
Chapter 4

Immunocytochemical investigations

  The constituent proteins of the inclusion have been a constant source of 

debate.  What is now apparent is that the NII is made up primarily of mutant 

huntingtin (htt), which is ubiquitinated to flag it for protein degradation by the 

proteasome complex, as the cell recognises the faulty nature of the protein.  It 

appears, at first glance, that the proteasome system is unable to cope and is 

disabled and components of this are incorporated into the NII too.  The proteins 

present in inclusions derived from cultured transfected HEK 293 (human 

embryonic kidney) cells have been elucidated (Suhr et al. 2001) and these can 

hint at what may be present in the NII in vitro, however this may prove not so 

relevant to in vivo but at present this data may help in some understanding 

towards the complex protein picture.  Immunocytochemistry is the most widely 

used technique to tackle such a study.  Antibodies raised to candidate proteins, 

such as defined proteins within the htt-ubiquitin-proteasome-chaperone 

cascade (see Table 2.1) were used to show where in the brain and relatively how 

much staining was present.  In order give an idea of the protein profile during 

the course of the disease, however during the course of this study several new 

antibodies became available and were therefore also included in this study.

4.1 Mangiarini/Bates Transgenic R6 models

4.1.1. Molecular components

  The first protein to be shown in the diseased neuronal nucleus is mutant htt.  

In this study several different antibodies to htt ( see Table 2.1 in Chapter 2) in 

various states were employed to give a clearer perspective of what was in fact 

happening at the molecular level with respect to htt.  This study has presented a 

unique opportunity to analyse all these different htt antibodies in these three 

HD models whereas previous studies have always concentrated on the use of 
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one of these in any study, and so the relationship between them in the same 

experimental circumstances has never been investigated before.  The most 

successful staining in this study was achieved with the EM48 antibody which 

has been raised to just the exon 1 of the N-terminus of htt without the expanded 

polyglutamine or polyproline tracts by X-J. Li.  AB1 antibody is raised to the 

first 17 amino acids of the N-terminus of htt by G.P. Bates, and it too shows 

good staining, however as there was only a limited supply of it available it was 

not widely used in this study.  A similar antibody called HD1 was raised by M. 

DiFiglia was found not to give as robust staining as with the EM48 (now 

commercially available).  Whereas the 1C2 antibody (also now commercially 

available) which is raised to just the polyglutamine tract by Y. Trottier have not 

given very good staining in this study but has been widely used perhaps more 

successfully in whole brain homogenate processes such as western blotting and 

in human tissue.  However this result is somewhat surprising given that the 

staining should become stronger with the increased number of repeats and 

whereas there are about 45-50 in human tissue there are up 200 in the R6/2.  

AGG antibody has been raised to the entire aggregate by E.E. Wanker and 

colleagues, and has been shown to produce very robust staining of large 

inclusions.  As all these antibodies have been raised to different epitopes of the 

same protein this situation provides a unique perspective on the molecular 

understanding of htt in this particular model.  It appears that the antibodies that 

have robust staining are ones which are raised to the N-terminus of htt or the 

whole aggregate, perhaps the protein conformation is such that the 

polyglutamine tracts are not exposed to the antibody to enable them to 

recognise them rendering antibodies raised to this particular epitope useless for 

such a study.  The results of the staining patterns of different htt antibodies are 

dealt with and presented in this chapter where the nature of the inclusion is 

considered.

  Ubiquitin staining has throughout this study remained robust and reliable 

indicator of inclusions of both varieties, NIIs and DNIs.  This finding suggests 
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that the neuron is able to recognise that this protein is misfolded and requires 

degradation however the markers for the degradation processes don’t seem to 

be present until a week later in the R6/2 brain.  This would imply that there is 

quite a time lag in this process to be initiated it is less clear whether this is as a 

consequence of the disease process or the normal event.  It does make it 

apparent that htt is accumulated and forms an inclusion some time before it is 

marked for degradation.  Also important to consider is the variable nature of 

ubiquitin which may occur as a single tag or as a chain of molecules, recent 

investigations carried out by R.S. Jolly (personal communication) in our lab 

have shown that there is a pool of single ubiquitin molecules present in the 

inclusion which changes to the poly-form as it matures perhaps causing a 

change in the protein conformation.  There is increasing interest in ubiquitin in 

the literature where it now thought to be involved in multiple functions and not 

just simply as a means to initiated protein degradation.  Currently there are 

studies being carried out in the lab investigating the nature of SUMO, which is 

a similar molecule to ubiquitin and its involvement in the HD pathology, as 

recently it has been shown to be in the inclusions seen in cultured striatal cells 

and in Drosophila models of HD (Steffan et al. 2004).  Additionally there is no 

experimental proof that the ubiquitin is in fact interacting with the htt and not 

with other poly-ubiquitinated tails of itself, it has always been presumed that 

htt and ubiquitin are interacting due to their co-localisation but this has only 

been shown by immunofluorescent confocal microscopy.

  One of these degradation machinery systems discussed in the introduction 

chapter is the proteasome which is made up of three major subunits, the 

antibodies to each of these were used and it was found that of the 11S, 19S and 

20S only the 20S was giving reliable staining indicating again that perhaps 

structurally the other subunits were not available to interact with antibodies 

raised against them.  20S is the barrel shaped core in which all the degradation 

events are postulated to occur and as the largest subunit has more exposed 

surface area for interactions.  As this was the most robust antibody for 
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immunostaining it was used for the longitudinal study.  However it must also 

be taken into consideration that most studies on the nature of the proteasome 

have been carried out in liver and not in brain tissue, therefore it is quite 

feasible that the brain proteasome varies and may be made up of different 

subunits, which may explain the absence of some of these in this study.  

However recent studies have indicated that the dysfunction of the proteasome 

in conjunction with ubiquitin may play a major role in the HD pathology.

  There are many different chaperone or heat shock proteins that are present in 

the brain to take care of any stress response that may be required, however of 

the panel that were used in initial studies only HSC70 and HDJ2 appeared to 

show any significant staining.  Of these HSC70 was the more robust and 

therefore chosen to be used in the longitudinal study.

  Glial markers were used to show the gliosis response that has been reported in 

the literature.  However with GFAP, NG2 and F4/80 there was no major gliosis 

seen in this study.  This phenomenon could be an artefact of the genetic 

engineering of this model, as it is important to remember that this is a model 

and not a genetically correct one at that and so may well have some varied 

pathology.  The results of this study are presented in Chapter 8.

  These protein components have been introduced in the order that they are 

observed in the R6/2 and R6/1 neurons, having been studied at the basic 

cellular level it is possible to examine and explore their regional and temporal 

sequential patterns to make sense of the results fully.

4.1.2.Regional sequential patterns

  Regional sequential patterns are important in any study of pathology to put 

into perspective the presence and order of proteins in different regions of the 

brain.  This is particularly important in tracking down where the pathology 

begins and whether it has anatomical implications in exasperating the 

symptoms.  
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  Abnormal aggregates of htt appear within the brain of transgenic mice, these 

are never seen in the LMCs or in the R6/0 and R6/T lines of control mice.  

These inclusions may be found either within neuronal cell nuclei (NII) and 

occasionally astrocyte or oligodendrocyte glial cell nuclei or within neuronal 

cell processes (DNI).
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Figure 4.1:  Regional sequential maps of the R6/2 model above where inclusions present by 1 
week are shown in pink, 2 weeks in mauve, 3 weeks in blue and 4 weeks in green.  The maps 
below are of the R6/1 model where inclusions present by 1 month are shown in pink, 2 months 
in mauve and 3 months in blue.



  At the age of 1 week there appears to be very little immunostaining with most 

antibodies suggesting that the immature brain is still completing development.  

However there are isolated groups of neurons with htt immuno-positive NIIs 

present in the ventral striatal bodies and in the regions where there are well-

developed inclusions by 4 weeks.  This suggests that there are pathological 

changes happening at such an early stage of development, which may be 

interfering with the normal developmental changes seen in the brain.  There is a 

little cellular staining with the 20S antibody suggesting that there is an active 

alteration of proteins at this time.  It is important to remember that mouse pups 

are very immature at birth and are still blind and wholly dependent on their 

mothers at this time point.

                                                                                                                                          Results❧

Neuropathological Investigations of Three Murine Models of Huntington’s Disease                       88

Figure 4.2:  Nuclear inclusions seen in 1 week old R6/2 brain in the region of the globus 
pallidus (purple arrows).  These are very unusual and not seen very often, only in one of the 
animals in this study  They are found as a discreet group when they are seen.  Photographs A & 
B are taken at a magnification of x100 using an oil immersion lens.



  In the brain of the R6/2 mice NIIs can first be found within the indeuseum 

griseum.  These are characteristically found at 2 weeks of age and are single 

intranuclear inclusions of 0.5-1 μm diameter.  The next structures to have NIIs 

within their cells are the CA1 and CA3 pyramidal cell layers of the hippocampus 

however the adjacent area of CA2 had markedly fewer inclusions (also reported 

in Morton et al. 2000).  Both these areas had some cells with single large mature 

looking NIIs and others contained 3-4 smaller ones the majority of cells were 

like the latter.  Within the cerebral cortex they are first found in the anterior 

cingulate cortex.  In this area the NIIs predominate in the pyramidal cells of 

layers III and V of the neocortex.  At this timepoint there is no staining with any 

antibody of any DNIs or NIIs in the corpus striatum.
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Figure 4.3:  Nuclear inclusions seen in 2 week old R6/2 brain in the region of the cortex (A) 
indeuseum griseum (B).  The striatum (C) which has no NIIs present.  Photographs A & C were 
taken at magnification of x40 and B at x63.



                                                                                                                                          Results❧

Neuropathological Investigations of Three Murine Models of Huntington’s Disease                       90

Figure 4.4:  Nuclear inclusions seen in 3 week old R6/2 brain in the region of the induseum 
griseum (A) in the corpus callosum (B), the striatum (C) which has few immature NIIs present.  
Piriform cortex (D) and the olfactory tubercle (E) both additionally have inclusions present at this 
time point.  Further caudally regions of the hippocampus at this age shown below have 
inclusions present in CA1 (B) but not in CA2 (A) and CA3 (C) which show diffuse staining.

Photographs A & 
B were taken at 
x40 and C-E were 
taken at x100 
using an oil 
immersion lens.

Photographs A & C were 
taken at a magnification 
of x100 using an oil 
immersion lens. B was 
taken at magnification of 
x63.



  After this time NIIs can be found in ever increasing numbers of nuclei.  By 3 

weeks most cells have htt positive microaggregates in their nuclei and some 

have defined single NIIs, the evolution of the aggregate is dealt with in more 

detail in Chapter 3.  Some discrete areas are found to be stained with NIIs such 

as the piriform cortex and DNIs in some tracts such as the olfactory tubercle and 

the pre-optic tract, these are all phylogenetically old regions of the brain and 

perhaps this makes them more susceptible to aggregate formation early in the 

disease progression.  Inclusions follow in the striatum and appear later still in 

the Purkinje cells of the cerebellum as the disease progresses.  Inclusions are not 

generally seen in the white matter, there are occasional glial NIIs seen in the 

corpus callosum (which are discussed further in Chapter 8) and pre-optic tract 

but on the whole the majority remain unaffected.
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Figure 4.5:  Nuclear inclusions seen in 4 week old R6/2 brain in the region of the cortex (A) 
indeuseum griseum (A),  the corpus callosum (B) and the striatum (C) which has few NIIs present.  
The inclusions in the piriform cortex (D) and the olfactory tubercle (E) are quite mature now and 
easily found. A was taken at a magnification of x40 and B-E were all taken at x100 with an oil 
immersion lens



  Of particular interest are the appearance of the NII within the striatum and the 

other nuclei of the basal ganglia as these are the most severely affected regions of 

the brain in HD.  Apart from the discreet ones seen at 1 week of age in the 

globus pallidus of one animal, NIIs can first be seen within the medium sized 

spiny neurons at 3 weeks of age these are seen in discrete patches throughout 

the caudate putamen, some nuclei have lots of immunostaining in them together 

with several surrounding cells whereas others in fairly close proximity will 

have none.  This pattern is very random and may be associated with the patch-

matrix or the striasome compartmentalisation of the corpus striatum.  The 

predominant cell type in the striatum is the medium spiny neurons which 

comprise of up to 99% of the cells present, it would appear therefore that it is 

indeed this population that is affected in HD.  It is also therefore very difficult 

to elucidate whether the other cell types that make up the remaining 1% are 

affected in the same way, but it appears that they are fairly unaffected by the 

disease process.  The internal capsule in mouse striatum in coronal sections is 

seen as several discreet bundles of white matter, there is no staining in these at 

all with any antibody.  However within the corpus callosum there are few stained 

NIIs in some sections.

  As it can be seen quite clearly in regional sequential maps of the R6/1 model 

in Figure 4.1 the presence of inclusions follows a slightly different pattern with 

the longer time frame afforded by this model.  Inclusions are formed in more 

extensive regions of the brain by 1 month of age and most regions of the brain 

have inclusions by 3 months of age.  Once again the more mature inclusions are 

found in the same regions of the brain as the R6/2 model  and seem to appear 

in the same order as well but just in a different time frame.  The figures on the 

following pages show the appearance of these inclusions at LM.
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Figure 4.6: Nuclear inclusions seen in the R6/1 model at 1 month of age can be seen in the 
cortex (A), induseum griseum (B), piriform cortex (D) and the olfactory tubercles (E).   The striatum 
(C) has a lot of nuclear staining but no defined inclusion at this time point shown at lower 
power.

Figure 4.7:  The pattern of nuclear staining is similar to that at 1 month(A & B are as above and 
F shows the piriform cortex), except that additionally there is staining in glial cells in the corpus 
callosum (C) and inclusions are now present in the striatum (D) and in the preoptic tract (E).

A, D & F all taken at x63 
magnification and B, C & E 
all taken using an oil 
immersion lens at x100

C taken at x20 
magnification 
and A B, D & E 
all taken at x40
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Figure 4.8:  Nuclear inclusions seen in 3 month old R6/1 forebrain in the region of the cortex 
(A,taken at x100) induseum griseum (B, taken at x63), the striatum (C, taken at x40) which has 
quite a few mature NIIs present.  Piriform cortex (D, taken at x40 ) and the olfactory tubercle (E, 
taken at x40) both have robust mature looking inclusions present.  In further caudal brain 
(below) CA1 field of the hippocampus (A) appears to have mature inclusions with CA2 (B) and 
CA3 (C) showing dense nuclear staining and less mature inclusions present (all taken at x63 
magnification).



  As all these figures of regional staining of the inclusions in the R6 model 

shows it appears that the first inclusions are found in the indeuseum griseum the 

anterior cingulate cortex, piriform cortex and the olfactory tubercle, these are all 

shown to be robustly stained and appear quite mature in such a short length of 

time that they have to develop.  The hippocampus has a selective pathology too 

as it appears that the pyramidal cells of CA1 region are the first to show 

inclusions followed by those of CA3 with the CA2 region having the weakest 

and latest staining of inclusion.  The main site of pathology namely the striatum 

appears to be affected some time after these regions which is quite surprising 

but given that the disease progression has in the past been extrapolated from 

end stage postmortem tissue and now pathology is being found in other regions 

of the brain too with imaging studies of patients this may be a more relevant 

result than it first seems.
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Figure 4.9:  By 4 months of age all the dense nuclear staining of htt has been relocated to 
defined inclusions in most regions of the brain; cortex (A), indeuseum griseum (B), striatum (C), 
piriform cortex (D) and the olfactory tubercle (E).  Taken at x63 magnification.



4.1.3. Temporal sequential patterns

  A temporal study is required to show where in the disease process minor and 

major pathological events take place, the timing of these events may give a clue 

as to the disease phenotype seen at that particular time point.

  The barrage of antibodies each showed a subtly different pattern of staining.  It 

became apparent that certain regions of the brain accumulated proteins before 

others and in these areas NIIs were first seen.  There appeared to be a defined 

sequence in the brain for the inclusion of specific proteins irrespective of where 

they are found in the brain which is followed by all constituent proteins of the 

inclusion.

Htt immunoreactivity is seen first within the nuclei of affected cells, this has 

been shown primarily with EM48 in conjunction with Ab1, Agg and CAG53.  It 

appears that htt protein accumulates first; this is observed initially at 1 week in 

a few neurons and more widespread at around 2 weeks of age when the mice 

are still very much at the juvenile stage of lifespan (this can be seen in more 

detail in Chapter 3).  Staining with the antibodies to ubiquitin follows this; this 

can be correlated by the numbers of inclusions stained with htt antibodies 

suggesting that perhaps the mutant protein has been tagged for degradation.  

By 4 weeks of age the inclusions are of quite a substantial size and it is quite 

remarkable that there are no causal symptoms at this stage in the disease in this 

model.  At the same time there do appear to be some responses to the protein 

aggregation and there is extensive staining with 20S antibody raised against the 

core subunit of the proteasome and some of the chaperone cascade are also seen 

to be present with the HSC70 and HDJ-2 antibodies. The AGG antibody raised 

against the whole aggregate shows up next, at this stage the inclusion is quite 

large in size too.  The 1C2 antibody raised to the TATA binding protein 

recognises large CAG repeat tracts has been used in several earlier studies, 

however it requires pre-treating sections and so did not show much staining in 

this study and could not contribute towards any conclusions.
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Figure 4.10:  The temporal sequential photos of the cortex region of the brain in the R6/2 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.  Stages refer to those in Figure 3.2 on page 60.

Figure 4.11:  The temporal sequential photos of the cortex region of the brain in the R6/1 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.
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Figure 4.13:  The temporal sequential photos of the striatum region of the brain in the R6/1 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.

Figure 4.12:  The temporal sequential photos of the striatum region of the brain in the R6/2 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.
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Figure 4.15:  The temporal sequential photos of the cerebellum region of the brain in the   R6/1 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.  Stages refer to those in Figure 3.2 on page 60.

Figure 4.14:  The temporal sequential photos of the cerebellum region of the brain in the R6/2 
model taken at x63.  ✹-denotes a few inclusions present, ✹✹-many inclusions present and 
✹✹✹-most neurons contain inclusions.  Stages refer to those in Figure 3.2 on page 60.



  The general sequence of immunostaining was found to be that the htt is seen 

first followed by ubiquitin and then the proteasome and chaperone 

components.  Which would suggest that the mutant protein seeds or nucleates 

aggregation by some as yet unknown event which is tagged by ubiquitin to be 

broken down as a misfolded protein which may explain why there are 

components of the proteasome and chaperones present at the end stage of the 

R6/2 life span.  Additionally there appears to be the most robust staining of any 

antibody achieved by that raised against 20S core subunit of the proteasome 

suggesting that there is a lot of proteasomal activity in these mice presumably 

as a result of the mutant htt being present.

  There was one anomalous result with HSC-70 antibody raised to the 

chaperone of the same name, at the 2 week time-point in these mice it was 

found to be present in both the transgenic and the LMC animals (data not 

presented in this thesis, paper in preparation).

  This suggests that there is marked chaperone activity in a nuclear body in the 

normal mouse development and the most obvious choice would be the 

nucleolus.  The numbers of stained bodies varies between the transgenic 

animals and the LMCs suggesting that perhaps the disease process is interfering 

with normal processing in the nucleus.  This mystery has been resolved by E. 

Slavik-Smith in her investigations of nuclear changes and has been found to be 

a relocation of this protein from the nucleolus to the inclusion in HD.  The 

reasons for this relocation are not known but it can be suggested that the 

chaperones are recruited to help degrade the mutant htt, quite what their role is 

in the normal mouse nucleolus remains unknown.
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4.2. Yamamoto HD94 Conditional Model

  It was of great surprise to find that in the HD94 mouse model there were no 

NIIs present in any region of the brain by immunocytochemistry or EM, 

particularly as there is a nuclear localisation signal attached to the 

polyglutamine tract in this model.  This finding was made more remarkable as 

the DNIs were very large in some cases as large as NIIs seen in the R6/2 model 

(see Chapter 3) which was all the more significant given that these large 

structures seen at light level were not always found at EM, suggesting that 

these were accumulations of proteins with no apparent underlying structure.

  Molecular components were found to be mostly htt and ubiquitin.  Previously 

no apparatus of the proteasome machinery or any members of the heat shock 

cascade were found in this model, contrary to expectations but lending support 

to the idea that NIIs and DNIs are very different species.  However on further 

studies it has emerged that there is some 20S present in a discreet population of 

DNIs in the anterior cingulate cortex but these are small inclusions quite different 

in appearance to the other large inclusions seen with htt and ubiquitin.

4.2.1. Regional sequential patterns

  The reporter Lac-Z/β-Gal gene enabled the visualisation of the location of the 

gene product in these mice, which appeared to be mainly in the deep layers of 

the cortex, the medial septum and a little in the ventral striatum, additional 

staining was also seen in the hippocampus and olfactory tubercle.  These 

observations would lead to the expectation that the htt staining would also have 

a similar staining pattern, however it was far more widespread.  This disparity 

between the two gene products would suggest a functional problem at the level 

of the promoter.

  The staining of DNIs was seen primarily in the cortex with little pathology in 

the striatum shown in Figure 4.17 overleaf.  This result was most unusual as 
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most HD pathology is seen in the striatum with additional pathology seen in the 

cortex and hippocampus amongst other regions that are affected to a lesser 

degree.  Previous published studies on these mice suggest that there are NIIs 

present in the striatum and that these diminish in size and numbers with the 

administration of DOX, however in this study these results could not be 

replicated and so it is assumed that this model is changing in phenotype 

possibly due to unforeseen genetic complications in its engineering.  

Additionally the commonly seen DNIs at the LM level are not so prevalent at 

EM where they are harder to find, suggesting that there may be structural 

differences too, or possibly it may reflect on the level of maturation of the 

inclusion with only mature ones having a structure that can be seen at EM.
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Figure 4.16:  Regional sequential maps of the HD94 model.  Inclusions present are shown in 
pink at 18 weeks and in blue at 36 weeks of age.



4.2.2. Temporal sequential patterns

  In the HD94 mice the initial staining sequence with EM48 and ubiquitin was 

seen just as in the R6 lines however it was not followed throughout by the 20S 

staining, it appeared that there was no proteasome presence in these cells to 

deal with the aggregates.  Perhaps the DNIs do not have an effective 

proteasome response as the neurites are so constricted and the machinery 

cannot be physically brought into close proximity in order to deal with the 

inclusion.  However in a very discreet region of the anterior cingulate cortex there 

does appear to be some staining with 20S, which is mainly cytoplasmic and 

faintly nuclear.  The inclusions that are stained with the 20S antibody are 

uniformly small aggregates, unlike those stained with the EM48, which range in 

size from very large to punctate.  These small inclusions also appear to be 

outside the cell bodies either DNIs or another form of inclusion in the 
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Figure 4.17:  Photographs showing the variation in regional staining in the HD94 model.  Note 
the different sizes of inclusion in the cortex (A).  Most of the photographs are taken with an oil 
immersion lens and are at x 100 except for panel A which is taken at x 40.

A B

C

D
E

FG



perikariya.  Recent studies of these mice looking at proteasomal function show 

large positively stained inclusions with antibodies raised against htt and 

ubiquitin and imply but do not show the same for 20S core of the proteasome, 

however in this study these results were not replicated (Diaz-Hernandez et al. 

2003).

  I am currently studying new lines of these mice that are engineered to be 

cortical and striatal specific would make an interesting comparison to the 

immuno-labelling in these original lines and perhaps help to tease out the 

reasons for these perplexing results.
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Figure 4.18:  Photographs of immunostaining of various antibodies taken with an oil 
immersion lens at x100.  Stages refer to those in Figure 3.2 on page 60.



4.3. Shelbourne Knock-in Model

  Immunocytochemical studies of these mice have been carried out extensively 

in previous studies these are outlined below and are dealt with in several 

publications (Shelbourne et al. 1999, Kennedy et al. 2000 & Li et al. 2001)

  Histological analysis of these mice was previously carried out at 4-6 months 

classed as early adulthood and 16-17 months, which is late adulthood, and 

finally in this study mice of 24-36 months or end stage of normal mouse lifespan 

were analysed.  Prior studies had already shown that there were no changes in 

the assays used for general neuropathological deficits and changes associated 

with HD.  Nissl staining showed no gliosis, ventricular enlargement or cell loss 

in the mutant mice.  Striatopallidal projection neurons are marked with 

Leucine-enkephalin staining, these are shown to be preferentially lost early in 

the disease progression but were shown not to alter in these mice.  Substance P 

marker stains the striato-entopeduncular projection neurons, which also 

showed no changes.  Calbindin and neurons containing NADPH-diaphorase 

activity were also unchanged in mutant mice.  Cytochrome oxidase activity 

reflecting the changes in neuronal activity was unaffected. In summary there 

was very little detectable change between the LMCs and the mutant mice.  

  Immunohistochemical analyses were also carried out with antibodies to 

ubiquitin which recognises the NIIs, these initially showed no change but 

further studies revealed that there is diffuse nuclear staining by 4 months in the 

striatum, and that NIIs and some DNIs are present by 11 months becoming more 

prominent by 27 months of age.  By 29 months there are very easily detectable 

NIIs in the striatum, and DNIs in the lateral globus pallidus present in the mutant 

brains.

  In this study the mice used were mostly in the end of their life span when the 

pathology should be at its most severe, however in these mice even at end stage 

the pathology was comparable to mice of the R6/2 model at around 6 weeks 

when they are still very much presymptomatic.  
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4.3.1. Regional sequential patterns

  These studies were found to be consistent with previous studies where the 

majority of the pathology was found to be exclusively in the striatum, with very 

little pathology found in the cortex.  These findings are also consistent with HD 

patients in which the major site of pathology is also primarily the striatum.  

Early attempts at YAC construct mouse models (Bates & Mangiarini, 

unpublished), which I have previously studied briefly, were able to produce a 

very striatal specific pathology however these were just trials and the lines were 

unstable and so unfortunately never maintained.  As can be seen in the figure 

below the early and robust pathology is in the corpus striata which are shown in 

mauve and blue with the later appearance of inclusions throughout  shown in 

shades of green.  The lighter green is the pattern of staining for the full length 

mutant and the darker for the truncated mutant which emphasises the 

widespread effect that merely the fragment of the HD gene has over the whole 

pathology.
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Figure 4.19:  Regional sequential maps of the HD80 model.  Inclusions present are shown in 
mauve at 11 weeks, in blue at 24 and mint green at 30+ weeks of age in the full length model 
and leaf green in the truncated model.  There does appear to be a greater load of inclusions in 
the truncated version of the model both NIIs and DNIs which does suggest that perhaps this 
version of this model of HD is more potent at giving rise to pathology..



  These mice in contrast to the R6 mice show aggregates stained with EM48 and 

ubiquitin to be most prevalent in the striatum with foci in the nucleus accumbens 

and olfactory tubercle also.  The cortex, hippocampus and the cerebellum have very 

weak or no staining at all suggesting that the full-length mutant htt may alter 

the pathology quite dramatically, as all these regions have aggregates present in 

the R6 lines and to some extent the HD94 mice too.  However some of these 

secondary regions of staining are found to contain inclusions in older mice with 

an integrated fragment which in turn would suggest that the truncated form 

simply hastens the pathology which would eventually be present in the disease.  

Additionally these secondary regions of pathology have also been reported to 

be present in imaging studies of patients at various stages of the disease,  as 

with modern imaging technologies we are no longer restricted to the postmortem 

material which gives a snapshot of the very end stages and not of the 

progression.

  Further studies contrasting the full-length versus the truncated or the 

fragment integration have shown that the extent of pathology was more evident 

in the full-length, in which there were more mature looking inclusions present.  

This difference was observable in both C57Bl6 and the FVB background strains.  

It appears that the full-length mutants have the very conserved pattern of 

staining with only the striatum involved but the truncated mutants have the 

whole range of staining with the cortex, hippocampus and the cerebellum 

additionally involved, but by 36 months, which were the oldest mice of this 

model studied most regions of the brain do have inclusions of some form.  

However when looking at somal areas of neurons it appears that the truncated 

mutants have the most marked shrinkage compared to the milder shrinkage 

seen in the full-length mutant.  I would still conclude that there does appear to 

be a more potent pathological effect in the truncated mutants of this model 

studied
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Figure 4.20:  Photographs showing the variation in regional staining in the full-length HD80 
model taken using an oil immersion lens at x100.  The figure above is of the forebrain and that 
below is of a more caudal section.  Note how the inclusions are very obvious in this version of 
this model especially in regions of the basal ganglia panel B above and panels D, E and F below.



4.3.2.Temporal sequential patterns
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Figure 4.21:  Photographs showing the variation in regional staining in the integrated 
fragment HD80 model taken using an oil immersion lens at x100.  Note how the inclusions are 
less obvious and immature when compared with those that can be seen in Figure 4.20 but they 
are more widespread.  Also there are more DNIs present throughout the brain of these mice 
than those of the full length mutants.



4.3.2 Temporal sequential patterns

  In this model there does appear to be the maintenance of the general 

trend seen in the R6 models of the protein sequence seen by 

immunocytochemistry to be htt, ubiquitin followed by the 20S core 

component of the proteasome.  In the HD94 model the htt and ubiquitin 

part was seen but there appeared a general lack of any proteasome 

presence which again highlighted the anomalous nature of this model.  

The HD80 however being the more genetically accurate model still 

maintains this sequence which suggests that this finding may indeed be 

disease pathology and not just artefact of genetic engineering.  This 

finding is reassuring as the R6 models are quite aggressive and have 

shortened life spans and the HD80 sits at the other end of the spectrum 

with early pathology at the very end of their possible life span yet they 

are both exhibiting the same temporal sequence
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Figure 4.22:  Photographs of immunostaining of various antibodies in the full length knock in 
HD80 model at 24 months of age taken with an oil immersion lens at x100.  ✹-denotes a few 
inclusions present, ✹✹-many inclusions present and ✹✹✹-most neurons contain inclusions.  
Stages refer to those in Figure 3.2 on page 60.

Figure 4.23:  Photographs of immunostaining of various antibodies in the fragment knock in 
HD80 model at 24 months of age taken with an oil immersion lens at x100.  Key as above.
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Figure 4.24:  Photographs of immunostaining of various antibodies in the full length knock in 
HD80 model at 36 months of age taken with an oil immersion lens at x100.  ✹-denotes a few 
inclusions present, ✹✹-many inclusions present and ✹✹✹-most neurons contain inclusions.  
Stages refer to those in Figure 3.2 on page 60.

Figure 4.25:  Photographs of immunostaining of various antibodies in the fragment knock in 
HD80 model at 36 months of age taken with an oil immersion lens at x100.  Key as above.



4.4. Summary of results

  The inclusions are first seen in discreet clusters in the R6/2 mice at 1 week of 

age, at this time point it can be seen that there are neurons at different stages of 

aggregation, some neurons have several microaggregates with lots of soluble 

protein present giving the cell a grainy appearance, some have a few and no 

soluble protein present in the nucleus, others have a small single NII and a few 

have very well developed NIIs.  At this earliest stage there are no discernible 

DNIs present.  It is very difficult at this stage to ascertain where exactly these 

aggregates are in the immature brain, as several structures are not yet fully 

developed.  Inclusions are seen at various stages of development throughout 

the different time points studied, however the state of the majority of neurons 

are discussed.  It should be noted that there are some neurons at the earliest 

stages of aggregation seen even at end stage.  This finding suggests that 

perhaps some neurons are more prone to the accumulation of protein 

aggregates and no whole population is affected in the same way in each 

individual neuron.

  The distribution of inclusions in the CNS is of paramount importance in a 

study of the immunocytochemical nature of these species of aggregate, more 

importantly the comparison of the specific distribution within the cortical, 

striatal and cerebellar components.  HD is primarily a disease affecting the 

striatum therefore the primary site of pathology would be expected to be here, 

however this does not appear to be the case with the R6 lines and the HD94 

model, the HD80 model however, does appear to conform to this idea.  

Suggesting that as the most genetically accurate of the three models studied it is 

valid in its expression of the disease and the other two models have some 

pathology extra to that seen in the disease, which is attributable in the main to 

their genetic engineering.  Yet recent studies on presymptomatic HD patients 

have shown that there is a secondary pathology of the cortex and the cerebellum 

(Rosas et al. 2005, Paradiso et al. 2008 & Wolf et al. 2009) and the fact that this is 
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seen in the accelerated disease expressed in the R6/2 mice in particular is quite 

remarkable.

  The temporal study has not been carried out in all three models as both the 

HD94 and the HD80 models are quite old when there is discernible pathology 

and a weekly analysis would not add greatly to the study.  The studies carried 

out on the R6 mice however yielded some interesting insights into the 

pathology of the disease, some of which have been known before, but not taken 

in the context of disease progression and symptoms.  
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