 

progression may give insight into the progression of Alpers’ syndrome and into POLG 

disorders. Astrocytes were seen that were greatly swollen while others had a milder 

swollen morphology. Research into whether the degree of swelling correlates with the 

severity of the disease features would aid understanding into the morphological change 

in these astrocytes. Whether multiple glial cell populations exhibit respiratory chain 

deficiencies may increase our knowledge of the pathology and progression of Alpers’ 

syndrome and give hope for possible therapies.  

This study has underlined the importance of quantifying the respiratory chain deficiency 

seen in the neurons of patients, and of examining all cells that play a role in supporting 

these neurons. 
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Chapter 5 Mitochondrial DNA Deletion and Depletion in Alpers’ 
Syndrome 

5.1 Introduction 

The integrity of mitochondrial DNA (mtDNA) is central to the functioning of the 

respiratory chain and the production of ATP. POLG is the sole DNA polymerase to 

replicate mtDNA in mammalian cells and is essential for life (Hance et al., 2005). POLG 

is encoded by a nuclear gene, mutations of which may result in dysfunction of the 

polymerase and inaccurate replication of mtDNA. This inaccurate replication has been 

reported to lead to deletions in the mtDNA (Van Goethem et al., 2001; Kollberg et al., 

2006) and to a depletion of mtDNA content (Naviaux et al., 1999; Uusimaa et al., 

2008). MtDNA deletion and depletion may result in a reduced expression of respiratory 

chain complexes, leading to respiratory chain deficiency and reducing the capacity for 

oxidative phosphorylation and ATP production, leading to cellular dysfunction. The 

CNS is very susceptible to changes in ATP levels, and both mtDNA deletion and 

depletion may act to decrease the amount of ATP produced and ultimately have a 

negative effect on the functioning of the CNS and brain. 

Previous studies have examined mtDNA deletion and depletion in patients with Alpers’ 

syndrome in a variety of tissues, including muscle, liver, brain, and fibroblasts, 

describing either mtDNA deletion, depletion, or a combination of both (Naviaux et al., 

1999; Ferrari et al., 2005; Kollberg et al., 2006). It is unclear whether one form of 

mtDNA damage is more prominent than the other, or whether they may occur together 

in a single cell. Unfortunately, many studies have been unable to answer this question. 

The method of tissue analysis is of great importance regarding what can be interpreted 

from the results of a study. The type of tissue is central to accurately assessing the 

health of mtDNA in neurons. The studies mentioned previously do not specify the type 

of tissue used to achieve the results, whether homogenate tissue or a single cell 

analysis. The analysis of single neurons allows for the increased sensitivity of a test 

and the accurate assessment of any mtDNA deletion and depletion. 

The previous chapters examined the neuropathology and respiratory chain deficiency 

in different brain areas of the cohort. This chapter will investigate mtDNA deletions and 

depletion and quantify this in single neurons from a subset of patients from the cohort. 
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5.2 Aims 

Patients with Alpers’ syndrome have shown clear respiratory chain dysfunction in 

neurons. The aims of this work are:  

1. To assess the mtDNA damage (mtDNA deletions and mtDNA depletion) in 

single neurons taken from frozen brain tissue. 

2. To investigate mtDNA damage in a wide age range of patients. MtDNA damage 

will be investigated in a young patient and in older teenage-adult patients, each 

with age-matched control tissue. 

5.3 Methodological Approach 

5.3.1 Patients and Controls 

Three patients and three age-matched controls were analysed to assess mtDNA 

damage (Table 5.1). These patients from the cohort were chosen based upon frozen 

tissue availability. 

Patient 
Age at 
Death 
(years) 

Sex POLG Mutation Available Brain Areas 

Patient 3 17 M p.Ala467Thr; 
p.Ala467Thr Frontal lobe 

Control 3 19 M N/A Parietal lobe, frontal lobe, 
temporal lobe 

Patient 4 24 F p.Ala467Thr; 
p.Trp748Ser 

Parietal lobe, occipital lobe, 
cerebellum, basal ganglia, 
frontal lobe, temporal lobe 

Control 4 27 M N/A Parietal lobe, frontal lobe, 
temporal lobe 

Patient 12 6 M None Parietal lobe, occipital lobe, 
basal ganglia 

Control 9 6 F N/A Parietal lobe, occipital lobe, 
cerebellum, basal ganglia 

Table 5.1. Details of the patients and controls used in the study of mtDNA 
abnormalities.  
Frozen tissue was used for patients and controls. 

Key: N/A=not applicable 
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5.3.2 SDH Histochemistry 

Frozen brain tissue sections from three patients and three controls (Table 5.1) were 

assessed by SDH histochemistry in order to visualise neurons. Sequential COX/SDH 

histochemistry was used to provide further information, highlighting neurons with a 

mtDNA defect which was shown by neurons that were COX-deficient and SDH-

positive. This was performed for one patient but could not be performed for all patients 

as the SDH reactivity proved to be low in most of the tissue samples, possibly due to 

the length of time in storage. 

20µm sections of frozen tissue were mounted on PEN slides (Leica Microsystems) and 

SDH histochemistry performed. After air drying, laser capture micro-dissection of single 

neurons was performed using the Zeiss Laser Microdissection System. Cells lysed 

overnight at 56oC using Tris-HCl buffer, Tween 1% and proteinase K. The next day, the 

proteinase K was deactivated at 95oC for 10 minutes before further applications. 

5.3.3 Real-time PCR 

The lysate from each neuron was tested in triplicate using quantitative real-time PCR 

with precise fluorogenic TaqMan probes (Applied Biosystems) to assess the 

amplification of the mitochondrial genes MT-ND1 and MT-ND4. The percentage of 

deletions in mtDNA was calculated using the relative proportions of amplified MT-ND4 

to MT-ND1, using the ΔCt method. The depletion of mtDNA (copy number) in single 

neurons was calculated using a standard curve derived from control samples of known 

copy number. The values were corrected to account for lysate volume and neuron area 

(µm2). A Ct value of less than 30 was considered to indicate DNA in the sample. 

A well-known limitation of real-time PCR is that it is inaccurate when detecting low 

levels of heteroplasmy, below 30%, as the sensitivity of the method does not allow for 

detection of these low levels. The technique may detect up to 30% heteroplasmy even 

if no mtDNA deletions are present. Suitable methods for detecting low levels of 

heteroplasmy are only available for specific mutations using PCR-based methods, for 

example SYBR Green. 
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5.3.4 Statistical Testing 

Both parametric and non-parametric statistical tests were used in this study. The 

normality of the data and the variance of the data were assessed using the Anderson-

Darling normality test and the F-test of Variances. If the data were statistically normal 

with normal variance, the unpaired two-tailed t-test was used. For data that were not 

statistically normal, the non-parametric Mann-Whitney U test was used. 

5.4 Results 

5.4.1 Mitochondrial DNA Deletion 

MtDNA deletion was assessed in single neurons subjected to SDH histochemistry and 

analysed with real-time PCR. Sequential COX/SDH histochemistry was not performed 

as the SDH reactivity proved to be low in most of the tissue, possibly due to the length 

of time in storage. 

Neurons were assessed from control tissues and showed values that were compatible 

with no mtDNA deletions being present. 

5.4.1.1 Young Adult Patients – Single Histochemistry 

Patient 3, a 17 year old male, was a POLG mutation-positive patient that was sex-/age-

matched to Controls 3 and 4. The frontal lobe only was available and neurons were 

tested from this region. The tissue was subjected to SDH histochemistry only. 

Patient 3 shows high levels of mtDNA deletions in a subset of neurons (Figure 5.1). 

The majority of neurons from Patient 3 had values within the experimental error of the 

assay (see above). This indicates that a subset of neurons from the patient may 

contain mtDNA deletions. The values in neurons from controls were compatible with no 

mtDNA deletions being present.  
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Figure 5.1. MT-ND4 deletions in frontal lobe of Patient 3 and Controls 3 and 4.  
The majority of neurons of the frontal lobe of Patient 3 have percentage values within 
the experimental error of the assay. A subset of neurons has high percentage values of 
MT-ND4 deletions. 
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Patient 4, a 24 year old female, was a POLG mutation-positive patient that was age-

matched to Controls 3 and 4. Neurons were tested from the parietal lobe, frontal lobe 

and temporal lobe. These three brain regions were chosen in order to have matching 

control brain regions to compare the patient results to, as other brain regions were not 

available for the controls. The tissue was subjected to SDH histochemistry only. 

Patient 4 shows evidence of mtDNA deletions in a small subset of neurons from the 

parietal lobe (Figure 5.2). The majority of neurons from Patient 4 had values within the 

experimental error of the assay. No mtDNA deletions were observed in the frontal lobe 

and temporal lobe. The values in neurons from controls were compatible with no 

mtDNA deletions being present. 

 

Figure 5.2. MT-ND4 deletions in Patient 4 and Controls 3 and 4.  
The majority of neurons of the parietal lobe of Patient 4 have percentage values within 
the experimental error of the assay. A subset of neurons in the parietal lobe has high 
percentage values of MT-ND4 deletions. The neurons of the frontal lobe and temporal 
lobe have percentage values within the experimental error of the assay. 
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5.4.1.2 Young Adult Patients – Sequential Histochemistry 

Sequential COX/SDH histochemistry was assessed for Patient 4 only. Patient 3 was 

not considered for this assessment as single SDH histochemistry was weak on the 

glass slides, so sequential COX/SDH histochemistry was not considered useful or 

informative. 

Only mtDNA deletions could be assessed when using sequential COX/SDH 

histochemistry as 3’ 3-diaminobenzidine (DAB), used in the visualisation of COX 

histochemistry, has been shown to interfere with the PCR method used in calculating 

DNA copy number (Murphy et al., 2012). 

Six different brain areas were available for Patient 4 and neurons were tested from the 

occipital lobe, parietal lobe, basal ganglia, cerebellum, frontal lobe and temporal lobe. 

The tissues were subjected to sequential COX/SDH histochemistry. 

The results show that both COX-positive and COX-deficient neurons contain mtDNA 

deletions. Whilst in many brain regions there was a slight increase in the number of 

cells with high levels of mtDNA deletion in COX-deficient neurons, a clear difference 

was only observed in the Purkinje cells of the cerebellum (Figure 5.3). In the basal 

ganglia, it was the lateral area of the globus pallidus that showed a clear difference 

(Figure 5.4). 
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Figure 5.3. MT-ND4 deletions in Patient 4 taken from slides with sequential 
COX/SDH histochemistry.  
The percentage of MT-ND4 deletions in COX-positive neurons are compared to COX-
deficient neurons in Patient 4. Purkinje cells were investigated from the cerebellum. 
Pyramidal neurons were investigated from the cerebral brain areas. A clear increase in 
the percentage of MT-ND4 deletions in COX-deficient neurons compared to COX-
positive neurons is seen in the cerebellum. 

Key: pos=COX-positive, def=COX-deficient  
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Figure 5.4. MT-ND4 deletions in Patient 4 taken from slides with sequential 
COX/SDH histochemistry from the basal ganglia.  
The percentage of MT-ND4 deletions in COX-positive neurons are compared to COX-
deficient neurons in Patient 4. This figure shows the percentage of MT-ND4 deletions 
in different areas of the basal ganglia. A clear increase in the percentage of MT-ND4 
deletions in COX-deficient neurons compared to COX-positive neurons is seen in the 
lateral globus pallidus. 

Key: pos=COX-positive, def=COX-deficient 
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5.4.1.3 Young Child Patient 

Patient 12, a 6 year old male without a POLG mutation, was age-matched to Control 9. 

Three different brain areas were available: the occipital lobe, the parietal lobe and the 

basal ganglia. The tissues were subjected to SDH histochemistry only.  

The neurons from Patient 12 and from Control 9 had mtDNA deletion values within the 

experimental error of the assay (Figure 5.5). These values were compatible with no 

mtDNA deletions being present. 

 

Figure 5.5. MT-ND4 deletions in Patient 12 and Control 9.  
The neurons of the occipital lobe, parietal lobe, and basal ganglia of Patient 12 have 
percentage values within the experimental error of the assay.  

Key: BG=basal ganglia, GP=globus pallidus  
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5.4.2 Mitochondrial DNA Depletion 

MtDNA depletion (copy number) was assessed in single neurons subjected to SDH 

histochemistry and assessed with real-time PCR. Sequential COX/SDH histochemistry 

was not performed as 3’ 3-diaminobenzidine (DAB), used in the visualisation of COX 

histochemistry, has been shown to interfere with the PCR method used in calculating 

DNA copy number. 

Neurons were assessed from control tissues. Some control neurons gave values that 

suggested they contained a low mtDNA copy number. This may be due to a variation 

produced by the real-time PCR method and due to this a large number of neurons were 

assessed for both controls and patients. The mean value of mtDNA copy number in the 

group of assessed neurons for a particular brain area was taken for controls and 

compared to the mean value of mtDNA copy number in the group of assessed neurons 

for the patient. 

5.4.2.1 Young Adult Patients 

Patient 3, a 17 year old male, was a POLG mutation-positive patient that was sex-/age-

matched to Controls 3 and 4. The frontal lobe only was available and neurons were 

tested from this region. The tissue was subjected to SDH histochemistry only. 

Patient 3 shows low mtDNA copy number (Figure 5.6) that is significantly different from 

the control values in the frontal lobe. 

  

289 

 



Chapter 5 Mitochondrial DNA Deletion and Depletion in Alpers’ Syndrome 

 

Figure 5.6. MtDNA copy number in frontal lobe of Patient 3 and Controls 3 and 4.  
The neurons of the frontal lobe of Patient 3 have a low mtDNA copy number that is 
significantly different to control values. The Mann-Whitney U test was used. * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as the 
number of mtDNA molecules per neuronal cell body area (µm2). 
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Patient 4, a 24 year old female, was a POLG mutation-positive patient that was age-

matched to Controls 3 and 4. Neurons were tested from the parietal lobe, frontal lobe 

and temporal lobe. These three brain regions were chosen in order to have matching 

control brain regions to compare the patient results to, as other brain regions were not 

available for the controls. The tissues were subjected to SDH histochemistry only. 

Patient 4 shows low mtDNA copy number. This is significantly different from the control 

for both MT-ND1 and MT-ND4 in the parietal lobe (Figure 5.7) and the frontal lobe 

(Figure 5.8). MtDNA copy number is not significantly different between Patient 4 and 

both controls in the temporal lobe (Figure 5.9). 

 

Figure 5.7. MtDNA copy number in parietal lobe of Patient 4 and Controls 3 and 4.  
The neurons of the parietal lobe of Patient 4 have a low mtDNA copy number that is 
significantly different to control values. The Mann-Whitney U test was used. * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as the 
number of mtDNA molecules per neuronal cell body area (µm2). 
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Figure 5.8. MtDNA copy number in frontal lobe of Patient 4 and Controls 3 and 4.  
The neurons of the frontal lobe of Patient 4 have a low mtDNA copy number that is 
significantly different to control values. The Mann-Whitney U test was used. * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as the 
number of mtDNA molecules per neuronal cell body area (µm2). 
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Figure 5.9. MtDNA copy number in temporal lobe of Patient 4 and Controls 3 and 
4.  
The neurons of the temporal lobe of Patient 4 have a mtDNA copy number that is not 
significantly different to control values. An unpaired two-tailed t-test was used. The 
Mann-Whitney U test was used to determine the values for Patient 4 MT-ND4 vs 
Control 3 MT-ND4, and Patient 4 MT-ND1 vs Control 4 MT-ND1 as the variances 
differed significantly. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy 
number is expressed as the number of mtDNA molecules per neuronal cell body area 
(µm2). 
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5.4.2.2 Young Child Patient 

Patient 12, a 6 year old male without a POLG mutation, was age-matched to Control 9. 

Three different brain areas were available and neurons were tested from the occipital 

lobe, parietal lobe and basal ganglia. The tissues were subjected to SDH 

histochemistry only. 

Patient 12 shows low mtDNA copy number. This is significantly different between the 

range of neuronal values of the patient and the range of neuronal values of the control 

in the occipital lobe (Figure 5.10), the parietal lobe (Figure 5.11) and the putamen 

(Figure 5.12). 

 

 

Figure 5.10. MtDNA copy number in occipital lobe Patient 12 and Control 9.  
The neurons of the occipital lobe of Patient 12 have a low mtDNA copy number that is 
significantly different to control values. An unpaired two-tailed t-test was used. * 
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as 
the number of mtDNA molecules per neuronal cell body area (µm2). 
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Figure 5.11. MtDNA copy number in parietal lobe Patient 12 and Control 9.  
The neurons of the parietal lobe of Patient 12 have a low mtDNA copy number that is 
significantly different to control values. An unpaired two-tailed t-test was used. * 
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as 
the number of mtDNA molecules per neuronal cell body area (µm2). 
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Figure 5.12. MtDNA copy number in the putamen of the basal ganglia from 
Patient 12 and Control 9.  
The neurons of the putamen of the basal ganglia of Patient 12 have a low mtDNA copy 
number that is significantly different to control values. An unpaired two-tailed t-test was 
used to determine the values for MT-ND1. The Mann-Whitney U test was used to 
determine the values for MT-ND4 as the variances differed significantly. * P<0.05, ** 
P<0.01, *** P<0.001, **** P<0.0001. MtDNA copy number is expressed as the number 
of mtDNA molecules per neuronal cell body area (µm2). 
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5.5 Discussion 

This chapter has examined for the presence of mtDNA abnormalities in neurons of 

patients with confirmed POLG mutations and a patient with no mutations in POLG. 

5.5.1 Inter-group Variation 

Patient 12, a 6 year old male, is a young child patient with no mutation in POLG (Table 

5.1). In the occipital lobe, parietal lobe, and caudate and putamen of the basal ganglia, 

the patient shows levels of mtDNA deletion within the experimental error of this assay 

(<30%). 

Patients 3 and 4 are young adult patients with common mutations in POLG; Patient 3, 

a 17 year old male, is homozygous for the p.Ala467Thr mutation and Patient 4, a 24 

year old female, is compound heterozygous for the p.Ala467Thr and p.Trp748Ser 

mutations (Table 5.1). 

Patient 3 shows both low levels (<30%) and high levels (>70%) of mtDNA deletion in 

subsets of neurons. There are two clear groupings of neurons with either low or high 

levels of mtDNA deletions. This may indicate a changing level of mtDNA loss in some 

neurons and a change towards an increased number of neurons with high levels of 

mtDNA deletions over time. The two populations have very distinct mtDNA deletion 

levels which may also indicate different neuronal subtypes that were sampled. It is not 

possible to morphologically distinguish different neuronal subtypes in a frozen tissue 

sample and neuronal subtypes that are more vulnerable to mtDNA damage may be 

present in the sample. Patient 3 shows moderate levels of mtDNA depletion in the 

frontal lobe. 

Patient 4 shows levels of mtDNA deletion within the experimental error of this assay 

(<30%) in the parietal lobe, frontal lobe, and temporal lobe. The parietal lobe shows 

some neurons with moderate levels of deletion (>30% and <70%). The patient shows 

moderate levels of mtDNA depletion in the parietal lobe and frontal lobe. The temporal 

lobe is relatively spared and does not show any mtDNA depletion, which agrees with 

the general clinical description of Alpers’ syndrome of there being no features of the 

disease directly correlating with temporal lobe damage. It is possible that neurons in 

this area of the brain are not as susceptible to damage as neurons in the occipital lobe 

and frontal lobe. 
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Depletion of mtDNA appears to play a greater role in Alpers’ syndrome and results in 

reduced expression of respiratory chain complexes and impaired OXPHOS 

capabilities. Both the young patient and adult patients have more significant levels of 

mtDNA depletion than mtDNA deletion. MtDNA deletions do not appear to be 

consistently at high levels in any of the patients. However, the adult patients show a 

subset of their neurons with high levels of mtDNA deletion, suggesting that these 

deletions increase in some neurons over time. 

5.5.2 COX-Positive and COX-Deficient Neurons 

MtDNA deletions were assessed in COX-positive and COX-deficient neurons from 

Patient 4, in order to investigate whether there is a difference between mtDNA deletion 

levels in neurons showing mitochondrial abnormalities. MtDNA depletion was not 

assessed as 3’ 3-diaminobenzidine (DAB), used in the visualisation of COX 

histochemistry, has been shown to interfere with the PCR method used in calculating 

DNA copy number (Murphy et al., 2012). 

All the brain regions studied showed a trend of a higher percentage of deletions in the 

COX-deficient neurons when compared to the COX-positive neurons. Unsurprisingly, 

this suggests that COX-deficient neurons harbour more mtDNA deletions than COX-

positive neurons and that these mtDNA deletions could have affected the 

mitochondria’s capability to perform oxidative phosphorylation. Neurons that are COX-

deficient and show levels of mtDNA deletion within the experimental error of this assay 

(<30%) may have a true deletion level that is higher because low levels are not 

accurately detected by the real-time PCR method. Alternative methods to quantify low 

levels of mtDNA deletions and depletion currently include other PCR-based 

techniques, such as nested real-time PCR. 

5.5.3 The Project’s Findings in the Context of the Literature 

The previous literature on patients with Alpers’ syndrome contains many reports of 

mtDNA depletion (Naviaux et al., 1999; Naviaux and Nguyen 2004; Ferrari et al., 2005; 

Scalais et al., 2012). The findings in this study are in agreement with previous 

investigations that found mtDNA depletion in patient tissues. Additionally, mtDNA 

deletions have been reported in muscle tissue of patients with Alpers’ syndrome 

(Kollberg et al., 2006), however mtDNA deletions are not as commonly reported as 

mtDNA depletion. This study found mtDNA depletion seemed to be more prevalent 

than mtDNA deletions in terms of the mtDNA defect detected. 
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A study assessing patient groups both with POLG mutations and without POLG 

mutations suggested differences in mtDNA abnormalities. Patients with POLG 

mutations showed more mtDNA deletions and/or mtDNA depletion but patients without 

POLG mutations showed no mtDNA deletions or depletion (Sofou et al., 2012). My 

study does not agree with this as both patient groups with either POLG mutations or 

without POLG mutations showed mtDNA damage. However, greater numbers of 

patients and controls are needed to confirm this. The lack of mtDNA damage in the 

patients without a POLG mutation in the published study is odd and may be attributable 

to the use of skeletal muscle and blood tissue samples to analyse the mtDNA, 

extracting mtDNA from homogenate tissue as opposed to single cells. The data 

compiled in this thesis chapter have been derived from single cell analysis of neurons 

from different regions of the brain, allowing for a much more sensitive test for the 

presence of mtDNA deletions and depletion in patients. The inclusion of neurons from 

a greater number of controls per patient group would further increase the accuracy of 

the test. 

Studies investigating both mtDNA deletion and depletion have primarily looked at 

muscle and liver tissues, with fewer studies including brain tissue for examination. 

Investigations into a patient with Alpers’ syndrome showed reduced mtDNA content of 

15% and 33% in liver and muscle respectively with a normal mtDNA content in brain, 

relative to controls (Uusimaa et al., 2008). It is unusual that brain tissue appeared to 

have no mtDNA deletions or depletion. However, if a homogenate tissue sample was 

used for the analysis then a mixture of neurons and other less susceptible cell types 

would have been included in the sample and this may explain the result of no mtDNA 

depletion.  

Other studies have examined non-CNS tissues including skeletal muscle, liver, and 

fibroblast cells and these have shown variable and tissue-specific mtDNA damage. A 

reported case exhibited a reduced mtDNA content of 8% in skeletal muscle and 8% in 

liver, and in another patient reduced mtDNA content of 23% in liver compared to the 

control (Taanman et al., 2009). In a separate study, a patient showed severely reduced 

mtDNA content of 78% and 15% in skeletal muscle and liver respectively with a normal 

mtDNA content of fibroblasts, relative to controls (Schaller et al., 2011). A patient 

showed reduced mtDNA content of 21%, 27%, and 98% in skeletal muscle, liver and 

blood respectively, compared to controls (Scalais et al., 2012). These studies show 

severely reduced mtDNA content in liver, variably reduced mtDNA content in skeletal 

muscle, and near normal mtDNA content in fibroblast and blood samples. 
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Fibroblasts rarely show mtDNA depletion or acquire the mtDNA defects to the same 

levels seen in post-mitotic cells. The liver shows moderate to high levels of mtDNA 

depletion which coincides with the severe pathology seen during the course of the 

disease. Skeletal muscle shows moderate levels of mtDNA depletion which suggests a 

level of pathology that does not manifest itself during the early stages of the disease. 

Symptoms in skeletal muscle are rarely described in the literature and may indicate a 

sub-pathological role for mtDNA abnormalities in muscle. 

5.5.4 Novel Findings 

This study performed real-time PCR analysis on single neurons from a young patient 

and two teenage-adult patients with POLG disorders. The analysis of individual 

neurons, as opposed to a homogenate tissue sample, has increased the sensitivity of 

the test and allowed the assessment of questions about neuronal vulnerability. MtDNA 

depletion appeared to be a more significant defect in the patients than mtDNA deletion 

levels, signifying that depletion plays a greater role in the disease progression of 

Alpers’ syndrome. Greater levels of mtDNA depletion occur in both the young patient 

and in adult patients suggesting mtDNA depletion is a prominent feature at all ages. 

MtDNA deletions are seen in a subset of neurons from the adult patients but not in the 

young patient, suggesting that mtDNA deletions can accumulate to higher levels over 

time. MtDNA depletion affects neurons in the parietal and frontal lobes in adult patients, 

and the parietal and occipital lobes, as well as the putamen of the basal ganglia in a 

young patient. MtDNA depletion is not detected in the temporal lobe when assessed in 

adult patients. This is a rarely studied brain area in patients as the general clinical 

description of Alpers’ syndrome does not necessarily correlate with temporal lobe 

damage and there is no neuropathological evidence in the pathologist’s report to 

suggest that there is temporal lobe damage in these patients; a finding reiterated in this 

study. 
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5.6 Future Work 

The work performed in this study has highlighted the need for further cellular studies of 

mtDNA abnormalities in patients with POLG mutations and Alpers’ syndrome. The 

effect of mtDNA abnormalities on the respiratory chain and on oxidative 

phosphorylation is not fully understood. Further studies into the mechanism of this will 

add to our understanding of how the disease pathology progresses, particularly in 

patients with clinically diagnosed Alpers’ syndrome where no POLG mutations are 

present. Also, a greater number of controls are required to compare with patient 

results. Suitable control tissue is extremely difficult to obtain due to the sensitivity of the 

age of the control, and this should be taken into account for timescale considerations of 

a study. 

MtDNA depletion appears to play a greater role in disease progression, though mtDNA 

deletions are present in older patients. The types of deletion present in the mtDNA of 

affected neurons will be highly informative of what is happening in the cells and may 

lead to studies of cell therapy that could benefit patients in the early stages of disease. 
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Chapter 6 Final Discussion 

6.1 Introduction 

Mitochondrial disorders represent a significant burden of disease on the population. It 

is estimated that at least one in every two hundred members of a healthy population 

may carry a pathogenic mitochondrial mutation (Elliott et al., 2008) and the risk of 

developing a mitochondrial DNA disease is determined to be on average 16.5 in 

100,000 individuals (Schaefer et al., 2008). The first mitochondrial disease was 

described in 1962 describing a patient with a hypermetabolism disorder (Luft et al., 

1962). Hundreds of mitochondrial disorders have since been described and our 

understanding of the aetiology and mechanisms leading to these disorders has grown. 

Alpers’ syndrome is an early-onset, autosomal recessive disorder primarily affecting 

the CNS and liver. The first report describing the syndrome was made in 1931 (Alpers 

1931) with additional clinical signs of liver involvement described in 1976 (Huttenlocher 

et al., 1976). The discovery that this disorder was primarily due to mutations in POLG 

polymerase (Naviaux et al., 1999) was quickly followed by the report of damage to the 

mtDNA in patients (Naviaux and Nguyen 2004). Previous studies have reported 

neuropathological features that include neuron loss, astrogliosis, and capillary 

proliferation affecting the cerebellum and occipital lobe (Harding 2008; Uusimaa et al., 

2008). White matter abnormalities are investigated much less frequently yet reports of 

myelin loss are intriguing and require much closer scrutiny in future studies (Bao et al., 

2008). Respiratory chain deficiency has been described in a variety of tissue types, 

including skeletal muscle, liver, and fibroblasts (Wiltshire et al., 2008; Schaller et al., 

2011). However, the characterisation of respiratory chain deficiency in single neurons 

has not been previously described in the literature. MtDNA damage has been 

described in patients in the form of mtDNA deletions, mtDNA depletion, or a 

combination of both (Ferrari et al., 2005; Kollberg et al., 2006). However, much of these 

data are based upon the findings in homogenate tissue samples, comprising all cell 

types, which is not considered to be accurate in determining mtDNA damage in 

neuronal cells. 

The aims of this study were to characterise the neuropathological features in four brain 

regions, explore the nature of respiratory chain deficiencies in neurons, and determine 

the predominant type of mtDNA damage in the single neurons of twelve patients with 

Alpers’ syndrome and POLG disorders. 
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6.2 Major Findings 

6.2.1 Neuropathological Features 

A number of histological stains and immunological antibodies were employed to 

investigate a variety of neuropathological features in both patients and controls. These 

were used to explore morphological features, neuron loss, astrogliosis, white matter 

abnormalities, microglial activation, and mitochondrial mass and abnormal 

mitochondrial localisation. 

The cerebellum was the most severely affected area of the brain, with the occipital lobe 

exhibiting moderate pathology. The parietal lobe showed mild pathology and the basal 

ganglia showed almost no pathology but strikingly, this region did show severe white 

matter loss. The most severe neuropathological feature was dependent upon the 

POLG group investigated. The POLG mutation-positive group displayed a more severe 

astrogliosis and severe microglial activation, with low mitochondrial density, while the 

POLG mutation-absent group displayed a more severe myelin loss in all areas. The 

neuropathological differences between groups with or without POLG mutations 

demonstrate differences in the underlying mechanisms of disease formation due to the 

possible different gene mutations. 

Neuron loss was seen in all patients, except stillbirth Patient 5. Neuron loss was found 

to be most severe in the cerebellum and in the upper cortical layers of the occipital lobe 

and parietal lobe. Neuron loss was correlated with astrogliosis in the occipital lobe only. 

Astrogliosis was severe across all groups and there were swollen astrocytes noted in 

some patients. A number of patients showed a reduced mitochondrial mass in neurons, 

most notably Patient 10, where all Purkinje cells showed low mitochondrial density. 

Abnormal mitochondrial localisation was also seen, which was categorised as either a 

perinuclear distribution, distribution around the periphery of the soma, or a weak 

staining of porin at the periphery of the soma. Abnormal localisation was most 

noticeable in the larger Purkinje cells and neurons of the globus pallidus of the basal 

ganglia due to their size and the volume of cell cytoplasm visible. Myelin loss in the 

white matter was a prominent feature and was seen in the cerebellum, occipital lobe, 

and the basal ganglia in 3 of the 4 patients studied. The myelin loss appeared to be 

primary, although in some instances in Patient 12, with no detected POLG mutation, 

there was possible secondary loss of myelin due to axonal loss. The Bielschowsky 

silver stain is difficult to perform and analyse and the results of this method have been 

taken as a guide. Microglial activation was present in most patients and the severity 
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correlated with the severity of astrogliosis. Extremely swollen microglia were seen in 

the occipital lobe of Patient 2, which corresponded with microvacuolation and severe 

myelin loss, possible indicators of the phagocytosis of degenerating cells and large 

amounts of material. Severe neuropathology can be seen in all patients, whether the 

POLG mutation is known or unknown. The posterior areas of the brain, the cerebellum 

and the occipital lobe, are the more severely affected areas. The parietal lobe and 

basal ganglia show less pathology. The neuropathology seen in this cohort suggests 

that the extent and pattern of pathology is variable in patients and that severe 

pathology of the basal ganglia is uncommon. 

Studies using electron microscopy (EM) techniques investigated an Alpers’ syndrome 

patient and controls matched for the length of formalin fixation time. The patient had 

sparser cytoplasm and fewer visible cellular organelles than both controls, suggesting a 

more rapid cellular breakdown due to pre-fixation factors. Electron-dense inclusions 

were seen within the mitochondria of brain tissue examined from a patient diagnosed 

with Alpers’ syndrome and in control tissue, which was tested at the same time. 

Investigations of control tissue have not been previously reported in the literature, 

possibly due to the testing of patient tissue only. 

It is important to investigate and record the neuropathology present in patients with 

Alpers’ syndrome. It provides clear guidelines of the pathology found in the CNS of 

patients, allowing neuropathologists to confirm a patient diagnosis and to expand the 

diagnostic criteria for future use. 

6.2.2 Respiratory Chain Deficiency 

A battery of antibodies was used to all four complexes in the electron chain in order to 

investigate respiratory chain deficiency in single neurons of patients. A semi-

quantitative assessment of Purkinje cells and pyramidal neurons of cortical layer V was 

performed. These are large neurons with a relatively large area of visible cytoplasm by 

which to visually evaluate respiratory chain dysfunction. 

A predominant loss of complex I and complex III in the cerebellum, parietal lobe and 

basal ganglia was seen. The occipital lobe showed almost no respiratory chain loss in 

neurons. This was very surprising and it is possible that there has been a loss of 

deficient neurons, while neurons with a relatively intact respiratory chain remain. It is 

also possible that the respiratory chain deficiency may be present in smaller neurons of 

a different subtype which are too small to accurately examine in the setting of this 

project. The most severe respiratory chain deficiency was seen in patients of the POLG 
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mutation-undetermined group, reflecting the effect of unknown mutations that are 

present in this group. 

Complex I and complex III showed a more severe deficiency over all brain areas. This 

may be due to the large size and relative instability of complex I. Complex I is reported 

to interact with complex III in the formation of the supercomplex (Acín-Pérez et al., 

2004) and that disruption of these complexes can lead to increased ROS production 

(Maranzana et al., 2013). This may lead to damaged mitochondria and mtDNA, leading 

to further respiratory chain deficiency. In some patients, complex III deficiency was 

severe with a much milder complex I deficiency. In Patient 2 and Patient 10 this severe 

complex III deficiency with a milder complex I deficiency is clear. This suggests that a 

complex III deficiency may be tolerated by the surviving neurons and could serve as an 

indicator of respiratory chain dysfunction in surviving neurons. It is possible that the 

variability in antibody staining may be partly due to other factors, including antibody 

staining technique and the analysis of different brain regions. 

Complex II showed a moderate deficiency in the Purkinje cells of Patient 10. This was 

the only patient to exhibit a complex II deficiency. In Patient 10, this deficiency is linked 

to low mitochondrial density which is present in all Purkinje cells. In a number of 

patients, complex IV-I (COX I) showed a slight deficiency, and always a greater 

deficiency than complex IV-IV (COX IV). This may be due to mtDNA damage that has 

decreased COX I availability, a mitochondrially-encoded subunit. This damage would 

not have directly affected COX IV, a nuclear-encoded subunit. However, the 

mitochondrially-encoded COX I subunit showed a milder deficiency than with nuclear-

encoded complex I and complex III subunits. This was unexpected and it may be that 

other mitochondrially-encoded subunits of complex I and complex III that had not been 

examined had been lost and that this destabilised the entire complex. 

Respiratory chain deficiency represents an important pathological phenotype of 

mitochondrial disease. Multiple deficiencies of complex I, III, and IV have been found in 

neurons of this cohort of patients, with a wide variability in antibody staining exhibited 

across all patients. This variability and deficiency over different brain areas suggests 

the possibility of an epigenetic effect upon the mitochondria in these neurons. 
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6.2.4 MtDNA Deletion and Depletion 

Both SDH staining and real-time PCR was used to assess mtDNA damage in single 

neurons obtained through laser-capture microdissection. From the current literature, it 

is unclear whether mtDNA damage is predominantly mtDNA deletion, mtDNA 

depletion, or a combination of both mtDNA deletion and depletion. Homogenate tissue 

samples are often used to assess this damage. 

In the neurons of both young and adult patients, mtDNA depletion is more severe than 

mtDNA deletion. This occurs in patients irrespective of the POLG mutation status. 

MtDNA deletions were seen at low levels; however these were unlikely to be accurately 

detected by the method of real-time PCR. In a subset of neurons in the adult patients, 

mtDNA deletion levels were detected at high levels of above 70% mtDNA deletion. This 

may indicate a dynamic level of mtDNA loss and a move towards increased numbers of 

neurons with increasing levels of mtDNA deletions. 

MtDNA deletions were assessed in COX-positive and COX-deficient neurons from a 

single adult patient. The COX-deficient neurons were found to harbour greater levels of 

mtDNA deletions than COX-positive neurons. Neurons that displayed both COX-

deficiency and showed levels of mtDNA deletion within the experimental error of this 

assay (<30%), may have a true deletion level that is higher. This is because low levels 

of mtDNA deletions cannot be accurately detected by the real-time PCR method. 

MtDNA damage is linked to respiratory chain deficiency, which has been shown by this 

study to predominantly consist of mtDNA depletion, demonstrating the first report of 

mtDNA abnormalities in single neurons of patients with Alpers’ syndrome. 

6.3 Strengths and Limitations 

This study was carried out with ethical approval from the Newcastle and North Tyneside 

Local Research Ethics Committees, ethical approval number 2002/205. CNS tissue 

donated to the NBTR, University of Vienna, and University of Bonn was used. A major 

strength of this study lies in the large cohort used for the investigations, inclusive of a 

wide age range of patients which reflects the increasing number of reports in the 

literature that describe clinically diagnosed cases of Alpers’ syndrome in older teenage 

patients. Patients both with POLG mutations and without POLG mutations have been 

included to reflect the growing number of cases of Alpers’ syndrome that are clinically 

diagnosed and yet do not harbour a mutation in POLG. Genes currently reported to 

lead to an Alpers’ syndrome-like phenotype include the FARS2 gene (Elo et al., 2012) 
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and C10orf2 gene that codes for the helicase Twinkle (Hunter et al., 2011). There may 

be other genes that lead to an Alpers’ syndrome-like phenotype to be reported in the 

future and next-generation sequencing techniques may be beneficial in these cases, to 

determine the underlying molecular basis of the disorder. 

This study describes the investigation of respiratory chain deficiency in single neurons. 

This is the first time that this has been investigated in single neurons from the brains of 

patients with Alpers’ syndrome and allows for examination of respiratory chain 

deficiencies in the neurons only, as opposed to a mixture of cell types, possibly each 

with a different level of deficiency. This method allows for the assessment of the 

surviving neuronal population exclusively. 

A limitation of this study is the rarity of the disease and the sensitive nature of the tissue 

required, which resulted in considerable difficulty in acquiring suitable tissue from 

young patients and control subjects in all brain areas being investigated. Tissue was 

acquired from a number of facilities and applications were made to many more 

facilities. The suitability of the tissue for each particular branch of investigations was an 

important factor to consider. The tissue that was used for genetic investigations was 

found to be not suitable due to the length of fixation in formalin and embedding in 

paraffin wax. Frozen tissue or a previously extracted DNA sample would have been 

more suitable if available. The tissue for EM studies was of limited suitability due to a 

long fixation time in formalin. Tissue from patients with a short formalin fixation time or 

free from fixation in formalin would have been more suitable if available. There were 

limitations of some of the technique used. Semi-quantitative assessments were 

performed as more fully quantitative methods were not optimised for the retrieval of 

data, as with assessment of the white matter. The employment of quantitative 

densitometric methods would be useful to future studies of myelin loss and respiratory 

chain deficiency. 
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6.5 Future Work 

This research has examined the neuropathological features in a large cohort of patients 

with a range of ages and underlying genetic mutations. In some cases the genetic 

mutation could not be fully assessed, and this highlights the importance of the facilities 

that look after and provide these resources to researchers. 

Efforts to explore the underlying genetic mutations in all patients diagnosed with Alpers’ 

syndrome will allow for a better understanding of the spectrum of POLG disease. 

Patients with clinical signs of Alpers’ syndrome and no mutation in POLG expand the 

genetic classification of Alpers’ syndrome and stress the importance of a genetic 

diagnosis. The use of next-generation sequencing techniques and whole exome 

sequencing may be advantageous in determining the genetic mutations in these 

patients. The finding and categorisation of novel mutations in POLG can further aid our 

understanding of the effect of mutations upon the function of the POLG polymerase. 

Abnormalities of the white matter are infrequently reported in cases of Alpers’ 

syndrome. This study has reported considerable myelin loss in patients, including 

severe loss in the basal ganglia, an area not often associated with evidence of 

neuropathology. This highlights the importance of examining myelin loss, and other 

white matter abnormalities, in brain areas that may show no other neuropathological 

features, such as the basal ganglia. In addition, the use of fully quantitative techniques, 

including densitometric measurements, may remove the investigator bias and allow for 

a more rigorous comparison between patients and controls and between different 

patients. 

A predominant complex I and complex III deficiency of the respiratory chain was 

observed in neurons. The use of cell studies, such as induced pluripotent stem cells 

(iPSCs), may prove beneficial in future investigations to explore any further 

mechanisms behind respiratory chain deficiency, for example whether impaired 

complex assembly is involved. The respiratory chain deficiency seen in glial cells 

warrants further investigation and poses many interesting questions regarding the cell 

type or cell types with a respiratory chain deficiency and the role played by these cells 

in the disease progression of Alpers’ syndrome. iPSC culture systems may be applied 

to both these avenues of further research, having the potential to further explore the 

mechanisms involved in respiratory chain deficiency and possible abnormalities of the 

supercomplex, and allowing these to be studied in different cell types. 
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MtDNA depletion was the more severe consequence of mtDNA damage seen in all 

patients studied. MtDNA deletions were present at high levels in a small subset of 

neurons tested. The types of mtDNA deletions present in neurons, whether mostly 

large-scale deletions or smaller rearrangements, will be of interest and may shed light 

on the function and survival of neurons susceptible to the effect of POLG mutations. 

6.6 Conclusions 

The investigation of patients, from the neuropathology occurring in the brain and the 

presence of respiratory chain dysfunction, to the integrity of mtDNA in a single neuron 

has revealed a variable complex I and complex III deficiency in neurons and glial cells. 

Predominant mtDNA depletion in single neurons with mtDNA deletions occurring in a 

smaller subset of neurons leads us closer to understanding the mechanism of POLG-

induced mtDNA damage, though further investigations are needed to understand the 

mechanism of respiratory chain deficiency and its tissue-specific manifestation. The 

progress towards understanding the mechanism of POLG mutations in the aetiology of 

Alpers’ syndrome is leading us forward, to possible new therapies where there is hope 

for many children and their families. 

 

 

 

  

309 

 



Chapter 6  Final Discussion  

Acín-Pérez, R., M. P. Bayona-Bafaluy, P. Fernández-Silva, R. Moreno-
Loshuertos, A. Pérez-Martos, C. Bruno, C. T. Moraes and J. A. Enríquez 
(2004). "Respiratory complex III is required to maintain complex I in 
mammalian mitochondria." Molecular Cell 13(6): 805-815. 

Alpers, B. J. (1931). "Diffuse progressive degeneration of the gray matter of the 
cerebrum." Arch Neurol Psychiatry 25: 469-505. 

Bao, X., Y. Wu, L. J. C. Wong, Y. Zhang, H. Xiong, P. C. Chou, C. K. Truong, Y. 
Jiang, J. Qin, Y. Yuan, Q. Lin and X. Wu (2008). "Alpers syndrome with 
prominent white matter changes." Brain and Development 30(4): 295-
300. 

Elliott, H. R., D. C. Samuels, J. A. Eden, C. L. Relton and P. F. Chinnery (2008). 
"Pathogenic Mitochondrial DNA Mutations Are Common in the General 
Population." American Journal of Human Genetics 83(2): 254-260. 

Elo, J. M., S. S. Yadavalli, L. Euro, P. Isohanni, A. Götz, C. J. Carroll, L. 
Valanne, F. S. Alkuraya, J. Uusimaa, A. Paetau, E. M. Caruso, H. Pihko, 
M. Ibba, H. Tyynismaa and A. Suomalainen (2012). "Mitochondrial 
phenylalanyl-trna synthetase mutations underlie fatal infantile alpers 
encephalopathy." Human Molecular Genetics 21(20): 4521-4529. 

Ferrari, G., E. Lamantea, A. Donati, M. Filosto, E. Briem, F. Carrara, R. Parini, 
A. Simonati, R. Sanier and M. Zeviani (2005). "Infantile hepatocerebral 
syndromes associated with mutations in the mitochondrial DNA 
polymerase-γA." Brain 128(4): 723-731. 

Harding, B. N., Surtees, R.A.H (2008). Metabolic and neurodegenerative 
disease of childhood. Greenfield’s neuropathology volume 1 Eighth 
Edition. S. Love, Louis, D.N., Ellison, D.W. London, UK, Hodder Arnold. 
1: 481 – 514. 

Hunter, M. F., H. Peters, R. Salemi, D. Thorburn and M. T. MacKay (2011). 
"Alpers syndrome with mutations in POLG: Clinical and investigative 
features." Pediatric Neurology 45(5): 311-318. 

Huttenlocher, P. R., G. B. Solitare and G. Adams (1976). "Infantile diffuse 
cerebral degeneration with hepatic cirrhosis." Archives of Neurology 
33(3): 186-192. 

Kollberg, G., A. R. Moslemi, N. Darin, I. Nennesmo, I. Bjarnadottir, P. Uvebrant, 
E. Holme, A. Melberg, M. Tulinius and A. Oldfors (2006). "POLG1 
mutations associated with progressive encephalopathy in 
childhood." Journal of Neuropathology and Experimental Neurology 
65(8): 758-768. 

Luft, R., D. Ikkos, G. Palmieri, L. Ernster and B. Afzelius (1962). "A case of 
severe hypermetabolism of nonthyroid origin with a defect in." The 
Journal of clinical investigation 41: 1776-1804. 

310 

 



Chapter 6  Final Discussion  

Maranzana, E., G. Barbero, A. I. Falasca, G. Lenaz and M. L. Genova (2013). 
"Mitochondrial respiratory supercomplex association limits production of 
reactive oxygen species from Complex I." Antioxidants and Redox 
Signaling. 

Naviaux, R. K. and K. V. Nguyen (2004). "POLG Mutations Associated with 
Alpers' Syndrome and Mitochondrial DNA Depletion." Annals of 
Neurology 55(5): 706-712. 

Naviaux, R. K., W. L. Nyhan, B. A. Barshop, J. Poulton, D. Markusic, N. C. 
Karpinski and R. H. Haas (1999). "Mitochondrial DNA polymerase γ 
deficiency and mtDNA depletion in a child with Alpers' 
syndrome." Annals of Neurology 45(1): 54-58. 

Schaefer, A. M., R. McFarland, E. L. Blakely, L. He, R. G. Whittaker, R. W. 
Taylor, P. F. Chinnery and D. M. Turnbull (2008). "Prevalence of 
mitochondrial DNA disease in adults." Annals of Neurology 63(1): 35-39. 

Schaller, A., D. Hahn, C. B. Jackson, I. Kern, C. Chardot, D. C. Belli, S. Gallati 
and J. Nuoffer (2011). "Molecular and biochemical characterisation of a 
novel mutation in POLG associated with Alpers syndrome." BMC 
Neurology 11. 

Uusimaa, J., R. Hinttala, H. Rantala, M. Päivärinta, R. Herva, M. Röyttä, H. 
Soini, J. S. Moilanen, A. M. Remes, I. E. Hassinen and K. Majamaa 
(2008). "Homozygous W748S mutation in the POLG1 gene in patients 
with juvenile-onset Alpers syndrome and status epilepticus." Epilepsia 
49(6): 1038-1045. 

Wiltshire, E., G. Davidzon, S. Dimauro, H. O. Akman, L. Sadleir, L. Haas, J. 
Zuccollo, A. McEwen and D. R. Thorburn (2008). "Juvenile Alpers 
disease." Archives of Neurology 65(1): 121-124. 

 

311 

 


