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Abstract 
 

In the human brain, the striatum is a crucial part of the basal ganglia. The basal ganglia are a 

collection of nuclei that receive information from the cortex, and through a series of inhibitory and 

excitatory pathways modulates information that feeds into the cortex. These processes result in 

efficient brain processing, leading to optimal cognitive functioning, moderation of behaviour and 

personality, and control of movement. The striatum consists of the caudate nucleus, the putamen 

and the ventral striatum. It receives major projections from the wider cerebral cortex, the substantia 

nigra and the thalamus. These projections contain a variety of neural information and are 

integrated together in general functional territories within the striatum. These regions include 

associative, sensorimotor and limbic territories that are linked to the caudate nucleus, putamen, 

and ventral striatum in complex ways. The striatum is also subdivided into two neurochemical 

compartments termed the striosomes and matrix. The striosomes form a three-dimensional 

interconnected network within the wider striatum and are linked with the processing of especially 

limbic information whilst the surrounding matrix region is very much involved in sensorimotor 

processing.  

The majority of cells within the striatum are medium spiny neurons (MSNs). The traditional 

marker for these cells in post-mortem human striatum is calbindin, a calcium binding protein. The 

calbindin positive cells within the striatum are mainly concentrated within the matrix but are 

relatively sparse in the striosomes. In the mouse, the marker for MSNs is DARPP-32 (dopamine 

and cAMP-regulated neuronal phosphoprotein, molecular weight 32 kilodaltons), rather than 

calbindin. DARPP-32 is reported to identify over 90% of MSNs within the mouse brain. However, 

while the use of DARPP-32 in post-mortem human brain tissue has been limited, a direct 

comparison of calbindin and DARPP-32 in the human striatum has not been undertaken.  

This thesis begins by validating the DARPP-32 antibodies of choice and comparing these findings 

to previous validated DARPP-32 antibodies in the field. This was done with western blotting and 

immunohistochemical techniques. Immunohistochemical techniques were carried out on human 

and rat tissue. Interestingly, while DARPP-32 showed a mostly homogenous distribution 

throughout the rat striatum, high levels of DARPP-32 immunoreactivity were seen amongst the 

neuropil and cell soma of the striosomes within the normal human striatum. Some DARPP-32 

positive cells were also present in the matrix, but not at the same density as in the striosomes. This 

is different to the representation of calbindin within the normal human striatum. Furthermore, 

double-labelling fluorescent studies show that there are three MSN populations within the normal 
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striatum: DARPP-32 only positive, calbindin only positive, and DARPP-32 + calbindin 

colocalised cells. Examination of the GABAA β2,3 subunit profiles on these three cell types 

potentially indicate that more GABAA subunits are present on cells that show more calbindin 

immunoreactivity. Together, these are highly novel findings that provide a new understanding of 

human basal ganglia circuitry. 

While Parkinson’s disease (PD) is traditionally characterised by the degeneration of the substantia 

nigra (SN), previous pathological reports show that a loss of dopamine is seen in the striatum, 

particularly in the putamen. Results in this thesis show a significant loss of DARPP-32 

immunoreactivity in the putamen and ventral striatum of post-mortem PD human striatum.  

In Huntington’s disease (HD), the MSNs of the striatum are understood to be very susceptible to 

neurodegeneration. HD cases with motor symptoms showed a decrease in DARPP-32 

immunoreactivity in the putamen, while a striosome loss of DARPP-32 was seen in prominently 

mood symptomatic HD cases. The preferential striosome loss in mood cases reinforces previous 

findings from our laboratory. In addition, a decrease of the GABAA β2,3 subunits on all three 

MSN types was observed, however the GABAA β2,3 subunit profiles were still present on the three 

different MSN types. 

This thesis on DARPP-32 broadens global understanding of the neurochemistry of the normal 

human basal ganglia and provides further characterisation of Parkinson’s disease and 

Huntington’s disease.



 

iv 
 

Acknowledgments 
 

The production of this thesis has been a labour and joy shared with many wonderful people. To 

Associate Professor Henry Waldvogel, thank you so much for your consistent kindness, patience, 

advice, and vast array of knowledge, which have proved so valuable to me over the past few years. 

I am very grateful to have been your student. To Distinguished Professor Sir Richard Faull, thank 

you for your confidence in me, and for your enthusiasm. Your love of neuroanatomy has inspired 

since I was an eighteen-year-old sitting in on your lectures. and will keep me going for a long time 

to come. This PhD journey has been a far-flung dream turned into reality. 

To the past and present members of the Faull lab group: Dr Eric Kim, Dr Malvindar Singh-Bains, 

Dr Nasim Mehrabi, Dr Jennifer Song, Dr Jane Wu, Marika Eszes, Dr Natacha Coppieters, 

Kristina Hubbard, the wider Faull lab group, and members of the Curtis, Montgomery, Dragunow 

and Graham lab groups, thank you for all your help in the lab, advice, support, the laughs and the 

chats. It has meant a lot to me to have such a great environment to work in. 

Dr Samantha Murray, I miss you making me laugh every single day!  For all the ponderings about 

the striosome and matrix connections and meanings, the teas and coffees, and for telling me to 

start writing early, thank you.  

Brittney Black, you have no idea how much you inspire me to be bold and fearless. I am grateful 

for the travel with you, from running through Houston airport to make our connecting flight, to 

visiting the Metropolitan in New York, and swimming in cenotes in Mexico (personally one of my 

happiest memories of all time!). I am incredibly proud of you. 

Yukti Vyas, thank you so much for the check-ups, the lunches, the teas and coffees, and the hugs 

when I needed them. I am very thankful for your kindness and care throughout this PhD journey. 

To Professor Ann Graybiel and Dr Jill Crittenden, thank you for your excitement and interest in 

my work, it has been an absolute honour to meet you both and have your input and advice on this 

project.  To Mercedes Ondik, thank you for being such a joy to mentor, and for providing me with 

such a great experience. 

My sincere thanks to Dr Victoria Low, Micah Daniel Austria, and Chitra Vinnakota for the proof-

reading, editing and formatting of this thesis. 

Thank you to the BIRU staff for all of your assistance with the microscopes and imaging systems.  



 

v 
 

To the friends that have supported me in every stage of this PhD, from school, church and 

university, thank you so very much, for your encouragement has kept me going. 

A very special thank you to the donors and their families, for their generosity to The Neurological 

Foundation of New Zealand Human Brain Bank. Your courage and determination motivate us to 

keep working with keen minds and hearts. 

To my parents, thank you for your support and prayers always, and for your care. 

To my God, thank you for your goodness and faithfulness, each and every single day, to me. 

 



 

vi 
 

Table of Contents 
 

Abstract ................................................................................................................................... ii 

Acknowledgments .................................................................................................................... iv 

Table of Contents ..................................................................................................................... vi 

List of Figures ........................................................................................................................ xiv 

List of Tables .......................................................................................................................... xx 

Abbreviations ........................................................................................................................ xxii 

Chapter 1  General Introduction ................................................................................................ 1 

Chapter 2 Literature Review ...................................................................................................... 3 

2.1 Generalised Overview and Anatomy of the Striatum ........................................................ 3 

2.1.1 Territories and Functional Areas ................................................................................ 6 

2.1.2 Classical Basal Ganglia Circuitry ............................................................................... 9 

2.1.3 The Roles of the Striosome and Matrix compartments in the Basal Ganglia Circuitry
 ........................................................................................................................................ 16 

2.1.4 Cellular Types of the Striatum ................................................................................. 16 

2.2 Neurochemistry of the Striatum ..................................................................................... 17 

2.2.1 Calbindin ................................................................................................................ 18 

2.2.2 Enkephalin .............................................................................................................. 18 

2.2.3 GABAA β2,3 receptor subunit .................................................................................. 19 

2.3 DARPP-32 .................................................................................................................... 21 

2.3.1 Chemical considerations of DARPP-32 .................................................................... 21 

2.3.2 The distribution of DARPP-32 in non homo sapiens brain .......................................... 26 

2.3.3 The distribution of DARPP-32 in the homo sapiens brain ........................................... 27 

2.4 Distribution of Dopamine System Components in the Human Striatum .......................... 27 

2.5 Parkinson’s Disease ....................................................................................................... 28 

2.5.1 Epidemiology .......................................................................................................... 28 

2.5.2 Genetics .................................................................................................................. 29 

2.5.3 Clinical Features ..................................................................................................... 30 

2.5.4 Classic Pathology of Parkinson’s Disease ................................................................. 32 

2.5.5 Changes to Circuitry resulting in Motor Dysfunction ............................................... 33 

2.5.6 Changes to Circuitry resulting in Cognitive Changes ................................................ 33 

2.5.7 Changes to Circuitry resulting in Behavioural Changes ............................................ 34 

2.5.8 Changes to the Striatum in Parkinson’s Disease ....................................................... 34 



 

vii 
 

2.5.9 Changes to the Striosomal and Matrix Compartments in Parkinson’s Disease .......... 35 

2.5.10 Alteration of Neuropeptides in the Parkinson’s Disease Striatum ............................ 35 

2.5.11 Alteration of MSNs in the Parkinson’s Disease Striatum ........................................ 36 

2.5.12 The Relevance of DARPP-32 in the Parkinson’s Disease Human Striatum ............. 36 

2.6 Huntington’s Disease ..................................................................................................... 37 

2.6.1 Epidemiology .......................................................................................................... 37 

2.6.2 Genetics .................................................................................................................. 37 

2.6.3 Clinical Features ..................................................................................................... 38 

2.6.4 Classic Pathology of Huntington’s Disease ............................................................... 39 

2.6.5 Changes to Circuitry resulting in Motor Dysfunction ............................................... 40 

2.6.6 Changes to Circuitry resulting in Cognitive Changes ................................................ 41 

2.6.7 Changes to Circuitry resulting in Behavioural and Psychological Changes ................ 41 

2.6.8 Changes to the Striosomal and Matrix Compartments in Huntington’s Disease ........ 41 

2.6.9 Alteration of neuropeptides in Huntington’s Disease ................................................ 42 

2.6.10 Alteration of MSNs in Huntington’s Disease .......................................................... 42 

2.6.11 The Relevance of DARPP-32 in the Huntington’s Disease Human Striatum ........... 43 

2.7 Aims of the Study .......................................................................................................... 44 

Chapter 3 General Methods .................................................................................................... 47 

3.1 Acquisition and processing of post-mortem human brain tissue ....................................... 47 

3.1.1 Pathological Classification of Parkinson’s Disease Cases .......................................... 51 

3.1.2 Pathological Classification of Huntington’s Disease Cases........................................ 51 

3.1.3 Symptom Categorisation of Huntington’s Disease Cases .......................................... 51 

3.2 Immunohistochemistry .................................................................................................. 52 

3.2.1 Single Immunoperoxidase Labeling ......................................................................... 52 

3.2.2 Double and Triple Immunofluorescent labelling ....................................................... 53 

3.2.3 Tyramide Signal Amplification (TSA) for Triple Immunofluorescent Labelling ........ 55 

3.3 Densitometry ................................................................................................................. 56 

3.3.1 Acquisition of images for densitometric analysis ...................................................... 56 

3.3.2 Densitometric Analysis ............................................................................................ 60 

3.4 Statistical Analysis ......................................................................................................... 62 

3.4.1 Statistics for Control vs Parkinson’s Disease Vslide data ........................................... 62 

3.4.2 Statistics for Control vs Huntington’s Disease Vslide data ........................................ 63 

3.5 Imaging ......................................................................................................................... 65 

3.5.1 Bright field light microscopy .................................................................................... 65 



 

viii 
 

3.5.2 Confocal laser scanning microscopy ......................................................................... 65 

3.5.3 Quantitative cell counts for confocal images ............................................................. 65 

Chapter 4 Western Blot Development and Validation of DARPP-32 Antibodies ...................... 67 

4.1 Introduction ................................................................................................................... 67 

4.2 Tissue Homogenization ................................................................................................. 67 

4.3 Chemoluminescence Western Blotting ........................................................................... 69 

4.3.1 Western Blotting Techniques ................................................................................... 69 

4.3.2 Western Blot Results ............................................................................................... 69 

4.4 Progression from chemiluminescence to fluorescent western blotting techniques ............. 70 

4.4.1 Production of positive controls for DARPP-32 antibodies ........................................ 73 

4.5 Confirmation of antibody specification in western blots .................................................. 75 

4.5.1 Development of negative controls for DARPP-32 and β-actin antibodies .................. 75 

4.5.2 Blocking peptide use in Western blotting techniques ................................................. 77 

4.6 Confirmation by Immunohistochemical Methods ........................................................... 78 

4.6.1 No primary controls ................................................................................................ 78 

4.6.2 Positive DARPP-32 staining in Homo sapiens and rodent species ............................... 80 

4.6.3 Blocking peptide use in Immunohistochemical techniques ........................................ 84 

4.6.4 Overlapping of the mouse anti-DARPP-32 and the goat anti-DARPP-32 .................. 84 

4.7 Summary ....................................................................................................................... 87 

Chapter 5 Characterisation of DARPP-32 in the Normal Human Striatum ............................... 89 

5.1 Introduction ................................................................................................................... 89 

5.2 Methods ........................................................................................................................ 92 

5.3 DARPP-32 identifies striosomes within the human striatum ........................................... 93 

5.4 Striosome and Matrix Border Integrity ........................................................................... 98 

5.5 Qualitative assessment of DARPP-32 and calbindin MSNs ........................................... 102 

5.5.1 Immunohistochemical stain of DARPP-32 within the Normal Human Striatum ..... 102 

5.5.2 Immunohistochemical stain of calbindin within the Normal Human Striatum ........ 108 

5.6 Identification of Additional MSN cell types: DARPP-32 only positive MSNs, calbindin 
only positive MSNs, and DARPP-32 + calbindin-positive MSNs ....................................... 114 

5.7 The MSN cell types are present in different proportions within the striosomes and matrix
 ......................................................................................................................................... 118 

5.8 DARPP-32 positive cells do not colocalise with interneuronal cell types in the human 
striatum ............................................................................................................................. 121 

5.9 GABAA β2,3 subunit presence on the Three MSN types in the Normal Human Striatum
 ......................................................................................................................................... 123 

5.10 DARPP-32/Tyrosine Hydroxylase/D1 in the Normal Human Striatum ..................... 134 



 

ix 
 

5.11 Discussion ................................................................................................................. 138 

5.11.1 DARPP-32 uniquely identifies Striosomes within the Human Striatum, but does not 
identify Patches in the Ventral Striatum .......................................................................... 138 

5.11.2 The Comparison of Striosome Borders with Various Neuropeptides including 
DARPP-32 .................................................................................................................... 139 

5.11.3 DARPP-32 vs. calbindin – MSN markers? ........................................................... 141 

5.11.4 The different MSN cell types ................................................................................ 141 

5.11.5 The GABAA β2,3 representation on the three MSN types ..................................... 142 

5.11.6 The relevance of the dopamine system in the striatum .......................................... 143 

5.12 Conclusion ................................................................................................................. 145 

Chapter 6 Characterisation of DARPP-32 in the Parkinson’s Disease Human Striatum .......... 147 

6.1 Introduction ................................................................................................................. 147 

6.2 Methods ...................................................................................................................... 149 

6.3 Macroscopic Representation of DARPP-32 in Parkinson’s Disease Striatum ................. 151 

6.4 Striosome and Matrix Border Integrity within the Parkinson’s Disease Striatum ........... 151 

6.5 Densitometry within the Neurochemical Compartments of the Parkinson’s Disease 
Human Striatum ................................................................................................................ 156 

6.5.1 Densitometry of DARPP-32 within the Parkinson’s Disease Human Striatum ........ 156 

6.5.2 Densitometry of calbindin within the Parkinson’s Disease Human Striatum ........... 159 

6.5.3 Densitometry of enkephalin within the Parkinson’s Disease Human Striatum......... 160 

6.5.4 Densitometry of the GABAA β2,3 subunit within the Parkinson’s Disease Human 
Striatum ......................................................................................................................... 163 

6.6 An Evaluation of the components of Mean Integrated Optical Density – Thresholded Area 
and Average Intensity ........................................................................................................ 164 

6.6.1 Mean Thresholded Area of DARPP-32 within the Parkinson’s Disease Human 
Striatum ......................................................................................................................... 165 

6.6.2 Mean Average Intensity of DARPP-32 in the Parkinson’s Disease Human Striatum
 ...................................................................................................................................... 167 

6.6.3 Mean Thresholded Area of calbindin in the Parkinson’s Disease Human Striatum .. 170 

6.6.4 Mean Average Intensity of calbindin the Parkinson’s Disease Human Striatum ...... 172 

6.6.5 Mean Thresholded Area of enkephalin within the Parkinson’s Disease Human 
Striatum ......................................................................................................................... 173 

6.6.6 Mean Average Intensity of enkephalin in the Parkinson’s Disease Human Striatum 175 

6.6.7 Mean Thresholded Area of the GABAA β2,3 subunit in the Parkinson’s Disease 
Human Striatum ............................................................................................................ 178 

6.6.8 Mean Average Intensity of the GABAA β2,3 subunit in the Parkinson’s Disease 
Human Striatum ............................................................................................................ 180 



 

x 
 

6.7 Qualitative DARPP-32 and calbindin notes on the Parkinson’s Disease Human Striatum
 ......................................................................................................................................... 182 

6.7.1 Immunohistochemical labelling of DARPP-32 within the Parkinson’s Disease Human 
Striatum ......................................................................................................................... 182 

6.7.2 Immunohistochemical labelling of calbindin within the Parkinson’s Disease Human 
Striatum ......................................................................................................................... 190 

6.8 GABAA β2,3 Representation on the MSN types within the Parkinson’s Disease Human 
Striatum ............................................................................................................................ 196 

6.9 Discussion ................................................................................................................... 206 

6.9.1 DARPP-32 in the Parkinson’s Disease Human Striatum ........................................ 206 

6.9.2 Striosome Border Integrity in Parkinson’s Disease .................................................. 206 

6.9.3 Densitometric Analysis of DARPP-32 in the Parkinson’s Disease Human Striatum 207 

6.9.4 Densitometric Analysis of calbindin in the Parkinson’s Disease Human Striatum ... 209 

6.9.5 Densitometric Analysis of enkephalin in the Parkinson’s Disease Human Striatum 210 

6.9.6 Densitometric Analysis of GABAA β2,3 in the Parkinson’s Disease Human Striatum
 ...................................................................................................................................... 211 

6.9.7 DARPP-32 vs. calbindin in the Parkinson’s Disease Human Striatum .................... 211 

6.9.8 The GABAA β2,3 representation on MSN types within the Parkinson’s Disease 
Human Striatum ............................................................................................................ 212 

6.10 Conclusion ................................................................................................................. 213 

Chapter 7 Characterisation of DARPP-32 in the Huntington’s Disease Human Striatum ........ 215 

7.1 Introduction ................................................................................................................. 215 

7.2 Methods ...................................................................................................................... 218 

7.3 DARPP-32 in the Huntington’s Disease Human Striatum ............................................ 219 

7.4 Striosome and Matrix Border Integrity in the Huntington’s Disease Human Striatum ... 226 

7.4.1 Striosome Integrity in Mood Symptom Category Huntington’s Disease cases ......... 226 

7.4.2 Striosome Integrity in Motor Symptom Category Huntington’s Disease cases ......... 230 

7.4.3 Striosome Integrity in Mixed Symptom Category Huntington’s Disease cases ........ 234 

7.5 Densitometry within the Neurochemical Compartments of the Huntington’s Disease 
Human Striatum ................................................................................................................ 238 

7.5.1 Densitometry of DARPP-32 within the Huntington’s Disease Human Striatum ..... 239 

7.5.2 Densitometry of calbindin within the Huntington’s Disease Human Striatum ......... 242 

7.5.3 Densitometry of enkephalin within the Huntington’s Disease Human Striatum ...... 244 

7.5.4 Densitometry of the GABAA β2,3 subunit within the Huntington’s Disease Human 
Striatum ......................................................................................................................... 246 

7.6 Densitometry of DARPP-32 and other neuropeptides within the Neurochemical 
Compartments of the Striatum based on Huntington’s Disease Symptom Categories .......... 247 



 

xi 
 

7.6.1 Densitometry of DARPP-32 within the Symptom Categories of the Huntington’s 
Disease Human Striatum ............................................................................................... 248 

7.6.2 Densitometry of calbindin within the Symptom Categories of the Huntington’s 
Disease Human Striatum ............................................................................................... 249 

7.6.3 Densitometry of enkephalin within the Symptom Categories of Huntington’s Disease
 ...................................................................................................................................... 250 

7.6.4 Densitometry of GABAA β2,3 within the Symptom Categories of Huntington’s 
Disease .......................................................................................................................... 251 

7.7 Densitometry of DARPP-32 and other neuropeptides within the Huntington’s Disease 
Pathological Grades .......................................................................................................... 251 

7.7.1 Densitometry of DARPP-32 within the Pathological Grades of Huntington’s Disease
 ...................................................................................................................................... 252 

7.7.2 Densitometry of calbindin within the Pathological Grades of Huntington’s Disease 253 

7.7.3 Densitometry of enkephalin within the Pathological Grades of Huntington’s Disease
 ...................................................................................................................................... 254 

7.7.4 Densitometry of GABAA β2,3 within the Pathological Grades of Huntington’s Disease
 ...................................................................................................................................... 255 

7.8 Qualitative DARPP-32 and calbindin notes on the Huntington’s Disease Human Striatum
 ......................................................................................................................................... 255 

7.8.1 Immunohistochemical labelling of DARPP-32 within the Mood and Motor 
Symptomatic Huntington’s Disease Human Striatum ..................................................... 256 

7.8.2 Immunohistochemical labelling of DARPP-32 within the Mixed Symptomatic 
Huntington’s Disease Human Striatum .......................................................................... 266 

7.8.3 Immunohistochemical labelling of calbindin within the Mood and Motor Symptom 
Huntington’s Disease Human Striatum .......................................................................... 270 

7.8.4 Immunohistochemical labelling of calbindin within striatum of the Mixed Symptom 
Huntington’s Disease group ........................................................................................... 278 

7.9 GABAA β2,3 Immunoreactivity in the MSN sub-types within the Huntington’s Disease 
Human Striatum using triple label immunofluorescence ..................................................... 280 

7.10 Discussion ................................................................................................................. 292 

7.10.1 DARPP-32 in the Huntington’s Disease striatum in relation to striosome border 
integrity ......................................................................................................................... 292 

7.10.2 Densitometric Analysis of DARPP-32 in the Huntington’s Disease Striatum ........ 293 

7.10.3 Densitometric Analysis of calbindin in the Huntington’s Disease Striatum............ 294 

7.10.4 Densitometric Analysis of enkephalin in the Huntington’s Disease Striatum ......... 294 

7.10.5 Densitometric Analysis of GABAA β2,3 within the Huntington’s Disease Striatum
 ...................................................................................................................................... 295 



 

xii 
 

7.10.6 DARPP-32 positive and calbindin positive MSN changes in the Huntington’s 
Disease Striatum according to Symptom Categories ....................................................... 296 

7.10.7 The GABAA β2,3 Distribution on the MSN types within the Huntington’s Disease 
Striatum according to Symptom Categories .................................................................... 297 

7.11 Conclusion ................................................................................................................. 298 

Chapter 8 General Discussion ............................................................................................... 301 

8.1 General Introduction ................................................................................................... 301 

8.2 Implications of Findings ............................................................................................... 302 

8.2.1 Validation of Antibodies and DARPP-32 distribution in the Normal Human Striatum
 ...................................................................................................................................... 302 

8.2.2 DARPP-32 Distribution in the Parkinson’s Disease Human Striatum ..................... 303 

8.2.3 DARPP-32 Distribution in the Huntington’s Disease Human Striatum ................... 308 

8.3 Technical Considerations ............................................................................................. 312 

8.4 Future Directions ......................................................................................................... 313 

8.5 Final Remarks ............................................................................................................. 314 

Appendix .............................................................................................................................. 317 

References ............................................................................................................................ 327 
 

 

 

 

  



 

xiii 
 

 

 

 



 

xiv 
 

List of Figures 
 

Figure 2.1 Neuroanatomical depiction of the striatum……………………………….........….5 

Figure 2.2 Associative, sensorimotor and limbic organizations of the striatum………......…8 

Figure 2.3 Motor Circuitry of the Basal Ganglia…………………………………….………..13 

Figure 2.4 Associative Circuitry of the Basal Ganglia………………………………………..14 

Figure 2.5 Limbic Circuitry of the Basal Ganglia……………………………………….……15 

Figure 2.6 D1 Receptor dependent Phosphorylation of DARPP-32 at the Thr34 site……..22 

Figure 2.7 D2 Receptor dependent removal of phosphate group at the Thr34 site on 
DARPP-32…………………………………………………………………………………...23 

Figure 2.8 Phosphorylation on the Ser137 site of DARPP-32…………………………....….23 

Figure 2.9 Phosphorylation on the Ser102 site of DARPP-32………………………...……..24 

Figure 2.10 Phosphorylation of the Thr75 site on DARPP-32………………………………..24 

Figure 3.1 Layout of Metafer4 White Light 60 software………………………………….….57 

Figure 3.2 MetaClient view of Stitched slide image…………………………………….…….57 

Figure 3.3 VSViewer of stitched image………………………………………………………..58 

Figure 3.4 VSViewer showing outline of region of interest………………………………..…58 

Figure 3.5 Mapped view of striatum specific to regions of interest……………………..……59 

Figure 3.6 Rescan Region of Interest option in Metafer…………………………………...…59 

Figure 3.7 Rescan option in Metafer at 20x magnification……..……………………………60 

Figure 3.8 Optimisation of Integrated Optical Density journal for Metamorph® analysis 
with images………………………………………………………………….……………….61 

Figure 3.9 Workflow of methodology used for densitometric data acquisition……………..64 

Figure 4.1 Chemoluminescent western blot of Creative Diagnostics mouse anti DARPP-
32……………………………………………………………………………………………..70 

Figure 4.2 Fluorescent western blot of Creative Diagnostics mouse anti DARPP-32 with 
Abcam rabbit anti β-actin…………………………………………………………………...74 

Figure 4.3 Fluorescent western blot of Santa Cruz goat anti DARPP-32 with Abcam rabbit 
anti β-actin……………………………………………………...…………..……………….74 

Figure 4.4 Configuration of bands and ladder for no primaries in western blotting module.75 



 

xv 
 

Figure 4.5 Positive and negative controls for Creative Diagnostics (mouse anti) DARPP-
32………………………………………...……………………………………………….…..76 

Figure 4.6 Positive and negative controls for Santa Cruz (goat anti) DARPP-32……….….76 

Figure 4.7 Positive and negative controls (with blocking peptide) for Creative Diagnostics 
mouse anti DARPP-32 …………………………………………….……….………………78 

Figure 4.8 Figure of DARPP-32 antibody no primary controls in human and rat tissue ….79 

Figure 4.9 Photomicrographs showing the distinctive difference between DARPP-32 
staining in Homo sapiens and rat…………………………………………………………..83 

Figure 4.10 Images showing specificity of mouse anti DARPP-32 in post-mortem human brain 
tissue……………………………………………………………………………………...….85 

Figure 4.11 Overlay of DARPP-32 antibodies (Creative Diagnostics mouse anti and Santa 
Cruz goat anti DARPP-32) used in this study…………………………..…………………86 

Figure 5.1 Macroscopic view of the normal striatum stained with DARPP-32, calbindin and 
enkephalin……………………………………………………………………………………95 

Figure 5.2 Microscopic view of striosomes and matrix in the normal striatum………….…97 

Figure 5.3 Striosome and patch borders in the normal striatum……………………………101 

Figure 5.4 DARPP-32 in the normal putamen………………………………………………105 

Figure 5.5 DARPP-32 in the normal ventral striatum………………………………....……107 

Figure 5.6 Calbindin in the normal caudate nucleus and putamen……………………..….111 

Figure 5.7 Calbindin in the normal ventral striatum………………………………...………113 

Figure 5.8 Fluorescent view of DARPP-32, calbindin and enkephalin in the normal caudate 
nucleus striosomes and matrix………………………………………………………….…117 

Figure 5.9 Cell counts of three MSN types in the normal caudate nucleus striosomes and 
matrix ………………………………………………………………………………………120 

Figure 5.10 DARPP-32 does not colocalise with interneuronal markers………..………….122 

Figure 5.11 DARPP-32, calbindin and GABAA β2,3 in the normal caudate nucleus 
striosomes…………………………………………………………………………….…….127 

Figure 5.12 DARPP-32, calbindin and GABAA β2,3 in the normal caudate nucleus 
matrix……………………………………………………………………………….………129 

Figure 5.13 DARPP-32, calbindin and GABAA β2,3 in the normal putamen………...…….131 

Figure 5.14 DARPP-32, calbindin and GABAA β2,3 in the normal ventral striatum……....133 

Figure 5.15 DARPP-32, Tyrosine Hydroxylase and the D1 receptor on a medium spiny 
neuron in the normal striatum…………………………………………………………….137 



 

xvi 
 

Figure 6.1 Macroscopic view of Parkinson’s Disease striatum stained with DARPP-32, 
calbindin, enkephalin, and GABAA β2,3…..…………………………..………………....152 

Figure 6.2 Striosome and patch borders in the Parkinson’s Disease striatum……………..155 

Figure 6.3 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Parkinson’s 
Disease human striatum……………………………………………………………...……157 

Figure 6.4 Mean Integrated Optical Density of calbindin in the Normal vs. Parkinson’s 
Disease human striatum……………………………………………………………..….…159 

Figure 6.5 Mean Integrated Optical Density of enkephalin in the Normal vs. Parkinson’s 
Disease human striatum………………………………………………………………...…161 

Figure 6.6 Mean Integrated Optical Density of GABAA β2,3  in the Normal vs. Parkinson’s 
Disease human striatum……………………………………………………….…………..163 

Figure 6.7 Mean Thresholded Area of DARPP-32 in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….…166 

Figure 6.8 Mean Average Intensity of DARPP-32 in the Normal vs. Parkinson’s Disease 
human striatum…………………………………………………………………..………...168 

Figure 6.9 Mean Thresholded Area of calbindin in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….…170 

Figure 6.10 Mean Average Intensity of calbindin in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….....172 

Figure 6.11 Mean Thresholded Area of enkephalin in the Normal vs. Parkinson’s Disease 
human striatum……………………………………………………………………….……174 

Figure 6.12 Mean Average Intensity of enkephalin in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….…176 

Figure 6.13 Mean Thresholded Area of GABAA β2,3 in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….…178 

Figure 6.14 Mean Average Intensity of GABAA β2,3 in the Normal vs. Parkinson’s Disease 
human striatum………………………………………………………………………….…180 

Figure 6.15 DARPP-32 in the Parkinson’s Disease caudate nucleus and putamen….……..187 

Figure 6.16 DARPP-32 in the Parkinson’s Disease ventral striatum………………………..189 

Figure 6.17 Calbindin in the Parkinson’s Disease caudate nucleus and putamen………….193 

Figure 6.18 Calbindin in the Parkinson’s Disease ventral striatum………………………….195 

Figure 6.19 DARPP-32, calbindin and GABAA β2,3 in the Parkinson’s Disease caudate 
nucleus striosomes and matrix………………………………………………….…………199 



 

xvii 
 

Figure 6.20 DARPP-32, calbindin and GABAA β2,3 in the Parkinson’s Disease putamen 
striosomes and matrix………………………………………………………………….…..201 

Figure 6.21 DARPP-32, calbindin and GABAA β2,3 in the Parkinson’s Disease ventral 
striatal patch………………………………………………………………………………..202 

Figure 6.22 DARPP-32, calbindin and GABAA β2,3 in the Parkinson’s Disease ventral 
striatal matrix……………………………………………………………………...…….…205 

Figure 7.1 Macroscopic view of striatal sections stained with DARPP-32, calbindin and 
enkephalin in mood symptom Huntington’s Disease……………………………………221 

Figure 7.2 Macroscopic view of striatal sections stained with DARPP-32, calbindin and 
enkephalin in motor symptom Huntington’s Disease…………………………………...223 

Figure 7.3 Macroscopic view of striatal sections stained with DARPP-32, calbindin and 
enkephalin in mixed symptom Huntington’s Disease………………........................…225 

Figure 7.4 Striosome and matrix borders in mood symptom Huntington’s Disease 
category……………………………………………………………………………………..229 

Figure 7.5 Striosome and matrix borders in motor symptom Huntington’s Disease 
category……………………………………………………………………………………..233 

Figure 7.6 Striosome and matrix borders in the mixed symptom Huntington’s Disease 
category………………………………………………………………………...………..…237 

Figure 7.7 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Huntington’s 
Disease human striatum…………………………………………..……………………....240 

Figure 7.8 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s 
Disease human striatum……………………………………………..…………………....242 

Figure 7.9 Mean Integrated Optical Density of enkephalin in the Normal vs. Huntington’s 
Disease human striatum ……………………………………….……………………….....244 

Figure 7.10 Mean Integrated Optical Density of GABAA β2,3 in the Normal vs. Huntington’s 
Disease human striatum ………………………………………………………………......246 

Figure 7.11 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease symptom 
categories..................................................................................................................248 

Figure 7.12 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease symptom 
categories……………………………………………………………………………..…….249 

Figure 7.13 Mean Integrated Optical Density of enkephalin in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease symptom 
categories…………………………………………………………………………………...250 



 

xviii 
 

Figure 7.14 Mean Integrated Optical Density of GABAA β2,3 in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease symptom 
categories……………………………………………………………………………….…..251 

Figure 7.15 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease grades………...….252 

Figure 7.16 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease grades……………253 

Figure 7.17 Mean Integrated Density of enkephalin in the Normal vs. Huntington’s Disease 
human striatum with comparison to Huntington’s Disease grades……………………..254 

Figure 7.18 Mean Integrated Density of GABAA β2,3 in the Normal vs. Huntington’s 
Disease human striatum with comparison to Huntington’s Disease grades…………....255 

Figure 7.19 DARPP-32 staining in the caudate nucleus of the mood & motor Huntington’s 
Disease human striatum ………………………………………………………………..…260  

Figure 7.20 DARPP-32 staining in the putamen of mood symptom and motor symptom 
Huntington’s Disease human striatum ………………………......………………….......263 

Figure 7.21 DARPP-32 staining in the ventral striatum of mood & motor Huntington’s 
Disease………………………………………………………………………………...……265 

Figure 7.22 DARPP-32 staining in the mixed symptom Huntington’s Disease human 
striatum.………………………………………………………………………...…………..269 

Figure 7.23 Calbindin staining in the caudate nucleus of the mood & motor Huntington’s 
Disease human striatum ………………………………………………………………..…273 

Figure 7.24 Calbindin staining in the putamen of mood symptom and motor symptom 
Huntington’s Disease human striatum …………………………………………………...275 

Figure 7.25 Calbindin staining in the ventral striatum of mood & motor Huntington’s 
Disease……………………………………………………………………………………...277 

Figure 7.26 Calbindin staining in the mixed symptom Huntington’s Disease human 
striatum.……………………………………………………………………………...……..279 

Figure 7.27 DARPP-32, calbindin and GABAA β2,3 in the caudate nucleus striosome and 
putamen matrix of the motor symptom Huntington’s Disease human striatum ………283 

Figure 7.28 DARPP-32, calbindin and GABAA β2,3 in the ventral striatum of the motor 
symptom Huntington’s Disease human striatum……………………………………...…285 

Figure 7.29 DARPP-32, calbindin and GABAA β2,3 in the caudate nucleus of the mixed 
symptom Huntington’s Disease human striatum ………...…………………………..…287 

Figure 7.30 DARPP-32, calbindin and GABAA β2,3 in the putamen of the mixed symptom 
Huntington’s Disease human striatum ………………..………………………………....289 



 

xix 
 

Figure 7.31 DARPP-32, calbindin and GABAA β2,3 in the ventral striatum of the mixed 
symptom Huntington’s Disease human striatum …………...……………………..…....291 

Figure 8.1 Summary schematic of GABAA β2,3 subunits on DARPP-32 only, calbindin 
only, and DARPP-32 + calbindin cells in the normal and Parkinson’s Disease human 
striatum……………………………………………………………………………………..307 

Figure 8.2 Summary schematic of GABAA β2,3 subunits on DARPP-32 only, calbindin 
only, and DARPP-32 + calbindin cells in the Huntington’s Disease human striatum...311 

 

 



 

xx 
 

List of Tables 
 

Table 3.1 List of control cases used over the course of the study ............................................... 48 

Table 3.2 List of Parkinson's disease cases used over the course of the study…………...……….49 

Table 3.3 List of Huntington's disease cases used over the course of the study…………...….….50 

Table 3.4 Primary antibody used in immunoperoxidase and immunofluorescent studies ........... 54 

Table 3.5 Secondary Antibodies and Avidin-HRP Complex used in immunoperoxidase 

studies………………………………………………………………………………………………... 54 

Table 3.6 Secondary Antibodies used in immunofluorescent studies ......................................... 55 

Table 3.7 Tyramide Signal Amplification Reagents .................................................................. 56 

Table 4.1 List of cases used for western blotting techniques……………………………………....68 

Table 4.2 Protein Sample components for use in ECL western blotting techniques ................... 68 

Table 4.3 Reagents used in fluorescent western blotting techniques .......................................... 71 

Table 4.4 Protein sample components used in fluorescent western blotting components ............ 72 

Table 4.5 Primary antibodies used in fluorescent western blotting ............................................ 72 

Table 4.6 Secondary antibodies used in fluorescent western blotting techniques…………..……73 

Table 4.7 Blocking Peptide for Creative Diagnostics DARPP-32 .............................................. 77 

Table 5.1 Cell counts of the three MSN cell types within the striosomes and the matrix of the 

dorsal caudate nucleus (n=5) ................................................................................................. 119 

Table 6.1 Summary table showing densitometric analysis of DARPP-32 across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes .................... 158 

Table 6.2 Summary table showing densitometric analysis of calbindin across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes .................... 160 

Table 6.3 Summary table showing densitometric analysis of enkephalin across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes .................... 162 

Table 6.4 Summary table showing densitometric analysis of GABAA β2,3 across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes .................... 164 

Table 6.5 Summary table showing comparison of DARPP-32 mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 167 

Table 6.6 Summary table showing comparison of DARPP-32 mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 169 

Table 6.7 Summary table showing comparison of calbindin mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 171 

Table 6.8 Summary table showing comparison of calbindin mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 173 



 

xxi 
 

Table 6.9 Summary table showing comparison of enkephalin mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 175 

Table 6.10 Summary table showing comparison of enkephalin mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 177 

Table 6.11 Summary table showing comparison of GABAA β2,3 mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 179 

Table 6.12 Summary table showing comparison of GABAA β2,3 mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes ............................... 181 

Table 7.1 Summary table showing densitometric analysis of DARPP-32 across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes ................. 241 

Table 7.2 Summary table showing densitometric analysis of calbindin across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes ................. 243 

Table 7.3 Summary table showing densitometric analysis of enkephalin across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes ................. 245 

Table 7.4 Summary table of densitometric analysis of GABAA β2,3 across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes ................. 247 



 

xxii 
 

Abbreviations 
 

CDK5: cell division protein kinase 5 

CK1: casein kinase 1 

CN: caudate nucleus 

DARPP-32: dopamine and cAMP-regulated neuronal phosphoprotein-32 

GABA: gamma-aminobutyric acid 

GP: globus pallidus 

GPe: globus pallidus externa 

GPi: globus pallidus interna 

HD: Huntington's disease 

MSN: medium spiny neuron 

PD: Parkinson's disease 

PKA: cAMP-dependent protein kinase A 

PP2B: protein-phosphatase-2B (calcineurin) 

Put: putamen 

SN: substantia nigra 

SNc: substantia nigra pars compacta 

SNr: substantia nigra pars reticulata 

STN: subthalamic nucleus 

VS: ventral striatum 

  



 

xxiii 
 

 



1 
 

Chapter 1  
General Introduction 
 

 

The human brain is a complex organ that largely consists of the cerebrum and the cerebellum. The 

cerebrum can be subdivided into the cortex, the basal ganglia, the hippocampus and the olfactory 

bulbs. The basal ganglia are a collection of nuclei that receive information from the cortex, and are 

responsible for modulating cortical information through a series of inhibitory and excitatory 

feedback pathways. One of the key components of the basal ganglia is the striatum, which consists 

of the caudate nucleus, putamen and the ventral striatum. The striatum is responsible for receiving 

and integrating a wide variety of information from throughout the brain and brainstem including 

the cerebral cortex, the substantia nigra and the thalamus. The neural information encompasses 

associative, sensorimotor, and limbic information categories. Although there is major overlap in 

these functional categories in the striatum, they can be generally linked in a functional anatomical 

manner to the caudate nucleus, putamen, and ventral striatum, respectively. Furthermore, there 

are two different neurochemical compartments that exist within the striatum. These compartments 

are called the striosomes and matrix. The striosomes form a three-dimensional interconnected 

network of structures embedded in a more extensive surrounding matrix. These compartments 

exist throughout the striatum, and each compartment holds different neurochemical connectional 

and functional properties. In particular, the striosomes hold functionally anatomical links with 

especially limbic circuits.  

Medium spiny neurons (MSNs) make up over 90% of the cells within the striatum. In human 

studies, particularly in post-mortem brain tissue, the traditional marker for these cells is calbindin, a 

calcium binding protein. The MSNs in the matrix compartment show high calbindin 

immunoreactivity. However, the striosomes are calbindin-poor within the cell soma and neuropil. 

In mouse post-mortem tissue DARPP-32 (dopamine and cAMP-regulated neuronal 

phosphoprotein, molecular weight 32 kilodaltons) has been used as a marker of MSNs in the 

striatum, reportedly identifying over 90% of MSNs. DARPP-32 has been used in a limited number 

of immunohistochemical-based human brain studies, but a direct comparison of calbindin and 

DARPP-32 has not been published on the human striatum.  

Following the review of the literature and the methodology, it was decided that a comparative 

study between DARPP-32 and calbindin would be carried out in the human striatum, to see if both 

markers were identical in nature. The first results chapter in this thesis validates the antibodies 
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selected to identify DARPP-32 within this study. A variety of western blotting and 

immunohistochemical techniques are used, and an established DARPP-32 antibody is used as a 

comparison in human tissue with immunohistochemical techniques. The distribution of DARPP-

32 is then examined in the normal striatum (chapter 5) in comparison with calbindin, enkephalin 

and the GABAA β2,3 subunits using immunohistochemical techniques. Careful examinations are 

made on how DARPP-32 identifies striosome and matrix borders and cell types within the normal 

post-mortem human striatum, at the regional level. Next, comparisons between DARPP-32 positive 

and calbindin positive cells are made. The varied distribution of the GABAA β2,3 subunits on the 

observed cell types is also described within the chapter, and links between tyrosine hydroxylase, 

the D1 receptor, and DARPP-32 are drawn.  

While Parkinson’s disease (PD) is usually characterised by degeneration of the dopaminergic 

neurons within the substantia nigra, calbindin positive MSNs have not been shown to degenerate 

with such severity within the PD-affected striatum. Furthermore, there is limited research on 

DARPP-32 positive cells within the PD striatum. In general, it is not fully understood how the 

neurochemical identities of MSNs in the PD striatum are altered, particularly with regard to the 

striosome and matrix compartments. Therefore, in chapter 6, comparative anatomical 

observations of the MSNs are made from studies in PD striatum, and examinations of other 

neuropeptides (calbindin, enkephalin and GABAA β2,3) levels in the PD striatum according to 

striosome and matrix neurochemical compartments, as well as cell types in the caudate nucleus, 

putamen and ventral striatum.  

Huntington’s disease (HD) is a neurodegenerative disease that primarily shows extensive and 

progressive degeneration of the MSNs within the striatum. This cellular degeneration translates to 

a triad of motor, behavioural and cognitive disturbances within the affected individual. Previous 

work has linked striosome degeneration with mood disturbances, however the involvement of 

DARPP-32 is still unknown. Therefore chapter 7 describes the anatomical comparisons of 

DARPP-32 and calbindin within the HD striatum, making comparisons across HD grades and 

HD symptom categories (mood, motor, and mixed). DARPP-32 positive cells and calbindin 

positive cells are examined in closer detail in HD. Examinations of neuropeptide levels are also 

made within the striosome and matrix compartments of the HD striatum, accounting for 

distribution amongst the caudate nucleus, putamen and ventral striatum. The distribution of the 

GABAA β2,3 subunits is also examined on MSN types within the HD striatum. 
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Chapter 2  
Literature Review 
 

 

Before concluding these pages, it may be proper to observe once more…… the 

leading of the attention of those who humanely employ anatomical examination 

in detecting the causes and nature of diseases, particularly to this malady. By their 

benevolent labours its real nature may be ascertained and appropriate modes of 

relief, or even of cure, pointed out. 

- James Parkinson, 1817 

 

2.1 Generalised Overview and Anatomy of the Striatum 

The human brain is a complex organ that consists of multiple components, including the cerebrum 

and the cerebellum. The cerebrum can be subdivided into the cortex, the basal ganglia, the 

hippocampus and the olfactory bulbs. The basal ganglia consist of a collection of nuclei that arise 

from the ventral telencephalon and are responsible for modulating cortical information through  

inhibitory and excitatory feedback pathways. These nuclei include the caudate nucleus, the 

putamen, the nucleus accumbens, the olfactory tubercle, the globus pallidus, the substantia nigra 

and the subthalamic nucleus. The caudate nucleus (CN) and the putamen (Put) are conjointly 

referred to as the neostriatum, or striatum (Wells, 1983). The caudate nucleus in physical 

representation can be likened to a comma lying sideways, with the head lying at the anterior-

superior end. This protrudes into the anterior horn of the lateral ventricle. The body of the caudate 

nucleus is located dorsally to the thalamus, and the tail follows the natural curvature of the inferior 

horn of the lateral ventricle along a caudal axis. The putamen is typically regarded as the largest 

nuclei of the basal ganglia, and lies between the external capsule and the lateral medullary lamina 

of the globus pallidus. Anteriorly, it is observed that the head of the caudate nucleus and the 

putamen are fused together, however, as one progresses caudally, the white matter fibres of the 

internal capsule become more apparent. The strands of the striatal grey matter that transverse the 

internal capsule lend a striped appearance to the structure, and this where the term ‘striatum’ arises 

(Figure 2.1). 
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The striatum holds integral roles in basal ganglia circuitry, receiving major projections from the 

cerebral cortex, the substantia nigra (SN) and the thalamus. In addition, it also receives lesser 

projections from the pedunculopontine tegmental nucleus, the dorsal raphe nucleus, the 

subthalamic nucleus and the globus pallidus. However, the striatum sends out efferent projections 

only to the globus pallidus and the substantia nigra (Parent, 1990). 

The focus of this current study will be on the post-mortem human striatum. For the purpose of this 

study, the striatum will be defined as the caudate nucleus, the putamen and the ventral striatum. 

The ventral striatum is postulated to contain the nucleus accumbens (Prensa et al., 2003) and 

ventral portions of the caudate nucleus and ventral striatum (Haber et al., 1990).



A B

Figure 2.1 Neuroanatomical schematic showing sagittal view of human brain hemisphere with section showing coronal view of the striatum, and         
striatal level used throughout this study. 
A: Sagittal view of human brain hemisphere showing level of where striatum was examined
B: Coronal view of hemisphere showing striatum (black circle) and expanded view showing morphological representation of striatum, and striatal level 
used throughout the study
CN = caudate nucleus, IC = internal capsule, Put = putamen, VS = ventral striatum

Put

CN
IC

VS
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2.1.1 Territories and Functional Areas 

The corticostriatal afferents are considered to hold the most importance, as they are organised in 

a manner that lends a distinct pattern of functional regionalization to the striatum, and this pattern 

is maintained throughout the rest of the basal ganglia. A general consensus of the layout regarding 

the sensorimotor, associative and limbic territories in the basal ganglia has been developed using 

primate models (Künzle, 1975; Selemon and Goldman-Rakic, 1985). The sensorimotor areas are 

primarily responsible for processing information regarding movement (Roland et al., 1980), the 

associative areas for cognitive and reasoning functions (Koechlin et al., 2003), and the limbic 

territories for behavioural systems processing (Everitt et al., 2001). According to these models, the 

sensorimotor and the primary motor cortices project to the dorsolateral border of the head of the 

caudate nucleus and the dorsolateral portion of the postcommissural segment of the putamen 

(Künzle, 1975) creating a sensorimotor territory. Associative areas of the cingulate, parietal, 

temporal and prefrontal cortices mainly project to the head, body and tail of the caudate nucleus, 

and significant portions of the putamen that lie rostral to the anterior commissure (Ragsdale and 

Graybiel, 1981); these areas constitute an associative area within the striatum. Furthermore, the 

limbic territory is present due to afferents from the limbic and paralimbic cortices, amygdala and 

hippocampus projecting to the nucleus accumbens, the olfactory tubercle and the ventral portion 

of the striatum (Russchen et al., 1985). Significant overlap is seen between these different 

corticostriatal projections, and it is necessary to remember that the distribution of the three 

territories within the entire basal ganglia is a continuum, rather than regions with strict unmovable 

defined boundaries. Thus, the striatum is responsible for the reintegration of information from 

higher cortical areas, after the information has been reorganized. The information, once integrated, 

is transformed into sensorimotor, associative or limbic modalities.  

Furthermore, separate corticostriatal projections terminate in small clusters neurochemically 

defined as striosome and matrix compartments. These compartments are distinct from each other 

in terms of their neurochemistry and are defined by the presence and/or absence of various 

neuropeptides (Graybiel et al., 1981; Graybiel et al., 1987). The striosomal compartments are most 

distinct in the dorsal striatum, and form a labyrinth-like structural network nestled by the 

surrounding matrix (Graybiel and Ragsdale, 1978). According to adult mammalian studies, 

striosomes constitute around 15% of the total striatal volume, and present largely in the caudate 

nucleus and the putamen in primates. The individual striosomal compartments tend to present in 

circular or elliptical shapes, generally with smooth contours. The borders of the striosomes are not 

always crisp and well defined, and there has been considerable debate on the existence of cell-poor 

annuli that lie between the striosomal and matrix compartments (Faull et al., 1989). Primate 

studies have indicated that striosomes are easily identifiable in the associative and limbic portions 
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of the striatum (majority of the caudate nucleus and the ventral striatum, respectively) but are less 

so in the sensorimotor areas (dorsolateral portion of the putamen) (Sadikot et al., 1992). The 

medium spiny neurons (MSNs) within each compartment tend to generate synaptic connections 

with neighbouring MSNs of the same compartment, and the dendritic trees of each MSN appear 

to be confined to its specific compartment (Graybiel, 1984; Walker et al., 1993). However, 

somatostatinergic and cholinergic striatal interneurons have been observed to cross the boundaries 

between the striosomal and matrix regions, thus leading researchers to conclude that they may 

provide a link between the two compartments (Gerfen, 1984; Bolam et al., 1988). Finally, as the 

neurochemistry and connectivity of the ventral striatum does not directly reflect that of the dorsal 

caudate nucleus and putamen (Ferrante et al., 1986), it would be erroneous to describe ventral 

striatal regions that show low calbindin immunoreactivity (Prensa et al., 2003) as ‘striosomes’. As 

such, the striosomes in the ventral striatum are referred to as ‘patches’ throughout this thesis. 

To conclude, it is necessary to integrate the caudate nucleus, putamen and ventral striatal regions 

together with the striosome and matrix neurochemical compartments in order to gain a wider 

picture of the sensorimotor, associative and limbic roles of the entire striatum (Figure 2.2).



???

Figure 2.2 Schemac showing the distribuon of the limbic, sensorimotor and associave                   
territories within the human striatum across broader regions of the caudate nucleus, putamen and 
ventral striatum and in addion the striosome and matrix neurochemical compartments. The           
striosomes recieve a high amount of limbic-centric informaon, parcularly the striosomes located 
in the medial striatum (caudate nucleus). Striosomes in the lateral striatum (putamen) also recieve 
limbic-centric infomaon.  The ventral striatum is primarily involved in limbic informaon               
processing, but it is unclear what roles the ventral striatal patches hold.

CN = CN = caudate nucleus, Put = putamen, VS = ventral striatum

CN

Put

VS

Striosome

Matrix
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2.1.2 Classical Basal Ganglia Circuitry 

This section describes the circuitry of the basal ganglia, which relies on the combination of 

glutamatergic (excitatory) and GABAergic (inhibitory) signals that progress through the different 

basal ganglia nuclei. In current research, the most investigated cortical-subcortical basal ganglia 

circuit is the ‘motor circuit’ (section 2.1.2.2), which contains sub pathways called direct and 

indirect pathways. The activation of striatal neurons involved in the direct pathway are postulated 

to inhibit the GPi and the SNr. Conversely, the activation of striatal neurons involved in the 

indirect pathway are thought to produce a general excitatory effect on the output basal ganglia 

nuclei, and thus excitatory effects on the cortex. Critically, the balance between the direct and 

indirect pathways is modulated by the differential actions of dopamine on different striatal neuron 

populations (DeLong and Wichmann, 2007). Dopamine produced by the cells in the SNc is 

transmitted to the striatum, and by acting on striatal neurons containing D1 receptors, increases 

activity of the direct pathway. The action of dopamine on striatal neurons containing D2 receptors 

reduces activity of the indirect pathway. The combination of dopamine modulating the direct and 

indirect pathways results in reduced GPi and SNr activity (DeLong and Wichmann, 2007). 

However, a decrease in striatal dopamine would result in increased activity of the GPi and SNr, 

resulting in Parkinsonian-like bradykinesia (DeLong and Wichmann, 2007). Rodent studies have 

investigated MSN types involved in the direct and indirect pathways (Doig et al., 2010; Fujiyama 

et al., 2011; Huerta-Ocampo et al., 2014) and suggest that both the striosome and matrix 

compartments contain direct and indirect linked MSNs (Fujiyama et al., 2011).  However, there is 

little concrete evidence on the proportions of the direct and indirect linked MSNs within the 

striosome and matrix complexes in the human striatum. The following sections describe the basal 

ganglia circuitry in more detail, before focusing on the striosome/matrix compartments, and the 

cellular types of the striatum.  

 

2.1.2.1 Cortico-Striato-Thalamo-Cortical Pathways 

The basal ganglia, as a collection of nuclei with vastly different roles, show their diversity in terms 

of the contributions to motor, associative and limbic circuits. This is reflected when the inputs they 

receive from various but specific cortical areas are processed, traversing various regions of the 

striatum. These inputs are then forwarded to the thalamus, and are then again sent to the cortex, 

producing specific motor, associative and limbic circuits that relate to normal motor function, 

associative/cognitive information and limbic/mood and behavioural function. The purist view as 

propagated by Alexander et al is that these circuits remain completely segregated from each other 

(Alexander et al., 1986). However, Joel suggests that while these circuits do exist as separate 
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entities, they need to be considered on some level as an interconnected, all-encompassing model, 

as most diseases that affect the basal ganglia present with symptoms that reflect changes across the 

motor, associative and limbic spectrum. Furthermore, symptoms are not generally limited to one 

particular circuit (Joel, 2001).  

 

2.1.2.2 Motor Circuitry 

The signals that are particular to motor circuitry originate in a range of cortical areas, such as the 

supplementary motor area, the motor cortex, the somatosensory cortex and the arcuate premotor 

area. These glutamatergic projections then are sent largely to the putamen. It should also be noted 

that at this point the striatum also receives dopaminergic inputs from the SNc, dopaminergic cells 

from the midbrain, and serotonergic cells within the dorsal raphe nucleus.  From here, the putamen 

is responsible for sending somatotopically organised projections to the GP, SNr (Hedreen, 1980), 

the ventral pallidum and the STN. These output regions then send projections to the thalamus, 

which is then essential in sending glutamatergic projections to a single cortical area- the 

supplementary motor area (Alexander et al., 1986). However, one needs to consider the co-

existence of two-sub pathways, the indirect and direct pathways. The indirect pathway entails 

GABAergic projections from the striatum (that also contain the neurotransmitter enkephalin) 

being sent to the GPe, which then in turn sends further GABAergic projections to the STN. This 

nucleus then delivers glutamatergic projections to the GPi. From here, inhibitory GABAergic 

projections are sent to the thalamus, and this ultimately results in excitatory glutamatergic 

projections sent to the cortex, chiefly the supplementary motor area. The direct pathway 

circumvents the globus pallidus externa, however a different population of GABAergic medium 

spiny neurons (MSNs) that are immunoreactive for substance-P, directly send GABAergic 

inhibitory projections to the GPi and SNr. This region then sends inhibitory signals to the 

thalamus, providing an extra variable to ‘tune’ the level of excitation of the thalamus. From here, 

the thalamus again transmits excitatory signals to the cortex (DeLong and Wichmann, 2007) 

(Figure 2.3).  

 

2.1.2.3 Associative Circuitry 

The prefrontal cortex, in particular areas 8, 9, 10 and 46 are primarily responsible for sending 

projections of associative importance to portions of the putamen that lie rostral to the anterior 

commissure, and the majority of the head, body and tail of the caudate nucleus (Parent, 1990). 

According to Joel’s model, there appear to be two circuits; a closed associative circuit and an open 

associative pathway that feeds information into the motor circuit (Joel, 2001). The former circuit 
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encompasses projections from the prefrontal cortex to the above mentioned areas of the striatum, 

which are then, upon processing, transmitted to the SNr, the mediodorsal thalamic nucleus and 

the ventral anterior thalamic nucleus, before then returning to the cortex. However, the open 

model reflects projections from the striatum to the globus pallidus interna and the ventral anterior 

thalamic nucleus, before this pathway terminates in the premotor cortex. From the premotor 

cortex, projections are sent to the motor portions of the striatum, thus linking the associative and 

motor circuits of the basal ganglia (Figure 2.4).  

 

2.1.2.4  Limbic Circuitry  

In terms of the striatum, the limbic portions are proposed to be most heavily involved in limbic 

functions. Projections are typically sent from the medial and orbitofrontal cortices to the ventral 

striatum, and from here to the ventral pallidum. Information is then passed to the mediodorsal 

thalamic nucleus, and then back to the limbic prefrontal cortex. However, some connections are 

sent from the mediodorsal thalamic nucleus to the SNr, (open limbic pathway) providing a link 

between the limbic and associative circuits (Joel, 2001). Previous studies have shown that the 

dorsal tier of the SNc projects to the matrix neurochemical compartments and the ventral tier of 

the SNc projects to the striosomal neurochemical regions. In addition, the ventral tegmental area 

sends dopaminergic projections to the ventral striatum (Gerfen et al., 1987a; Jimenez-Castellanos 

and Graybiel, 1987; Gerfen, 1992). Furthermore, the amygdala, locus coeruleus and anterior 

cingulate cortex are also implicated in limbic information processing (Remy et al., 2005) (Figure 

2.5). 
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Figure 2.3 Schematic of motor circuitry within the cortico-basal ganglia circuit loops involving the 
transmission of GABA, glutamate and dopamine. The motor circuit requires that all three 
neurochemicals work in a concerted manner to modify each other, to enable seamless motor 
function (Figure modified from Jahanshahi et al., 2015) 

SNpc = substantia nigra pars compacta, SNpr = substantia nigra pars reticulata, GPe = globus 
pallidus externa, GPi = globus pallidus interna, DRN = dorsal raphe nucleus, STN = substantia nigra 
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2.1.3 The Roles of the Striosome and Matrix compartments in the Basal Ganglia Circuitry 

Evidence so far suggests the striosomal compartments are intricately interconnected with the 

limbic circuitry of the basal ganglia, whereas the matrix compartment is linked with the 

sensorimotor and associative networks (Crittenden and Graybiel, 2011). While this particular 

model is based on rat studies, it indicates that the striosomes, in particular those that are located 

in the dorsomedial caudate nucleus, receive a significant portion of limbic input from the relevant 

cortices. This level of circuitry needs to be considered in conjunction with the overall 

representation of the limbic, sensorimotor and associative areas of the brain. It provides a lens of 

examination that is more sensitive to the varied differences in connections and networks of the 

basal ganglia (Graybiel, 1990). Furthermore, this view suggests that pre-limbic afferents to the 

striatum are distributed in a way where they are embedded amongst afferents from other cortical 

areas, providing an opportunity for optimal integration of neuronal signal.  

 

2.1.4 Cellular Types of the Striatum 

There are diverse populations of cells within the striatum, however the most prevalent cell type is 

the medium spiny neuron (MSN).  The MSN with spine rich dendrites shows a significant variety 

of dendritic morphology and spine density, particularly more so in the human than in other species 

(Graveland et al., 1985). This cell type comprises around 95% of the total cell population in the 

striatum (Kemp, 1968; Graveland et al., 1985). During Golgi preparations, it is the most frequently 

impregnated cell type of the human striatum (Koelliker, 1896; Ramon-y-Cajal et al., 1996). 

Additionally, it is the principal output neuron of the neostriatum (Preston et al., 1980), and is 

responsible for integrating complex neuronal information to areas downstream of the striatum in 

the basal ganglia. In Huntington’s disease, this is the cell type that is most profoundly affected by 

neurodegeneration, where they are prone to an alteration in dendritic morphology (Graveland et 

al., 1985; Ferrante et al., 1991). According to Graveland et al (1985), these neurons typically have 

a diameter of 17μm, and the shape of the cell body varies widely from spheroid to ovoid or 

pyramidal. Primary dendrites are typically between four to five in number, and are smooth in 

contour, while spines generally appear on secondary, tertiary or higher order branching dendrites. 

The spines themselves are of different shapes, ranging from thin, stubby or mushroom-shaped. 

Spine density of each individual MSN varies widely, and a MSN with a rich spine density can co-

exist next to a MSN with a low dendritic spine density.  

 

The principal marker for MSNs up until recently has been a calcium binding protein called 

calbindin. The confirmation of calbindin as a MSN marker arose from the comparison of golgi 
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stained cells in the HD striatum with calbindin stained cells in HD striatum (Ferrante et al., 1991). 

The golgi stained cells matched previous antatomical descriptions of MSNs (Graveland et al., 

1985)  The morphology and structure of the golgi stained cells in the Ferrante study matched the 

calbindin stained cells in every category of the post-mortem HD cases examined, thus justifying 

the use of calbindin as a general MSN marker. In particular, calbindin-positive MSNs were 

reported to be more prevalent in the matrix, however these neurons are observed to be sparsely 

distributed in the striosomal compartments (Selden et al., 1994). 

 

The other cell types that constitute the rest of the neuronal cell types in the striatum are medium 

sized to large nerve cells with somatic spines, large multipolar nerve cells with extended dendrites 

large aspiny nerve cells, and small to medium sized aspiny nerve cells (Braak and Braak, 1982). 

These cell types mostly make up an interneuronal cell population in the striatum (Waldvogel et 

al., 1999). The large aspiny interneurons exhibit cell bodies that are around 50-60 µm in diameter, 

and also possess a few stout dendrites. These particular neurons are termed striatal cholinergic 

neurons (Levey et al., 1983), and altogether constitute less than 2% of the total population of 

striatal cells (Phelps and Vaughn, 1986). The smaller sized interneurons are typically subdivided 

into two categories, these being interneurons which show immunoreactivity for parvalbumin 

(Kawaguchi, 1993) and those that show immunoreactivity for somatostatin (Takagi et al., 1983) 

and neuropeptide Y (Smith and Parent, 1986). The parvalbumin-positive interneurons are roughly 

around 15 µm in diameter, and typically possess up to eight dendrites that exist close to the cell 

soma. The interneurons that exhibit immunoreactivity for somatostatin have cell bodies that are 

approximately 12 µm in diameter, and generally have three or four long dendrites that possess fine 

tufted appendages (Parent et al., 1995).  

 

 

2.2 Neurochemistry of the Striatum 

The neuropeptides calbindin, enkephalin and the GABAA β2,3 subunits were chosen for further 

examination in the striatum due to their abilites of identifying either the striosomes (enkephalin 

and the GABAA β2,3 subunits) (Tippett et al., 2007) or the matrix (calbindin) (Gerfen, 1984; 

DiFiglia et al., 1989; Tippett et al., 2007).  
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2.2.1 Calbindin 

More formally known as calbindin D-28k (which denotes its dependence on vitamin D for 

appropriate functioning and its molecular weight of 28 kilodaltons) (Christakos et al., 1979), this 

neuropeptide functions primarily as a calcium binding protein. Physiologically it acts as an 

intracellular calcium buffer (Heizmann, 1984), and is responsible for maintaining intracellular 

homeostasis (Persechini et al., 1989). This role is particularly relevant in Huntington’s disease, as 

the disease results in an increase in intracellular Ca2+, and thus neuronal death (Kiyama et al., 

1990; Baimbridge et al., 1992). This allows calbindin to act in a compensatory manner to reduce 

the amount of cell death. Calbindin also elicits fast calcium transient currents in Purkinje cell 

dendrites in the cerebellum which is the process essential for motor learning (Schwaller et al., 

2002). In post-mortem striatal tissue, calbindin is regarded as a reliable matrix marker (Gerfen, 

1984). Furthermore, as stated previously, calbindin is known as the primary marker for striatal 

MSNs (DiFiglia et al., 1989) and has been used for this purpose in a variety of papers (Seto-

Ohshima et al., 1988; Kiyama et al., 1990; Ferrante et al., 1991). 

 

2.2.1.1 Regional and cellular distribution in the striatum 

Calbindin immunoreactivity appears to be widely hetereogenous in the striatum, following a 

dorsoventral gradient that increases more in immunoreactivity as one proceeds dorsally. In the 

dorsal striatum and the putamen there are several regions that exhibit low calbindin 

immunoreactivity, as denoted by weak staining in the neuropil and the cell bodies. These 

calbindin-poor regions have long since been identified as striosomes (Prensa et al., 1999). 

However, within the matrix portion of the dorsal striatum and the putamen, calbindin is noted to 

be particularly abundant in the perikyra and the dendrites of MSNs. In the ventral striatum the 

calbindin-poor regions, or the ventral striatal patches, are completely devoid of weakly-stained 

calbindin-positive cells and calbindin-positive neuropil. Conversely, most of the surrounding 

‘matrix’ in the ventral striatum exhibits an increased amount of calbindin-immunoreactivity, 

throughout the cell bodies and the neuropil (Prensa et al., 1999).  

 

2.2.2 Enkephalin 

Enkephalin is generally defined as an opioid pentapeptide, and can exist in either of two isomeric 

forms (Simantov et al., 1977) however there is no strict distinction between the two forms 

throughout the literature. This neuropeptide maintains a conservation of function as indicated by 

its presence in striatopallidal neurons across different species including fish, birds, and mammals 

(Reiner, 2010). Evidence produced by P.C. Emson and colleagues indicates that enkephalin 



 

19 
 

remains stable in post-mortem human brain tissue for some time after death; this strengthens the 

use of this particular neuropeptide for characterisation of the striosome/matrix complexities in the 

striatum (Emson et al., 1980). Recently, Banghart and colleagues have indicated that enkephalin 

is responsible for the disinhibition of MSNs involved in the direct pathway, located in 

patches/striosomes. As these specific MSNs provide direct input to dopamine neurons located in 

the substantia nigra pars compacta, these findings indicate that enkephalin may indirectly 

modulate striatal dopamine levels (Banghart et al., 2015). However, this study was performed on 

mice, where enkephalin has characteristically been shown to exhibit high immunoreactivity in the 

matrix, rather than the striosomes. This is in direct opposition to results in post-mortem human 

brain tissue, and thus the speculation about the functions of enkephalin need to be treated with 

some caution.  

 

2.2.2.1 Regional and cellular distribution in the striatum 

In 1997, Holt and colleagues observed that staining post-mortem human striatal tissue for 

enkephalin produced low levels of staining in the matrix compartment, and the striosomes were 

indicated by more moderately stained zones of enkephalin stain, often with enkephalin-poor cores. 

It was also noted that the enkephalin rich zones of the dorsal caudate nucleus exhibited more 

immunoreactivity for enkephalin than those in the putamen (Graybiel et al., 1981; Ferrante et al., 

1986) and the ventral portion of the striatum was also noted to have more enkephalin overall than 

the dorsal (Holt et al., 1997). This is consistent with current understanding of the neurochemical 

markers that are particular to the striosomes in the dorsal striatum. 

 

2.2.3 GABAA β2,3 receptor subunit 

GABA is known as the major inhibitory neurotransmitter and is prevalent in the human brain, 

and for instance is present in the human cortex. Here, it is found in or acting on around 20-44% of 

cortical neurons (Ribak and Yan, 2000). It is synthesised by the alpha-decarboxylation of 

glutamate by glutamate acid decarboxylase (GAD). The rate-limiting step of the GABA synthesis 

process rests with the activity of GAD, as it is thought to be chiefly responsible for the steady-state 

concentration of GABA in vivo. GABA exerts its effects via a multitude of ligand-gated receptors 

including G protein coupled receptors, however most of the physiological actions of GABA are 

mediated by the GABAA receptor. The GABAA receptor is particularly relevant in light of normal 

and diseased basal ganglia function when one considers that it is heavily involved in the regulation 

of brain excitability (Fritschy 1999), in circadian rhythms (Turek and Van Reeth, 1988) cognition 

and memory (Paulsen and Moser, 1998). The GABAA receptor is composed of many potential 
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subunits. The β2,3 subunits in particular are present on MSNs within the human basal ganglia 

(Waldvogel et al., 1999) Thus this receptor alone, in particular the β2,3 subunits, will be examined 

in this thesis. 

 

This receptor is part of a family of ligand-gated ion channels, with each receptor composed of five 

subunits, that can be composed from a potential nineteen subunits (six α, four β, three γ, one δ, 

one δ, one ε, one θ, three ρ), although some subunits tend to be more favoured than others in their 

incorporation into receptors. The particular combination of subunits for each receptor determines 

the physiological and pharmacological properties of that particular receptor (Sieghart, 1995). Each 

subunit consists of four transmembrane domains, a large N-terminal extracellular domain, and a 

large intracellular loop between transmembrane domains 3 and 4. The vast majority of GABAA 

receptor subtypes that are present neuronally appear to be composed of a combination of alpha, 

beta and gamma subunits. These receptor subtypes are also the ones that have been studied in 

more detail (Hevers and Lüddens, 1998). 

It is somewhat unclear as to the precise role that the β2 and β3 subunits hold in reference to 

pharmacological and physiological function, however these subunits are thought to play an 

essential role in the entity of a complete GABA receptor. However, Wingrove and colleagues 

(1994) ascertained that the mediatory action of loreclezole (anticonvulsant) was determined by a 

single amino acid in the β2 and β3 subunits, indicating that the presence of β2 and β3 subunits are 

required for modulatory actions of benzodiazepine-like anticonvulsants (Wingrove et al., 1994). 

 

2.2.3.1 Regional and cellular distribution in striatum 

The β2,3 subunits typically show high immunoreactivity in the striosomes, particularly in the 

dorsal striatum and the putamen (Waldvogel et al., 1999). It was also noted in this same study that 

an annular region exhibiting low levels of β2,3 stain was observed between the striosomal and 

matrix neurochemical compartments, this phenomenon was more evident in the dorsal striatum. 

In the ventral striatum, the β2,3 subunits staining intensity is reduced in striosomes-like patches, 

and this was consistent with poor staining of enkephalin, the α1 subunit, and calbindin in those 

same areas (Waldvogel et al., 1999). The population of striatal cells that are of key interest are the 

MSNs, which exhibit GABAA receptors in varying combinations on the cell body and the various 

dendrites. The β2,3 subunits showed some immunoreactivity, with punctate staining on cell bodies 

and dendrites on MSNs, this was confirmed by morphological comparison and calbindin staining. 

Furthermore, the β2,3 subunits were also present on parvalbumin-positive and calretinin-positive 

interneurons, and cells that exhibit low GAD immunoreactivity (Waldvogel et al., 1999). 
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2.3 DARPP-32 

The DARPP-32 (dopamine and cAMP-related phosphoprotein 32) is coded for by the PPP1R1B 

gene. The protein DARPP-32 primarily acts as a phosphatase inhibitor, specifically for the 

multifunctional serine/threonine phosphatase PP-1 (Svenningsson et al., 2004). The ability of 

DARPP-32 to function as a PP-1 inhibitor depends on phosphorylation on its own various sites of 

interest. In vivo and in vitro data show that DARPP-32 can be phosphorylated on a wide range of 

sites. The DARPP-32 sites which are phosphorylated are dependent on the effects of dopamine 

and whether the D1 or D2 receptor are involved. Based on this and other studies, DARPP-32 is 

thought to show particular abundance in dopaminoceptive cells. Thus, it is thought that DARPP-

32 plays essential roles in coordinating the various and many glutamatergic, GABAergic, and 

dopaminergic signals that arrive at the dopaminoceptive neurons (Kötter, 1995). 

 

2.3.1 Chemical considerations of DARPP-32 

According to the literature, DARPP-32 undergoes either phosphorylation or dephosphorylation 

due to internal dopamine signalling. The phosphorylation status and ultimate function of DARPP-

32 in a single neuron is dependent on the timing between, and the intensity of the two signals. 

When dopamine molecules attach to a D1 receptor, the cAMP signalling pathway is activated, 

and cAMP-dependent protein kinase (PKA) is activated. This kinase phosphorylates DARPP-32 

at a particular site known as Thr34. This phosphorylated ‘active’ conformation of DARPP-32 is 

classified as an inhibitor of protein phosphatase PP-1 (Figure 2.6) (Hemmings et al., 1984).  
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Figure 2.6 The activation of the D1 receptor by dopamine leads to the phosphorylation of DARPP-

32 at the Threonine 34 site by Protein Kinase A (PKA). This activated form of DARPP-32 can 

proceed to inhibit Protein Phosphatase 1 (PP1). 

 

By itself, PP-1 is involved in the dephosphorylation of receptors and channels such as AMPA 

receptors, NMDA glutamate receptors, various voltage-gated ion channels, transcription factors 

and kinases. Upon activation of the Ca2+ pathway by dopamine activating the D2 receptor 

associated protein phosphatase-2B (calcineurin) DARPP-32 is dephosphorylated at the Thr34 site 

(Fienberg et al., 1998) (Figure 2.7). This inhibits the ‘activated’ form of DARPP-32.  
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Figure 2.7 The activation of the D2 receptor by dopamine leads to the removal of the phosphate 

group on the Threonine 34 site of DARPP-32 by PP2B (calcineurin), thus inhibiting the activated 

form of DARPP-32. 

Furthermore, there are two other sites of phosphorylation on DARPP-32 that modulate 

phosphorylation at Thr34. Phosphorylation on Ser137 by casein kinase 1 (CK1) reduces the rate 

of dephosphorylation of Thr34 by calcineurin (Fernandez et al., 2006) (Figure 2.8) 

Figure 2.8 Phosphorylation on the Ser137 site of DARPP-32 by casein kinase 1 reduces the rate of 

dephosphorylation of Thr34. 
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However, phosphorylation on Ser102 (mediated by casein kinase 2, or CK2) elevates the rate of 

phosphorylation of Thr34 by PKA (Figure 2.9). There are other factors that alter the activity of the 

various peptides that are involved. For example, suppression of CK1 activity occurs due to its own 

autophosphorylation. Yet, when calcineurin dephosphorylates CK1, this enhances the 

phosphorylation of Ser137. 

Figure 2.9 Phosphorylation of DARPP-32 on the Ser102 site elevates the rate of phosphorylation of 

the Thr34 site by PKA. 

 

Another ‘inactive’ form of DARPP-32 is generated by phosphorylation on Thr75 by cell division 

protein kinase 5 (CDK5) (Bibb et al., 1999) (Figure 2.10). PKA is inhibited by this particular 

conformation of DARPP-32, reducing its ability to promote dopamine signalling on targets of 

PKA. 

Figure 2.10 Phosphorylation of the Thr75 site on of DARPP-32 produces an inactive form of DARPP-

32 
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These targets of PKA include AMPA glutamate receptors and CREB, providing a crucial link as 

to how dopamine and glutamate signalling are linked in neuronal functioning. Glutamate in 

particular can negate Thr34 site phosphorylation on DARPP-32 by activating NMDA and AMPA-

type receptors (Nishi et al., 2002). Conversely, glutamate can cause activation of the CK1 

associated pathway leading to dephosphorylation of DARPP-32 at Thr75 (Nishi et al., 2002). This 

results in an increase in PKA and thus increased phosphorylation of the Thr34 site on DARPP-

32. Other glutamate-related mechanisms causing increased phosphorylation of the Thr34 site 

include dephosphorylation of the Thr75 site of DARPP-32, and increased cAMP formation from 

adenosine receptor activation (Nishi et al., 2002; Nishi et al., 2003). GABA can also increase 

Thr34 site phosphorylation through the inhibition of PP-2B (Snyder et al., 1994). From this, it is 

understood that DARPP-32 acts as either a PKA inhibitor or a PP-1 inhibitor, and its particular 

conformation at any given moment is controlled by the activity of various signalling pathways. As 

DARPP-32 functions within these signalling pathways, it leads one to conclude that DARPP-32 

plays essential roles in coordinating dopaminergic, glutamatergic and GABAergic inputs to ensure 

the effective functioning of the cortico-striato-thalamo-cortical loop (Fernandez et al., 2006).
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2.3.2 The distribution of DARPP-32 in non homo sapiens brain 

It has been apparent in previous literature that DARPP-32 was thought to be present in almost all 

striatal neurons, particularly in the rat (Ouimet et al., 1984; Anderson and Reiner, 1991). 

Furthermore DARPP-32 is found in cells that contain the D1 and the D2 receptors (Anderson and 

Reiner, 1991). Ouimet’s 1984 study in male Sprague-Dawley rats indicated that DARPP-32 

immunoreactivity was high in the striatum, nucleus accumbens, olfactory tubercle and certain 

portions of the amygdala. While a mostly uniform distribution of the DARPP-32 positive 

projection neurons were noted throughout the striatum, ‘nests’ of labelled neurons were also 

observed. In the globus pallidus, DARPP-32 showed high immunoreactivity in the fibres and 

puncta, but no neuronal body staining is observed. Some degree of immunofluorescence was also 

observed in the prefrontal cortex, cingulate cortex, the entorhinal cortex, and the hippocampus 

(Ouimet et al., 1984). However Agnati et al have indicated that patches of high DARPP-32 

immunoreactivity were observed in the rat caudatoputamen (Agnati et al., 1988). Various studies 

have revealed that DARPP-32 is fairly abundant in basal ganglia structures (Durstewitz et al., 

1998; Reiner et al., 1998; Smeets et al., 2001). Smeet’s study in Gecko gekko (2001) indicated that 

DARPP-32 was present in lizard telencephalon, particularly in the striatum, olfactory tubercle, 

lateral cortex, midbrain tectum and spinal cord. Immunohistochemical staining revealed that 

definitive patches of high DARPP-32 immunoreactivity, constituted by clusters of cell bodies and 

their neuropil, were present in the lizard striatum. However, the study does not indicate in any 

way that these patches may be recognized as striosomes (Smeets et al., 2001). It is also particularly 

interesting to note that these patches of intense DARPP-32 staining also colocalised with networks 

of high TH activity (denoted by intense fiber stain). 

A thorough immunohistochemical study of DARPP-32 was conducted in the lungfish brain 

(López et al., 2017) and established the presence of DARPP-32 in dopaminoceptive cells in the 

striatum but did not elaborate on any striosomal or matrix differences. Rhesus monkey studies also 

indicate that DARPP-32 immunoreactivity is present in high quantities in the basal ganglia 

(Ouimet et al., 1992). It was noted that the striatal neurons specific for DARPP-32 

immunoreactivity were of medium size, and their cell bodies ranged from 10-15 µm in diameter, 

and further analysis classified these neurons as MSNs. Dendrites and spines were also stained for 

DARPP-32. The distribution of the DARPP-32 positive MSNs was observed to be sporadic in the 

striatum, and clusters of increased DARPP-32 positive cell bodies and neuropil were apparent. 

Thus, this particular study suggests that the patchy appearance of DARPP-32 in the striatum could 

be associated with the striosome and matrix architecture as described by Graybiel and Ragsdale 

(Graybiel and Ragsdale, 1983).  
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2.3.3 The distribution of DARPP-32 in the homo sapiens brain  

DARPP-32 has been examined in post-mortem human brain tissue using a variety of techniques 

over the years. These techniques range from phosphorylation assays (Raisman-Vozari et al., 1990), 

western blotting techniques (Ishikawa et al., 2007) and qPCR (Kunii et al., 2014). Historically, 

there have been some difference of opinion regarding the distribution of DARPP-32 in the striatum 

using immunhistochemical tecnhiques. Agnati et al stated that DARPP-32 immunoreactivity was 

observed in a ‘patchy’ organisation in the striatum, and also provided evidence to support the 

complementary distribution of enkephalin (a noted marker of striosomes) in the rat striatum 

(Agnati et al., 1988). It was also stated that there was a large degree of overlap regarding TH and 

DARPP-32. Recent immunohistochemical studies in post-mortem human striatal tissue have 

utilised DARPP-32 as a MSN marker (Guo et al., 2012; Morigaki and Goto, 2016) but do not 

point out any ‘patchy’ appearance of DARPP-32 in the human striatum, nor are there any 

descriptions of the distribution of DARPP-32 in the neurochemical compartments (striosomes and 

matrix) of the caudate nucleus, the putamen, and the ventral striatum. 

 

 

2.4 Distribution of Dopamine System Components in the Human Striatum 

Tyrosine hydroxylase (TH) is known to be the rate limiting enzyme in the production of dopamine, 

and is present in axons of cells involved in dopaminergic pathways (Graybiel et al., 1987).  

Immunohistochemical analyses in post-mortem human striatum have shown that in the normal 

caudate nucleus, TH displayed patches of reduced immunoreactivity amidst a background of high 

TH immunoreactivity (Ferrante and Kowall, 1987; Graybiel et al., 1987). Comparison with 

adjacent sections stained with acetylcholinesterase and enkephalin showed that the zones of low 

TH immunoreactivity corresponded to striosomes. These observations were consistent across the 

cat, monkey and human striatum (Graybiel et al., 1987). From this one can ascertain that TH is a 

matrix marker in the human striatum.  

The role of dopamine within the basal ganglia is highly dependent on its interactions with any of 

the receptors. Dopamine receptors are part of a G-protein coupled receptor family that can be 

divided into two groups: these are the D1-like and the D2-like receptor subgroups. The D1 and D5 

groups belong to the first subgroup, while the D2, D3 and D5 receptors belong to the latter 

subgroup (Missale et al., 1998). As mentioned previously, DARPP-32 is reliant on dopamine 

interacting with either the D1, or the D2 receptor. The stimulation of D1 receptors produces 

excitatory post-synaptic effects, while the stimulation of D2 receptors by dopamine produces 
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inhibitory effects (Surmeier et al., 2007). Previous indirect evidence has suggested that the D1 

receptors are on cells that express dynorphin and substance P, while the D2 receptors reside on 

cells that express enkephalin. These two major populations of cells are presumed to be striatonigral 

neurons and striatopallidal neurons, respectively, and are proponents of the excitatory and 

inhibitory postsynaptic effects (Gerfen and Young III, 1988; Gerfen et al., 1990). The striatonigral 

cells that contain D1 receptors (substance P/dynorphin positive) are presumed to be part of the 

direct pathway, and the striatopallidal cells that contain D2 receptors (enkephalin positive) are 

presumed to be part of the indirect pathway (Surmeier et al., 2007). These two signalling pathways 

thus work together to modulate thalamic and cortical input to the striatum. As the activated form 

of DARPP-32 requires the presence of D1 receptors, this will be the focus of this section. 

Immunohistochemical staining has shown that while D1 receptors are present throughout the 

human striatum, high D1 immunoreactivity is present in striosomes. These regions coincided with 

patches of low calbindin, confirming that D1 is present in high amounts in the post-mortem human 

striatum (Levey et al., 1993). D1 receptors are also present to some degree within the matrix 

neurochemical compartments. More specifically, D1 receptors are found on the shaft of dendritic 

spines on striatal neurons (MSNs) (Bergson et al., 1995).  

 

 

2.5 Parkinson’s Disease 

The ‘shaking palsy’ as it was known then, was first described in 1817 by James Parkinson, who 

like his father before him, and just as in the case of George Huntington, was also a physician. 

James Parkinson developed a great interest in anatomy during his medical training, believing that 

it was the only way pathological knowledge could be obtained (Jefferson, 1973). He was careful 

to distinguish the ‘shaking palsy’ from other movement disorders prevalent at the time, noting that 

“extreme slowness is always accompanied, and even preceded, by agitations of the affected parts”. 

Several scientists, anatomists and clinicians have since been compelled by the desire to understand 

the pathologic mechanisms of this neurodegenerative disease, and this work is still in progress 

today.  

 

2.5.1 Epidemiology 

The disease is apparent worldwide and occurs in several ethnic groups, however the lowest-

observed incidence occurs in the Asian and African black populations (Jendroska et al., 1994). The 

rate of incidence increases with age, leading to approximately 3% of individuals over the age of 65 
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developing the disease. Young-onset Parkinson’s disease accounts for around 5-10% of all 

Parkinson’s disease (PD) cases; this variation of PD occurs in individuals before the age of 40 

(Moghal et al., 1994). It is debated that a rural environment contributes to persons developing PD, 

and there appears to be some relation to exposure to pesticides (Biernacka et al., 2016; Sanders et 

al., 2017) however only approximately 10% of all PD cases can be attributable to pesticides. It is 

interesting to note that smoking offers a reduced risk of PD (Sharer et al., 2015) by around half. 

However, studies have indicated that this particular reduction in risk is limited to affected 

individuals who belong to a younger age bracket (Tzourio et al., 1997).  

 

2.5.2 Genetics 

As several cases of PD appear to be hereditary, it is evident that genetic factors have a role. Tanner 

et al’s  study showed that high rates of concordance were present among monozygotic twins, when 

one twin developed PD (Tanner et al., 1997). Several studies have indicated and thus concluded 

that the risk (Kitada et al., 1998) of developing PD is highest when the disease has been in previous 

generations, however it is also suggested that the likelihood of developing PD is also higher when 

common environmental factors are shared (Dick et al., 2007). These factors may include exposure 

to pesticides, as mentioned before, or to various other toxins. Some genetic analysis of PD patients 

has thus focused on the different variations of detoxifying proteins that exist in PD individuals. It 

has been found that the N-acetyltransferase 2 slow acetylator genotype was more common in 

patients with familial PD (69%) (Bandmann et al., 1997). This particular genotype was recorded 

to be less amongst patients with sporadic PD while control individuals only showed a prevalence 

of 37%.  

There have been links of PD to a variable number of mutations of the α-synuclein gene, including 

Ala53Thr (reported to occur with a high penetrance) and the Ala30Pro site (Lee et al., 2002; 

Dehay et al., 2015). However, the majority of cases encompassing those individuals in large 

families, and those in which PD occurs sporadically, do not appear to have mutations in the α-

synuclein gene, indicating that the genetic basis for PD is difficult to ascertain. This leads one to 

conclude that the development of PD is multifactorial. Furthermore, mutations on the long arm 

of chromosome 6 have been linked to a form of young-onset PD that presents without Lewy-

body formation, and is levodopa-resistant. The resulting mutated protein, parkin, is identified 

amongst the ubiquitin family of proteins that play a role in most neurodegenerative diseases 

(Kitada et al., 1998).  
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2.5.3 Clinical Features  

2.5.3.1 Tremor  

Tremor is the most characteristic physical symptom amongst PD individuals. The tremors are 

unique in the sense that they occur at a frequency between 4 – 6 Hz, are seen in the most distal 

part of a limb, and occur unilaterally. They are commonly defined as “pill-rolling” tremors, or rest 

tremors, as they occur when the patient is still, and vanish when the patient is active or sleeping. 

While it is important to distinguish between essential tremor and tremor resulting from PD, it is 

indicated in the literature that essential tremor may provide an additional risk to the individual for 

developing PD (Shahed and Jankovic, 2007). The occurrence of this symptom itself is variable 

amongst PD individuals, Hughes 1993 indicated that 69% of PD patients presented with rest 

tremor at disease onset, while 75% of their observed PD population indicated that rest tremor was 

present during the course of the disease (Hughes et al., 1993).  

 

2.5.3.2 Rigidity 

Increased resistance is often noted whilst the PD patient attempts either proximal or distal passive 

movement of a limb. The rigidity may be associated with some pain, which often leads to 

misdiagnosis of rotator cuff injury or arthritis (Broussolle et al., 2007). 

 

2.5.3.3 Akinesia (Bradykinesia) 

Bradykinesia is a physical symptom characteristic of basal ganglia dysfunction, and it is associated 

with other symptoms including poor planning, difficulty in initiating and executing movement, 

and multi-tasking (Berardelli et al., 2001). Bradykinesia initially manifests by way of slowness in 

performance of daily tasks, and latent reaction times. Other manifestations of bradykinesia include 

loss of spontaneous gestures, a noticeable loss of facial expression, and reduced arm swing (Rinn, 

1984; Lees, 1990). However, the presence of bradykinesia is often perceived to be based on the 

emotive excitatory state of the subject. The phenomenon of kinetic paradoxica in PD patients 

becomes apparent as under ordinary circumstances the patient has difficulty in initiating a 

movement, however an external trigger such as a loud bang or a yell can motivate the patient to 

respond immediately with a quick movement (Jankovic, 2008).  
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2.5.3.4 Postural deformities  

Along with the commonly observed rigidity, flexed neck and trunk posture is also observed 

amongst PD patients. The flexed position, however, are noted to develop later in the disease. Other 

abnormalities include the Pisa syndrome, a truncal deformity by which the trunk is tilted when the 

patient is in a sitting or standing position (Barone et al., 2016). Postural instability is also apparent 

in PD patients; when the patient is tested for a degree of retropulsion or propulsion, and an absence 

of response is seen, this signifies that there is a loss of postural reflexes. Much as in the case of 

deformities, these instabilities are seen in the later stages of PD. “Freezing’, or motor blocks may 

also occur during the development of PD, and it has been reported that it occurs more often in 

men than women (Macht et al., 2007). It most commonly affects the legs while the subject is 

walking, or turning a corner, and it typically arises as a sudden inability to move. This 

phenomenon can also increase the risk of fall for PD patients.  

 

2.5.3.5 Cognitive disturbances 

Working memory and spatial organization are decreased in PD (Bradley et al., 1989) and long-

term memory capabilities may also be affected, although this is somewhat dependent on the type 

of task at hand.  In particular, it is noticed that the performance of PD patients in rote memory 

tests is significantly decreased in tasks that require temporal ordering (Sagar et al., 1988) and 

conditional associative learning (Sprengelmeyer et al., 1995). Furthermore, executive functions 

can also exhibit alterations in PD. In summary, these include the adaptation of behaviour in 

response to novel environments, the processing of information and the ability to problem-solve. 

While these functions can be tested by a variety of tasks, such as the Stroop test, Tower tasks etc, 

it is shown that the ability to perform these tasks are significantly altered in PD (Boller and 

Grafman, 2000). Dementia is also a significant symptom prevalent in PD. Dementia occurs 6.6 

times more frequently in elderly patients with PD than in elderly controls (Mayeux et al., 1990). 

More recently, in 2005 it was shown that 84% of PD patients exhibited a decline in cognitive 

abilities (Hely et al., 2005).  

 

2.5.3.6 Behavioural disturbances 

Other neuropsychiatric abnormalities are present in concurrence with PD, such as obsessive-

complusive and impulsive behaviours. These have been known to include binge eating, compulsive 

shopping and gambling, and an extreme obsession with sorting and arranging of various objects 

(Miyasaki et al., 2007). These behaviours have been attributed to a dysfunction in the dopamine 
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circuitry, but the particular mechanism of these behaviours, to date, has not been well understood 

(Weintraub et al., 2006b).  

Depression is also commonly associated with PD, and is one of the main factors impairing a 

patient’s quality of life (Kuopio et al., 2000; Schrag et al., 2000; Weintraub et al., 2006a). Rojo’s 

study in 2003 indicated that over half of their PD patients examined were suffering from 

depression, and there was no noticeable link to duration of the disease (Rojo et al., 2003). It has 

also been stated that this symptom is more apparent in female patients with PD (Gotham et al., 

1986). Cognitive dysfunction, while noted to be present in PD patients, can be caused and induced 

by depression itself (Gotham et al., 1986). 

 

2.5.4 Classic Pathology of Parkinson’s Disease  

Regarding neurodegeneration, PD is classified as a diminishing of select neuronal populations. 

These include neurons in the substantia nigra pars compacta, the olfactory bulb, and the 

hypothalamus, in addition to the entorhinal cortex and cingulate gyrus. Specific to Parkinson’s 

disease is the pattern of neuronal loss in the pars compacta, the greatest loss progressing from the 

ventrolateral tier, to lesser degeneration in the medial ventral tier and even less in the dorsal tier. 

This particular pattern of neurodegeneration is the opposite of what has been observed in control 

individuals, and thus results in the loss of striatal dopamine in the putamen (Gibb and Lees, 1991; 

Riederer and Lange, 1992; Hughes et al., 1993). It believed that the presence of akinesia and 

ridigity in Parkinsonian individuals stems from this pathological mechanism (Kish et al., 1988). 

The ubiquinated inclusion bodies (aggregates) associated with Parkinson’s disease are known as 

Lewy bodies, and are discussed below.  

 

2.5.4.1 Lewy bodies 

Lewy bodies are anomalies that are present in particularly vulnerable populations of neurons, and 

in the brain stem and basal forebrain are comprised of eosinophilic inclusions with a dense hyaline 

core. However, in the cortex these inclusions lack this well-defined core. Lewy body pathogenesis 

is used to categorise PD pathology into six stages, based on the presence of Lewy bodies from the 

brainstem to the cortex (Braak et al., 2003). Lewy bodies appear to consist of neurofilaments, 

proteins that display a response to the formation of Lewy bodies themselves, and other enzymes 

that likely become trapped in Lewy bodies during their formation (Bergeron et al., 1996). The 

actual presence of Lewy bodies in neurons have been proposed to be a defensive mechanism to the 

degenerative process, however it has also been debated that the formation of these bodies alters 
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the functions of neurofilaments in axons. This would lead to altered connections from the pars 

compacta to the striatum. Consequently, the role of the Lewy body in the progression and 

pathology of PD is debatable and remains unknown (Tompkins and Hill, 1997; Colosimo et al., 

2003; Tsuboi and Dickson, 2005; Kempster et al., 2010).  

 

2.5.5 Changes to Circuitry resulting in Motor Dysfunction 

In PD, the increased GABAergic activity of the globus pallidus interna and the substantia nigra 

pars reticulata is thought to occur due to a dopamine deficiency state within the cerebrum. This 

results from two simultaneous mechanisms: reduced inhibition from the direct pathway of the 

motor circuit from the striatum, and excessive excitation from the indirect pathway from the 

striatum to the globus pallidus externa and then to the subthalamic nucleus. Altogether, this means 

that there is an increased inhibitory output of the basal ganglia to the thalamus, leading to excessive 

thalamic inhibition. In turn, this results in suppression of the motor cortex, and leads to tremor, 

rigidity and akinesia that are characteristic of PD (Graybiel, 1990; Gerfen, 1992; Jenkins et al., 

1992).  

Hausdorff and colleagues have proposed that as the basal ganglia play essential roles in modulating 

gait, balance and stride under normal circumstances, it is possible that disturbances within the 

basal ganglia occur to produce the motor abnormalities that occur during the course of PD. This 

can be correlated with findings stating that a loss of dopamine is prevalent in the putamen in post-

mortem tissue from PD patients (Kish et al., 1988), predominantly in the caudal regions of the 

putamen. This particular study also showed that dopamine loss in the putamen is noted to be 

overall more severe than dopamine loss in the caudate nucleus. Interestingly, the dopamine loss 

in the caudate nucleus exhibited a rostrocaudal gradient, in direct opposition to dopamine loss in 

the putamen. The putamen is functionally linked to motor function, and so it is proposed that 

abnormal functioning of the putamen must thus contribute to the dysfunction of the motor 

circuitry, thus resulting in the cardinal motor symptoms of PD. 

 

2.5.6 Changes to Circuitry resulting in Cognitive Changes 

It is clear that dysfunction of the frontal lobe areas contributes to loss of cognitive function in PD 

(Mayberg et al., 1990; Daum et al., 1995; Jokinen et al., 2013). In terms of how these areas are 

related to basal ganglia function, it is proposed that frontal lobe dysfunction occurs as a result of 

disruption of the associative circuitry (Agid et al., 1987). This could occur either at the level of the 

striatum or at the cortex, and is primarily driven by lesions of the mesocortical dopaminergic 

system. It is suggested that subcortical regions are affected by lesions in PD, which result in various 
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neuronal pathways being damaged simultaneously, and lead to the marked observance of 

dementia (Agid et al., 1987). According to rat studies the linked disruption of the 

mesocorticolimbic and nigrostriatal dopaminergic pathways was sufficient to cause a diminishing 

of the conditioned avoidance response (Koob 1984). In regards to the striatum, Kish and collegues 

(1988) observed a marked dopamine loss in the rostral head of the caudate nucleus (Kish et al., 

1988). Since this component of the basal ganglia receives cortical input from frontolateral 

association areas, one can thus expect changes in higher cognitive processing in PD patients 

(DeLong et al., 1983). 

 

2.5.7 Changes to Circuitry resulting in Behavioural Changes 

There are a variety of emotional or behavioural changes observed in PD individuals, including the 

presence of depression, anxiety and apathy. PET imaging studies have observed abnormal neural 

metabolic activity within the frontal lobe and striatum, the amygdala, hippocampus, and the 

anterior cingulate cortex (Mayberg et al., 1990; Boileau et al., 2008; Politis et al., 2010). A study 

by Remy and colleagues (2005) assessed dopamine and noradrenaline binding using MRI in PD 

patients, and have proposed that there is reduced dopamine binding in the substantia nigra, the 

locus coeruleus and the thalamus, and that these findings are correlated to depressive symptoms 

in PD. The locus coeruleus in particular sends noradrenergic afferents to the frontal cortex, the 

amygdala, and the ventral striatum (Remy et al., 2005). This implies that the emotional symptoms 

in PD patients are due to dysfunction in anatomical regions involved in the limbic circuitry. It has 

also been shown that a reduction in amygdala volume (Harding et al., 2002) has been found in PD 

patients. The Remy study has indicated that there is reduced dopamine binding in bilateral 

amygdala, which negatively correlated with anxiety scores. The amygdala is implicated in limbic 

processing, especially since it has connections with the anterior cingulate gyrus (LeDoux, 2000), a 

region heavily involved in the limbic system (Remy et al., 2005). Finally, the study found that there 

was reduced dopamine binding in the ventral striatum, and this was negatively correlated with the 

intensity of depression and the degree of apathy in PD patients (Remy et al., 2005). This study has 

shown that a loss of dopamine signalling in several limbic-associated areas is relevant to emotion-

related symptoms in PD.  

 

2.5.8 Changes to the Striatum in Parkinson’s Disease 

Liquid chromatography experiments conducted by Kish and colleagues (1988) show that 

dopamine loss in the putamen is generally more severe than the caudate nucleus. However, the 

loss of dopamine was not found to be homogenous, with the more caudal portions of the putamen 
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exhibiting higher levels of dopamine depletion than the rostral portions, thus the dopamine loss 

proceeded in a caudorostral manner. However, in the caudate nucleus, the gradient of dopamine 

loss progressed in the opposite direction (rostrocaudal) (Kish et al., 1988).  

 

2.5.9 Changes to the Striosomal and Matrix Compartments in Parkinson’s Disease 

While PD is largely characterised by the loss of dopaminergic cells in the SNc, the disease occurs 

due to a lack of dopaminergic innervation to the striatum that progresses from the lateral portions 

(putamen) to the medial areas (caudate nucleus). This is apparent in immunohistochemical studies 

of the basal ganglia in patients with PD, as shown by Ito (1992) and Goto (1990). Ito’s study using 

calbindin showed that striosomes were still identifiable within the matrix compartments in PD 

patients. However, in patients with a parkinsonian-like disorder, (striatonigral degeneration) a 

general marked loss of calbindin immunoreactivity was seen, and the striosome/matrix 

organization was also lost. However, the striosome and matrix complexes were preserved in the 

rostral regions of the caudate nucleus. These findings were also confirmed by Goto’s study using 

enkephalin immunoreactivity (Goto et al., 1990). Furthermore, in striatonigral degeneration, it is 

suggested that the MSNs within the matrix are more susceptible to degeneration than those in the 

striosomes (Ito et al., 1992).  Unlike the understanding developed in regard to HD and its 

heterogeneity of symptoms in correlation with striosome and/or matrix loss in the striatum, no 

apparent correlation exists with the varied symptoms of PD and its related disorders. Lack of 

striosomal changes may occur due to the effect of the medication that by observation clearly goes 

some way to ameliorating the unwanted motor involuntary actions of PD, thus masking the true 

progression of the disease. 

  

2.5.10 Alteration of Neuropeptides in the Parkinson’s Disease Striatum 

According to the Ito study (1992), calbindin staining in the PD striatum is similar to the normal 

striatum (Ito et al., 1992). A detailed cellular analysis of calbindin-positive MSNs in the various 

neurochemical compartments of the PD human striatum has not been conducted thus far. Previous 

immunohistochemical studies on enkephalin distribution in the PD striatum have indicated that 

macroscopically, enkephalin is largely preserved. It is suggested that any dopamine deficiencies do 

not affect enkephalin immunoreactivity (Goto et al., 1990). Functional changes have been 

observed in GABAergic and glutamatergic systems in PD, however there is conflicting evidence. 

Increased GABA has been observed in the caudal putamen and less definitive increases in GABA 

content have been observed in rostral putamen (Kish et al., 1986). However, other studies have 

also shown a showed a reduction in GABA levels in PD putamen and caudate nucleus (Gerlach 
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et al., 1996). While previous studies have shown the reduction of GABA receptors in the substantia 

nigra and the hippocampus of PD patients (Rinne et al., 1978), it is not known how GABA 

receptors, in particular the β2,3 subunits are altered.  

 

2.5.11 Alteration of MSNs in the Parkinson’s Disease Striatum 

Previous studies concerning the MSNs in PD (identified by calbindin) showed no significant 

decreases in comparison to the normal striatum (Ito et al., 1992) This was in contrast to the changes 

seen in Huntington’s disease (Seto-Ohshima et al., 1988). However, what is described is a 

shortening of MSN dendrite length (McNeill et al., 1988; Zaja-Milatovic et al., 2005) both in the 

caudate nucleus and the putamen. Spine density is altered significantly in the putamen, but there 

are no significant changes in the spine density of the caudate nucleus. It is hypothesised that due 

to a lack of dopaminergic input to the putamen, glutamatergic input to the spines is left unchecked, 

and thus the spines suffer the degenerative effects of oxidative stress due to excess glutamate (Zaja-

Milatovic et al., 2005). The GABAA receptor distribution on MSNs in PD has not been investigated 

as thoroughly as in Huntington’s disease.  

 

2.5.12 The Relevance of DARPP-32 in the Parkinson’s Disease Human Striatum 

As DARPP-32 relies on dopamine for its activation and molecular functioning, in order to 

understand the relevance of DARPP-32 in PD, changes to the dopamine system need to be 

examined. The substantia nigra areas that project to the putamen (caudolateral substantia nigra 

projects to the dorsal putamen, and the medial substantia nigra projects to the ventral putamen) 

appear to suffer the most degeneration (Carpenter and Peter, 1972). As these aforementioned 

substantia nigra areas provide dopaminergic input to the putamen, a dopamine deficiency is seen 

in PD putamen (Bernheimer et al., 1973; Kish et al., 1988). In contrast, while the caudate nucleus 

does show loss of dopamine, it does not show the same severity as in the putamen (Kish et al., 

1988). In particular, it is noted that PD cases must exhibit a severe decrease of dopamine to become 

clinically detectable (Bernheimer et al., 1973). This advocates the idea that less severe degrees of 

dopamine loss can be compensated for by the striatum and within the wider basal ganglia. It is 

also suggested that akinesia is particularly correlated with dopamine loss in the striatum 

(Bernheimer et al., 1973). The previous evidences indicate that there may be alterations to 

DARPP-32 in the human striatum, and in particular the putamen.  
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2.6 Huntington’s Disease 

While a number of observations about Huntington’s disease (HD) were made during the course of 

the 19th century (Waters, 1842), the official recognition of the disease was formed when George 

Huntington, a native of Long Island and a third-generation doctor, made a formal case 

presentation on February the 15th, 1872. His own observations, combined with those of his father 

and grandfather were compiled and presented as an essay titled ‘On Chorea’ which he presented 

at the Meigs and Mason Academy of Medicine at Middleport, Ohio (Winfield, 1908; Stevenson, 

1934). He correctly identified its hereditary nature, and to some extent observed that the disease is 

prone to producing disturbances in mood. While he noted that the disease appeared in adult life, 

he was unaware at the time of Mendelian genetics, which would later reveal the true autosomal-

dominant nature of the disease. Nonetheless, his observation of the relentless power that the 

disease holds still rings true to this day; “I have never known a recovery or even an amelioration of 

symptoms in this form of chorea; when once it begins it clings to the bitter end.”  The past two hundred 

years has seen many scientists, clinicians and patients band together to provide information, and 

answers to many questions, in order to further ones understanding of the disease and provide 

potential cures.  

 

2.6.1 Epidemiology 

Huntington’s disease appears at a rate of about 5-7 affected individuals every 100,000 persons 

amongst Caucasian populations, particularly amongst those that reside in Europe, North America 

and Australia. However, according to the literature, there is a lower rate of occurrence among 

Oriental populations (Kishimoto et al., 1957; Takano et al., 1998; Walker, 2007; Pringsheim et al., 

2012).  

 

2.6.2 Genetics 

The nature of this monogenic and fully penetrant disease arises from a single mutant gene (IT15) 

that resides on the 4p16.3 section of the short arm on chromosome 4. An expanded trinucleotide 

(CAG) repeat occurs in the huntingtin gene (HTT), which then results in an extended 

polyglutamine stretch in the huntingtin (HTT) protein (MacDonald et al., 1993). This 

phenomenon results in protein misfolding and aggregates, however it is debatable whether these 

aggregates are a protective mechanism against cellular death, or whether they cause cellular death 

itself (Arrasate et al., 2004). 
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2.6.3 Clinical Features 

2.6.3.1 Motor Dysfunction 

The classical characteristic symptoms of HD are involuntary movements defined as chorea (arises 

from the Greek word for ‘dance’). During the initial stages of the disease the movements tend to 

occur in the distal extremities. As the disease progresses, the undesired movements spread more 

proximally. These choreatic movements are present while the patient is awake. While it is a useful 

indicator of the presence of HD for diagnostic purposes, by itself it does not reflect the severity of 

the disease. Patients can also exhibit motor impersistence- by which they are unable to maintain a 

steady voluntary muscle contraction (Gordon et al., 2000). An example of this is the inability to 

apply steady pressure during a handshake (defined as ‘milkmaid’s grip). Slowed saccadic eye 

movements also become apparent during the diagnostic phase (Lasker and Zee, 1997). In later 

stages of the disease the symptoms of bradykinesia, akinesia and rigidity become apparent, leading 

to a much slower pace of activity. The gradual and increased progression of these motor symptoms 

eventually lead to difficulties in walking, standing, and will lead to the gain of an ataxic gait. 

Impairment in performance of daily activities that include walking, showering, dressing and 

cooking become apparent (Ross and Tabrizi, 2011). Generally, fine motor symptoms are present 

during the earlier stages of HD, while gross motor symptoms are apparent later on in the course 

of the disease. 

 

2.6.3.2 Cognitive Changes 

In some cases, issues with cognition can arise before the characteristic choreatic symptoms of HD 

itself. However, its severity can vary from person to person. HD individuals often suffer from 

impairments in executive functioning such as planning, adapting to change, organisation, and the 

acquisition of new motor skills. While short-term memory diminishes, long term memory is often 

spared (Folstein, 1989). However, as the disease progresses verbal working memories and 

visuospatial capacities are affected, in addition to association abilities and attention span (Lemiere 

et al., 2004). Various psychological tests designed to determine the abilities of HD patients in social 

situations showed that HD patients were more likely to misread situations and a range of social 

cues (Snowden et al., 2001) and cognitive slowing was also apparent.  

 

2.6.3.3 Behavioural/Psychological Changes 

Just as in the case of cognitive changes, psychiatric symptoms can also appear during the very 

early stages of HD, prior to the onset of motor symptoms. The most common and noticeable initial 
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symptom is irritability, and this can also occur through all stages of HD (Rosenblatt and Leroi, 

2000; Van Duijn et al., 2007). The way it presents is also extremely variable, ranging from domestic 

disputes to physical aggression and abuse. However, the most frequently occurring and most 

characteristic behavioural symptom is depression, which occurs in conjunction with feelings of 

low self-esteem, guilt and anxiety. This can be reflected in the suicide rates of particularly early 

symptomatic individuals (Paulsen et al., 2005). Anxiety is common in HD patients, as it can 

present particularly around the intial time of diagnosis of the disease, and patients reflect on future 

changes to their life, particularly coping with the disease and uncertainty of the future (Caine and 

Shoulson, 1983). Furthermore, psychosis can appear during the later stages of the disease. A 

combination of obsessive compulsive disorders, manic episodes, and grandiose delusions akin to 

those in bipolar disorder and schizophrenia can appear, thus making the disease sometimes very 

challenging for diagnosis (Cummings and Cunningham, 1992). 

 

2.6.4 Classic Pathology of Huntington’s Disease 

A neuropathological standard of grading for Huntington’s disease (HD) was established in 1985, 

with the publication of a classification criteria composed by Vonsattel and colleagues. This system 

of classification is current in its use to date. In total, 238 half-brain specimens were assessed using 

macroscopic and light microscopy examination (75 normal, 163 HD). Relative neuronal loss and 

gliosis were also evaluated by cell counting in 31 HD cases. Regions examined included the 

hippocampal regions, the caudate nucleus, the globus pallidus, the amygdala, thalamus and 

brainstem. However the changes observed at the caudate-accumbens-putamen (CAP) level have 

become the characteristic hallmarks of HD. In addition, clinical features were matched with the 

pathological data obtained (Vonsattel JP et al., 1985). 5 total grades of HD severity were 

distinguished, each with its own particular criteria, as follows: 

Grade 0 - Substantial clinical evidence for the presence of HD is noted in patient records, however 

no gross or microscopic abnormalities are present upon histological examination.  

Grade 1 - Macroscopically, no changes are observed, however a moderate fibrillary astrocytosis is 

present. At the CAP level, the medial half of the caudate head appears to be more affected. 

Generally, the tail of the caudate also appears to present with more neuronal loss and gliosis than 

the head.  

Grade 2 – While the anatomy of the caudate head is clearly atrophic, the convex outline of its 

ventricular surface is maintained. The lateral ventricle is also somewhat enlarged. At the GP level, 

the reduction in the relative size of the caudate is more noticeable than at the CAP level, along 
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with a definitive neuronal loss. However, the GP itself tends to remain macroscopically 

unremarkable.  

Grade 3 – At this stage, the CN appears to be noticeably shrunken, and often shows some 

discolouration. The medial ventricular surface of the CN also starts to flatten out, indicating a loss 

of medial convexity. Severe neuronal loss is noted in the medial portion of the CN, and becomes 

more pronounced in the lateral portion. Gliosis and neuronal loss is also observed in the putamen. 

At the GP level it is commonly noted that the putamen and the GP are much reduced in size.   

Grade 4 – At the CAP level the CN appears remarkably shrunken, and its medial ventricular 

surface is noticeably concave in appearance. The lateral ventricle, in particular, the anterior horn 

is quite enlarged. Neuronal cell loss is extremely severe in the caudate and putamen at the level of 

the CAP and the GP.  

It was clear that neuropathologically, the degenerative changes of HD progress along the striatum 

in an anterior-posterior, latero-medial, and ventro-dorsal manner. The key neuropathological 

changes occur in the CN, however the tail is noticeably affected during the earlier stages of HD. 

 

2.6.5 Changes to Circuitry resulting in Motor Dysfunction 

Chorea is typically characteristic of the early stages of HD and is considered to occur due to 

dysfunction of the associative areas of the striatum. It has been suggested that the degeneration of 

associative striatal projections leads to a domino-like breakdown of the execution of intended 

motor functions. The indirect pathway of the motor circuitry is said to be heavily implicated in 

this regard, the underactivity of which leads to slowed performance in a sequence of simultaneous 

activities (DeLong, 1990). This specific target results in the initial loss of enkephalin-positive 

striatal neurons that leads to reduced inhibition of the globus pallidus externa (GPe). Due to this, 

excessive glutamatergic signals are transmitted from the thalamus to the cortex. This disruption 

manifests itself as chorea. During the late stages of HD, bradykinesia, akinesia and rigidity are also 

apparent, and results as a focused degeneration of the direct pathway of the motor circuit (Reiner 

et al., 1998). A degeneration of striatal neurons that project directly to the globus pallidus interna 

(GPi) occurs, resulting in a reduced transmission of inhibitory signalling to the thalamus. Thus, 

less excitatory signals are received by the cortex, and reduced movement becomes apparent in the 

individual (Kandel et al., 2000). 
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2.6.6 Changes to Circuitry resulting in Cognitive Changes 

Joel and colleagues have suggested that the cognitive symptoms of HD reflect a disruption of the 

associative circuits to the SNR as well as the associative components of the GPe (Joel, 2001). The 

degeneration of connections (via the striatal neurons) to the SNR additionally contributes to 

reduced activity of the prefrontal cortex, further hindering normal cognitive function (Butters et al 

1985). Noticeably, the disruption of the circuits at these specific points matches particular cognitive 

defects found in HD, and are similar to symptoms displayed in patients with dorsolateral prefrontal 

cortex lesions (Weinberger et al., 1988; Lemiere et al., 2004) 

 

2.6.7 Changes to Circuitry resulting in Behavioural and Psychological Changes  

Depression and schizophrenia-like symptoms can appear in HD and are reflective of the 

dysfunction of the limbic circuit due to a breakdown of connections from the associative and limbic 

areas of the striatum. Swerdlow and Koob have suggested that overall dopaminergic input to the 

striatum is increased, thus by a series of downstream events, striatal neurons that project to the 

limbic pallidum are inhibited. This could result in a particular circuit dysfunction that is similar to 

the pathophysiology present in schizophrenia, in particular manic episodes. Conversely, in regards 

to depression, it is suggested that there is a reduced activity of the dopaminergic system, ensuing 

in an excess of corticothalamic activity, which is then proposed to be instrumental in supressing 

dominant emotional states (Swerdlow and Koob, 1987). 

 

2.6.8 Changes to the Striosomal and Matrix Compartments in Huntington’s Disease 

Although HD exists as an autosomal-dominant disorder and its age of onset does depend on the 

length of the CAG repeat (Duyao et al., 1993), a vast range of symptoms can be observed. Patients 

can exhibit motor dysfunction and/or mood symptoms, thus indicating a hetereogenetic 

representation of the disease. In 2007, Tippett and colleagues offered some understanding 

regarding this particular phenomenon, relating these differences in symptoms to a hetereogenous 

distribution of neurodegeneration amongst the striosomal and matrix compartments of the 

striatum. In this particular study, striosomal loss and matrix loss were evaluated by lack of GABAA 

receptor, enkephalin and calbindin immunohistochemical staining of post-mortem human brain 

tissue, and the dorsal caudate nucleus was primarily examined. Mood dysfunction values were 

found to be considerably higher in cases that were verified as striosomal-loss cases, as shown by a 

lack of GABAA β2,3 stain and enkephalin stain within the striosomes. These findings were 

determined as being true at clinical onset and at a later clinical assessment closer to death. Further 

details of the symptom categorization are found in Tippett et al (2007). Furthermore, cases that 
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were deemed as ‘matrix loss’ appeared to have higher clinical scores of voluntary motor 

impairment than cases where the matrix was relatively preserved (Tippett et al., 2007).  

Interestingly the striosomal neurochemical compartments have been particularly noted for their 

strong connections to regions of the limbic forebrain. These limbic regions include the anterior 

cingulate cortex, and the basolateral amygdala (Ragsdale Jr and Graybiel, 1988; Eblen and 

Graybiel, 1995). From this, the authors propose that the striosomes themselves are instrumental 

in adding weight to cortico-basal ganglia circuits. Thus it can be determined that HD is a 

heterogenous disease both in its symptom profile and in its corresponding differential 

compartmental abnormalities in the striatum (Tippett et al., 2007). 

 

2.6.9 Alteration of neuropeptides in Huntington’s Disease 

Prior studies show that there is a decrease in calbindin immunoreactivity within the Huntington’s 

disease (HD) striatum, leading to a faint distinction in the striosome/matrix patterning (Kiyama 

et al., 1990; Ferrante et al., 1991). It is noteworthy that the striosome/matrix distinction is still 

present in the HD striatum. While a marked reduction of enkephalin mRNA is present within all 

caudate nucleus and putamen regions (Augood et al., 1996), a noticeable alteration in enkephalin 

immunoreactivity within the HD striatum is often not observed (Emson et al., 1980; Marshall et 

al., 1983). The general description of GABAA receptor binding in the HD striatum shows a patchy 

loss in early HD stages, increasing to almost total loss of GABAA receptors in advanced stages of 

HD (Glass et al., 2000). In particular, the β2,3 subunits which show an elevated immunoreactivity 

in the striosomes in normal post-mortem human striatum (Waldvogel et al., 1999), show differing 

distributions in the HD striatum. These differences have been linked to differing symptom profiles 

of HD. The severe loss of the β2,3 subunits from the striosomes in HD striatum can be correlated 

to high mood disturbances in HD patients (Tippett et al., 2007). The cases that showed loss of the 

β2,3 subunits from the striosomes were referred to as ‘striosome-loss’ cases. While no strong link 

was observed with reductions of the β2,3 subunits in matrix neurochemical compartments and 

general motor dysfunction, a trend was observed (Tippett et al., 2007).   

 

2.6.10 Alteration of MSNs in Huntington’s Disease 

The degeneration of medium spiny neurons (MSNs) within the striatum are the classic 

pathological hallmark of Huntington’s disease (HD) (Ferrante et al., 1985; Albin et al., 1992) 

however the interneurons remain relatively unaltered (Cicchetti et al., 2000). Furthermore, 

conclusive studies using Golgi techniques have shown that there a range of proliferative and 
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degenerative changes that occur in MSNs. Dysmorphic changes coupled with proliferative changes 

are often seen in early or moderate stage HD, while the severely degenerative changes appear to 

be entirely found in late stage HD (Ferrante et al., 1991). The proliferative changes can include an 

increase in dendritic spine size and density, a ‘tortuous branching pattern’ of dendrites and 

recurving of the distal dendritic segments back towards the cell soma (Graveland et al., 1985). 

Furthermore, in calbindin positive MSNs calbindin immunoreactivity was observed to be 

moderately intense within the cell soma, in combination with low calbindin immunoreactivity in 

the primary and secondary dendrites. However, the most distal dendritic arborisations showed 

high calbindin immunoreactivity (Ferrante et al., 1991). There have been several studies showing 

the calbindin positive MSN degeneration in the HD striatum, with the earliest changes occurring 

in the superior and medial caudate nucleus (Vonsattel JP et al., 1985; Ferrante et al., 1986; Kiyama 

et al., 1990). It is suggested that increased neuronal calcium may contribute to excitoxicity-

mediated cell death  (Choi, 1988; Van Den Pol et al., 1990). Although calbindin (a calcium-binding 

protein) is present and can hold calcium buffering roles, a greater number of excitatory inputs can 

overpower these functions and cause cell death (Ferrante et al., 1991). It has been debated whether 

MSNs in the striosomes (Augood et al., 1996) or the matrix (Ferrante et al., 1987) are the most 

susceptible to degeneration early in the disease (Hedreen and Folstein, 1995), however one can 

infer that differential cell loss in different neurochemical compartments can be correlated to 

different clinical symptoms. For example, Tippett and colleagues have shown through 

immunohistochemical analysis with GABAA receptors that a marked neuronal loss in striosomes 

was linked to HD patients with significant mood disturbances (Tippett et al., 2007). Thus, there 

are a variety of potential morphological changes in the MSNs in HD.  

 

2.6.11 The Relevance of DARPP-32 in the Huntington’s Disease Human Striatum 

As stated in section 2.4.13, in order to understand the relevance of DARPP-32 in 

neurodegenerative disease, the role of dopamine in the diseased state must be examined, 

particularly in HD. There must be an understanding that the presence and metabolism of 

dopamine in the striatum is a direct result of any changes occurring in the substantia nigra. 

Previous studies have found some changes in the substantia nigra in HD (Bernheimer et al., 1973; 

Oyanagi et al., 1989). The Bernheimer study shows near normal dopamine values in the HD 

putamen, however there is a small but statistically significant reduction of dopamine in the HD 

caudate nucleus. Other studies have shown that more than 40% of dopaminergic neurons in the 

substantia nigra pars compacta were lost, in comparison to controls in post-mortem human tissue 

(Oyanagi et al., 1989). Furthermore, other studies have shown that tyrosine hydroxylase (TH) is 

reduced in the pars compacta and the striatum (Bédard et al., 2011), and is more specifically linked 
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to a loss of TH afferents that are proportional to striatal atrophy (Ferrante and Kowall, 1987). 

Overall, this suggests that nigrostriatal dopamine transmission is altered in HD, and may evolve 

over the course of the HD progression. DARPP-32 activation relies on dopamine interacting with 

the D1 receptor, and previous evidence has indicated that D1 receptor mRNA is initially reduced 

in HD, and then exhibits a slight increase with HD progression (Augood et al., 1997). 

The dysfunction of the dopamine pathway has been implicated in motor dysfunction (Spokes, 

1980), altered cognition pertaining to organization tasks (Lawrence et al., 1998) and psychiatric 

episodes (Epping and Paulsen, 2011) in HD. Finally, a previous study by Guo et al 2012 has also 

indicated a loss of DARPP-32 positive cells in HD striatum, however this study examined the 

putamen only. The results from this study have been extrapolated to the entire striatum, and the 

striosome and matrix neurochemical compartments of the human striatum were not taken into 

consideration (Guo et al., 2012). Together, this proposes that a further investigation of the post-

synaptic transmission of dopamine is warranted in HD.  

Finally, previous preliminary work on the immunohistochemical expression of DARPP-32 in the 

post-mortem human striatum (Arasaratnam, 2014) suggests that the distribution of DARPP-32 is 

different to that of calbindin (the preferred MSN marker). In the 2014 study the striatum was 

divided into the caudate nucleus and the putamen, and stereological-like techniques were used to 

evaluate cell numbers in normal and diseased tissue. Cell distribution across the caudate nucleus 

and putamen was not consistent, and was attributed to the striosome and matrix neurochemical 

regions. Thus, this current study was built to account for the striosome and matrix regions across 

normal, PD and HD post-mortem human striatum.  

 

2.7 Aims of the Study 

Calbindin shows a matrix-centric distribution and is the predominant marker for MSNs in the 

human striatum (Ferrante et al., 1991). However, in many animal studies, particularly rodent 

studies, DARPP-32 is the marker of choice for MSNs (Ouimet et al., 1998). DARPP-32 has also 

been used in some human studies (Guo et al., 2012; Morigaki and Goto, 2016). DARPP-32 is 

dependent on dopamine interacting with the D1 receptor for its activation, and thus it can be 

assumed that MSNs containing DARPP-32 hold important roles in the wider dopamine-

influenced basal ganglia circuitry. While some previous studies have used DARPP-32 as an MSN 

marker, these studies did not examine the wider distribution of DARPP-32 in the normal human 

striatum, regarding potential striosome and matrix differences. Thus the broad aims of this project 

are to investigate the distribution of DARPP-32 in different striatal neurochemical regions in the 

context of: 
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i) The distribution of different neuropeptides across the caudate nucleus, putamen, and 

matrix (taking into account striosome and matrix differences) in the normal and 

diseased (PD & HD) striatum. 

ii) The characterisation of DARPP-32 and calbindin neurochemistry within MSNs in the 

normal and diseased (PD & HD) striatum. 

iii) GABAA β2,3 subunit distribution on DARPP-32 and calbindin positive MSNs in the 

normal and diseased (PD & HD) striatum. 
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Chapter 3  
General Methods 
 

 

3.1 Acquisition and processing of post-mortem human brain tissue 

For the purposes of this study, fixed human brain tissue was obtained from the Neurological 

Foundation of New Zealand Human Brain Bank, located in the Centre for Brain Research at the 

University of Auckland. The families of the donors were involved in the donation process, and full 

consent was received from all family members. The study procedures were approved by the 

University of Auckland Human Subjects Ethics Committee.  

Upon donation of post-mortem human brain tissue to the Brain Bank, the brain was weighed, and 

the meninges and brainstem were removed.  Perfusion of solutions was through the basilar and 

internal carotid arteries (whole brain) or the carotid, vertebral and anterior cerebral arteries (single 

hemisphere) for fixation purposes. This was done by the insertion of winged infusion needles 

attached to plastic hoses into the respective arteries. The plastic hoses were connected to a 

perfusion pump, which then controlled the rate that the perfusion solutions were pumped through 

the arteries. The first solution used was a 1% sodium nitrite in phosphate buffer saline (PBS) (pH 

7.4) solution, leading to the clearing of residual blood from the brain, and to also produce mild 

vasodilation within the brain. This allowed a more direct and widespread fixation when the next 

solution (15% formalin in 0.1 M phosphate buffer) was pumped through the brain. After this 

manner of perfusion, the brain was postfixed in the same formalin fixative overnight (immersion 

fixation) before dissection.  

Tissue blocks were sectioned according to a set dissection procedure according to regional and 

functional anatomy. The dissected blocks were placed into fresh 15% formalin fixative for 24-48 

hours. These blocks were then transferred into a 20% sucrose solution (in 0.1 M phosphate buffer 

with 0.1% sodium azide) for a week, and then further transferred into a 30% sucrose solution (in 

0.1 M phosphate buffer with 0.1% sodium azide) for another week. Following this, the tissue 

blocks were snap-frozen with powdered dry ice, double wrapped in aluminium foil, and stored in 

a -80˚C freezer.  

In order to acquire sections, the frozen tissue blocks containing the caudate nucleus, putamen and 

the ventral striatum were extracted from the freezer, and OCT compound was used to adhere the 

block to the cutting stage of a freezing microtome (Microm HM450) and then the sections were 
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cut. A wet brush was used to pick up the cut sections, and the sections were then kept in series and 

in 48-well plates containing PBS-azide solution for long-term storage at 4˚C. In this study set, 

striatal sections that were located in the middle of the rostral to caudal axis and lay anterior to the 

anterior commissure were selected for experiments.  

 

Table 3.1 List of control cases used over the course of the study 

Case Age Sex Post-Mortem 
Delay (hours) 

Cause of Death Processes 

H160 77 Male 23 IHD IHC/ 
Densitometry 

H186 68 Male 21 IHD IHC/ 
Densitometry 

H215 67 Female 23.5 IHD IHC 

H226 73 Female 49 Mesothelioma IHC 

H227 78 Female 4 Cerebrovascular 
accident  

IHC 

H231 65 Male 8 IHD IHC 

H241 76 Female 12 Metastatic 
cancer 

IHC/ 
Densitometry 

H242 61 Male 19.5 Coronary 
Atherosclerosis 

IHC 

H243 77 Female 13 IHD IHC/ 
Densitometry 

H245 63 Male 20 Asphyxia IHC/ 
Densitometry 

IHD: Ischaemic heart disease, IHC: Immunohistochemistry  
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Table 3.2 List of Parkinson's disease cases used over the course of the study 

Case Age Sex Post-Mortem 
Delay (hours) 

Cause of Death Processes 

PD45 82 Male 18 Pneumonia IHC/ 
Densitometry 

PD50 88 Male 6 IHD IHC/ 
Densitometry 

PD52 84 Male 5 Acute myocardial 
infarction 

IHC 

PD56 74 Male 10.5 End stage Lewy 
Body disease 

IHC/ 
Densitometry 

PD58 82 Female 18  IHC/ 
Densitometry 

PD59 75 Male  16.5-40 Bronchopneumonia IHC 

PD61 75 Male 21-22 Pneumonia IHC 

PD62 71 Male 2 MRSA septicaemia IHC 

PD63 91 Female 5 Parkinson’s disease IHC/ 
Densitometry 

PD64 86 Male 13 Parkinson’s disease IHC 
 

IHD: Ischaemic heart disease, IHC: Immunohistochemistry 
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Table 3.3 List of Huntington's disease cases used over the course of the study. 

Case Age Sex Post-
Mortem 
Delay 
(hours) 

Symptom 
Profile 

Grade CAG Repeat Length Cause of Death Processes 

HC72 
 

63 Female 24 Motor 2 17/42 Pneumonia IHC/ 
Densitometry 

HC79 56 Female 4 Mixed 1 17/42 Cardio-Respiratory 
faliures 

IHC/ 
Densitometry 

HC99 68 Male 13 Motor 2 21/41 Broncho-pneumonia IHC/ 
Densitometry 

HC101 35 Male <18 Mood 1 17/44 Asphyxia IHC/ 
Densitometry 

HC103 41 Male 11 Mood 1 19/39 Renal faliure IHC/ 
Densitometry 

HC107 75 Male 3 Mixed 3 19/43 Broncho-pneumonia IHC/ 
Densitometry 

HC126 61 Male 8 Mood 2 17/43 Pneumonia IHC/ 
Densitometry 

HC142 55 Female 25 Motor 3 15/45 Chest infection IHC/ 
Densitometry 

HC147 64 Male 18 Mixed 3 27/42 Pulmonary 
thromboembolus 

IHC/ 
Densitometry 

HC148 63 Male 11-16 Mood 3 22/43 Pulmonary embolism IHC/ 
Densitometry 

HC152 60 Male 16 Mood 2 23/43 Kidney faliure IHC/ 
Densitometry 

IHC: Immunohistochemistry 
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3.1.1 Pathological Classification of Parkinson’s Disease Cases 

Histological examination was carried out by neuropathologists on at least seventeen brain regions 

from a single brain (including the substantia nigra) to ascertain whether Parkinson’s disease was 

an accurate diagnosis. Furthermore, alpha-synuclein levels and cell loss were examined in detail 

to ensure correct categorization of the brain into a broad Parkinsonian class. 

 

3.1.2  Pathological Classification of Huntington’s Disease Cases 

HD cases used in this study were confirmed though the presence of clinical symptoms and gene 

testing (number of CAG repeats). Histological examination was conducted to determine the extent 

of degeneration. Through this, a neuropathological grade was received for each HD case based on 

Vonsattel’s grading system for HD (Vonsattel JP et al., 1985). 

 

3.1.3 Symptom Categorisation of Huntington’s Disease Cases 

The clinical data for the HD cases used in this study was collected by Associate Professor L. 

Tippett and V.M. Hogg from the Department of Psychology, Centre for Brain Research, The 

University of Auckland. Through the analysis of clinical information and interviews. HD cases 

used for this study each had a minimum of 39 CAG repeats in the IT15 gene.   Each case was 

placed into one of the three symptom categories, based on a dominant symptom profile. 

Summaries for the categories are listed as below: 

Mood – HD positive individuals that predominantly displayed mood disturbances through the 

progression of the disease. Any motor symptoms displayed were very mild or were present during 

the lattermost stages of the disease. 

Motor – HD positive individuals that displayed clear movement disorders, no presence of mood 

disturbances were apparent. 

Mixed – HD positive individuals that displayed a mixture of both mood and motor disturbances 

during significant stages of the disease.  

More details are present in work done by Tippett and colleagues (Tippett et al., 2007). 
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3.2 Immunohistochemistry 

3.2.1 Single Immunoperoxidase Labeling  

The sections were selected, transferred from PBS-azide storage solution to 6 well tissue culture 

plates, and washed once in PBS-Triton (PBST) for 10 minutes (on a plate rocker at room 

temperature), following which they were washed again in PBST overnight. The next day the 

sections were washed once again in PBST (10 minutes per wash). After this, a blocking solution 

consisting of 50% methanol with 1% H202 was made and applied to the sections for 20 minutes at 

room temperature. This blocking step was to ensure that endogenous peroxidases were blocked 

within the brain tissue sections, and to reduce abberant non-specific binding. After the blocking 

step, the sections were washed again three times (10 minutes per wash) on a plate rocker at room 

temperature in PBST. The primary antibody in immunobuffer was then added at the appropriate 

dilution (determined by trials using a range of dilutions) (Table 3.), and sections were incubated in 

this solution for a 48-72 hour period on a rocker at 4˚C. The sections were then washed three times 

in PBST (10 minutes per wash) using a plate rocker to wash off any unbound primary antibodies. 

The sections were then incubated overnight in a solution containing a species-specific secondary 

antibody (Table 3.) diluted in immunobuffer. Following this, the sections were washed three times 

in PBST (10 minutes per wash) using a plate rocker to wash off any residual secondary antibodies. 

The sections were then incubated for 4 hours in ExtrAvidin diluted in immunobuffer (Sigma, 

concentration 1:1,000). The sections were then washed again three times in PBST (10 minutes per 

wash), and a DAB [3,3’-diaminobenzidine] solution was added (DAB, distilled H2O, phosphate 

buffer and H2O2). The sections were incubated in the dark on a rocker at room temperature for 7- 

10 minutes. As the result of the chemical reaction, a brown product precipitate was produced at 

the site of antigenicity. Sections were then washed in PBST (three washes; 10 minutes per wash), 

and then mounted onto gelatine chrom-alum coated slides in a 0.5% gelatine solution using a 

paintbrush. The slides were then air dried for a week at room temperature. After this, the slides 

were dehydrated through a graded alcohol series (a 75% alcohol solution for 5 minutes, a 85% 

alcohol solution for 5 minutes, a 95% alcohol solution for 5 minutes, three 100% alcohol solutions 

for 10 minutes each, and three 100% xylene solutions for 20 minutes each). A drop of mounting 

medium (DPX) was placed onto the glass coverslip and then placed carefully onto the dehydrated 

section. The coverslipped slides were then stored on trays until they were completely dry before 

imaging.  

 

 

 



 

53 
 

3.2.2 Double and Triple Immunofluorescent labelling  

The sections were selected from storage in PBS-azide and transferred to tissue-culture well plates, 

washed once in PBST (10 minutes), and incubated overnight on a plate rocker at 4˚C in a PBST 

solution. The next day, the sections were washed in PBS for a single 10 minutes wash, and the 

primary antibody/immunobuffer solution was added. Multiple primary antibodies were added to 

the same immunobuffer solution, if they were raised in different species. Control sections where 

the primary antibody was omitted were run in parallel. The sections were incubated for 2- 3 days 

at 4˚C on a plate rocker. Sections were washed (three 10 minutes washes in PBS), and incubated 

in immunobuffer containing species-specific secondary antibodies (Table 3.) that were directly 

linked to fluorophores excited by differing wavelengths on a rocker at room temperature overnight. 

To ensure that the light-sensitive fluorophores are not bleached at this stage, the plates were 

wrapped in tinfoil. The next day, the sections were then washed three times (10 minutes per wash) 

in PBS to remove excess unbound secondary antibodies. Following this, Hoechst nuclear stain 

(1:10,000) (fluorescent label for cell nuclei) was constituted in PBS and immediately added to the 

sections. The sections were incubated in this solution for a 20 minute period, and were washed 

again (two 2-minutes washes in PBS), and mounted onto chrom-alum slides. Excess PBS was 

drained off, following which the sections were coverslipped with Prolong Gold mounting medium, 

and stored in the dark at 4˚C until the next day. Nail varnish was then used to seal the coverslip to 

the slide and then left to dry at 4°C overnight. Slides were left for a week before imaging to allow 

the tissue and media to stabilize.  
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Table 3.4 Primary antibody used in immunoperoxidase and immunofluorescent studies 

Antibody Host Dilution Source 
Calbindin Rabbit 1:5,000 (DAB) 

1:2,000 (fluorescent) 
Swant; 
CB-38a 

Calretinin Rabbit 1:1,000 (fluorescent) Swant; 
CR7699/3H 

DARPP-32 Mouse 1:2,000 (DAB) 
1:1,000 (fluorescent) 

Creative Diagnostics; 
CABT-22918MH 

DARPP-32 Goat 1:500 (DAB) 
1:100 (fluorescent) 

Santa Cruz; 
sc-31519 

Dopamine 1 Receptor 
(D1) 

Guinea Pig 1:200 (fluorescent) Frontier; 
D1R-GP-Af500 

Enkephalin Mouse 1:20,000 (DAB) 
1:10,000 (fluorescent) 

Seralab; 
MAS083c 

GABAA β2’3 receptor 
subunit 

Mouse 1:20,000(DAB) 
1:2,000 (fluorescent) 

JM Fritschy  
University of Zurich 

Neuropeptide Y (NPY) Rabbit 1:10,000 (fluorescent) Sigma-Aldrich; 
N9528 

Parvalbumin Mouse 1:2,000 (fluorescent) Swant; 
PV235 

Tyrosine Hydroxylase 
(TH) 

Mouse 1:2,000 (fluorescent) Millipore; 
MAB5280 

Tyrosine Hydroxylase 
(TH) 

Rabbit 1:1,000 (fluorescent) Pel-Freez; 
P40101-150 

 

 

Table 3.5 Secondary Antibodies and Avidin-HRP Complex used in immunoperoxidase studies 

Antibody Host Dilution Source 
Biotinylated anti-
mouse IgG 

Goat 1:1000 Sigma Aldrich 

Biotinylated anti-rabbit 
IgG 

Goat 1:2000 Sigma Aldrich 

ExtrAvidin®- 
Peroxidase 

- 1:1000 Sigma Aldrich 
                                    
E2886-1-mL 
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Table 3.6 Secondary Antibodies used in immunofluorescent studies 

Antibody Host Fluorophore Dilution Source 
 
Anti-Rabbit IgG 

 
Goat 

 
488 

 
1:500 

Life Technologies 
A11034 

 
Anti-Rabbit IgG 

 
Goat 

 
647 

 
1:500 

Life Technologies 
A21245 

 
Anti-Mouse IgG 

 
Goat 

 
594 

 
1:500 

Life Technologies 
A11032 

 
Anti-Goat IgG 

 
Donkey 

 
488 

 
1:500 

Life Technologies 
A11055 

 
Anti-Goat IgG 

 
Donkey 

 
594 

 
1:500 

Life Technologies 
A11058 

 
Anti-Mouse IgG 

 
Donkey 

 
594 

 
1:500 

Life Technologies 
A21203 

 
Anti-Rabbit IgG  

 
Donkey 

 
647 

 
1:500 

Life Technologies 
A31573 

 
Anti-Rabbit IgG  

 
Donkey 

 
594 

 
1:500 

Life Technologies 
A21207 

 
Anti-Rabbit IgG  

 
Donkey 

 
488 

 
1:500 

Life Technologies 
A21206 

 
Anti-Mouse IgG 

 
Donkey 

 
647 

 
1:500 

Life Technologies 
A31571 

 

 

3.2.3 Tyramide Signal Amplification (TSA) for Triple Immunofluorescent Labelling 

The tyramide signal amplification (TSA) method uses peroxidase activation of a tyramide-

conjugated dye, similar to that in single immunoperoxidase labelling to amplify the fluorescent 

signal. Sections were processed for immunoperoxidase staining until the secondary antibody 

incubation stage. The sections were then incubated overnight in a solution containing two species-

specific fluorescent secondary antibodies (concentration 1:500) directly linked to fluorophore 

secondary antibodies) and a third secondary antibody (biotinylated) specific to the third primary 

antibody requiring TSA amplification, diluted in immunobuffer.  Plates were wrapped in tinfoil to 

prevent bleaching of fluorophores attached to fluorescent secondary antibodies. The next day, 

sections were washed three times (10 minutes per wash), and incubated for 4 hours in 

ExtrAvidin®-Peroxidase diluted in immunobuffer (Sigma, concentration 1:1,000). Plates were 

wrapped in tinfoil for the 4 hour duration. Sections were washed again three times (10 minutes per 

wash), and a TSA solution (reagents in Table 3. along with immunobuffer) was added to the 

sections for 10 minutes. After this solution was aspirated, a stop solution was added to the sections 

for an incubation period of 30 minutes to halt the reaction. Following this, Hoechst nuclear stain 

(1:10,000) was constituted in 1xPBS (fluorescent label for cell nuclei) and immediately added to 
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the sections. The sections were incubated in Hoecsht solution for 20 minutes, then washed, 

mounted, coverslipped using Prolong Gold mounting medium and sealed, as per the protocol 

described in section 3.2.2.   

 

Table 3.7 Tyramide Signal Amplification Reagents 

Reagent Dilution Source 
20x Reaction Buffer 1:20 ThermoFisher 

T20950 

Hydrogen peroxide 
(3%) 

0.0015% ThermoFisher 
B40922 

Streptavidin 488 1:250 ThermoFisher  
T20948 

Stop reagent 1:11 ThermoFisher 
B40912 

 

 

3.3 Densitometry 

3.3.1 Acquisition of images for densitometric analysis 

5 control cases, 11 HD cases and 5 PD cases were selected for analysis of neurochemical 

compartment differences in the striatum. Four serial human striatal sections were selected for 

single immunoperoxidase-labelling from each case.  Section 1 was labelled with mouse anti-

DARPP-32 (Creative Diagnostics 1:2000), section 2 was labelled with rabbit anti-calbindin (Swant 

1:5000), section 3 was labelled with mouse anti-enkephalin (Seralab 1:20,000), and section 4 was 

labelled with mse anti-GABAA β2,3  subunits (bd17 JM Fritschy 1:20,000). A Zeiss Vslide 

scanning microscope (MetaSystems, v 1.0.140) was used for high-throughput imaging to acquire 

images from the stained sections, and a CoolCube 1 mm high resolution monochrome camera and 

motorised stage were coupled to the Vslide scanner microscope for automated imaging purposes. 

The whole striatal section was scanned at 4x magnification, and striatal region boundary 

delination images were captured at a 20x magnification.  

The programme Metafer4 White Light 60 (MetaSystems, v 3.10.1) was opened (Figure 3.1) this is 

specific to the size of the slides (72 x 60). 
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In order to image a new slide, the ‘Setup’ option is opened with the following options. Once this 

has been done, the brightness and focus of the start position need to be confirmed for the prescan 

(Figure 3.1). 

 

 

 

 

 

 

 

 

Figure 3.1 Layout of brightness and focus options in Metafer4 White Light 60 software 

 

A Pre scan was taken at 2.5x magnification, and the stitched image was then opened in MetaClient 

software (Figure 3.2) and viewed using VSViewer (Figure 3.3).  

 

 

 

 

 

 

 

 

 

Figure 3.2 MetaClient view of stitched slide image 



 

58 
 

 

 

 

 

 

 

 

 

Figure 3.3 VSViewer view of stitched image 

 

In the Annotations tab, the new Group function was selected, and the polygon option was selected. 

Names were given to each polygon according to each region of interest (CN Striosome, CN 

Matrix, VS Patch, VS Matrix, Put Striosome, Put Matrix), and regions were drawn on the prescan 

image in VSViewer (Figure 3.4). For each of the six specified regions of interest, a different polygon 

colour was used for ease of understanding. At this stage, it was possible to zoom in to differentiate 

neurochemical regions more easily.   

 

 

 

 

 

 

 

 

 

Figure 3.4 VSViewer higher magnification view showing outline of striatal region of interest 
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Striosome and matrix neurochemical regions were allocated in each section by reference to 

qualitative results from published literature (Graybiel et al., 1981; Waldvogel et al., 1999) and are 

identified via immunohistochemical techniques. In each case, the section with the clearest 

striosome/matrix macroscopic differences was selected to have boundary annotations drawn on 

the section. This annotation map was compared and applied to the other sections in the specific 

case for consistency in striosome/matrix identification. The mapped final image is shown in 

Figure 3.5. 

 

 

 

 

 

 

 

Figure 3.5 Mapped and annotated final image for high magnification scan with multiple striatal 

regions. 

The VSViewer window is closed, and the Rescan ROIs option was selected in Metafer (Figure 

3.6). The system was instructed to rescan the regions of interest at 20x magnification.  

 

 

 

 

 

 

 

 

Figure 3.6 Rescan ROI option in Metafer 



 

60 
 

Once this is done, the system moves to the 20x lens, and requests that the general plane of focus is 

selected.  

 

 

 

 

 

 

 

Figure 3.7  Rescan option in Metafer at 20x magnification after general focus 

As the striatal sections were estimated to be a thickness of 30 μm post immunoperoxidase 

processing, and can thus vary throughout the section, automated focusing was used to capture the 

best z-plane at each particular point of focus. A focus map was created, and images were then 

captured across the regions of interest at the best plane of focus according to the focus map. Image 

acquisition for a single striatal slice took approximately an hour from start (low power prescan) to 

finish (end of high power imaging). Each section yielded approximately 2000-3000 images.      

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

3.3.2  Densitometric Analysis  

Post-image acquisition images were sorted according to region. The number of images per region 

would vary according to approximate size of region (matrix regions typically bigger than striosome 

regions). All images were analysed with Metamorph® software using the Integrated Morphometry 

Analysis (IMA) journal which is designed to determine the integrated density of the 

immunoreactivity. The integrated density refers to the sum of pixel intensities within a particular 

image. Four versions of the journal were made, and each version was manually thresholded to 

establish an optimal threshold for each marker (DARPP-32, calbindin, enkephalin, and GABAA 

β2’3). This was done by running a number of raw pilot images (specific to marker) through each 

journal and testing threshold staining to ensure that the representative immunoreactivity was 

appropriately and accurately captured (see Figure 3.8 with explanation of procedure). The final 

optimised journals were then applied to all cases for one marker (one journal per marker).  

 



A B

C D E

Figure 3.8 Opmisaon of integrated opcal density journal for Metamorph ® analysis with images 
A: The integrated opcal density journal used for densitometric analysis.
B: The threshold funcon within the journal (values within this image set for DARPP-32 only)
C: Raw 20x image of DARPP-32 stained striatum captured on the VSlide scanner
D: Raw image with an image mask placed on top to eliminate pixels that do not meet the threshold                
citerion
E:E: Image with the applied threshold, where all the pixels with the green mask will be assessed. The              
threshold remains consistent across all images for one marker.
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3.4 Statistical Analysis  

JMP 13 statistical software (SAS Institute Inc) was used to perform all statistical analysis. A 

summary data table was made for each marker with mean integrated density per striatal region 

and per case. The summary data were assessed for normality and homoscedascity, following which 

the appropriate statistical tests were run per group (Normal vs. PD, Normal vs. HD).  

The summary data were organized into four groups, according to marker (DARPP-32, Calbindin, 

Enkephalin and GABAA β2,3 [BD17]. Within each marker, six striatal regions were present (CN 

Striosome, CN Matrix, Put Striosome, Put Matrix, VS Patch, and VS Matrix. A Shapiro-Wilk test 

was used to indicate whether the data in each marker group (containing all six regions) was 

normally distributed, with small p-values (p < 0.05) rejecting the idea that the data was normally 

distributed. If the test was not significant (p > 0.05) the data was assumed to be normally 

distributed, and parametric methods of analysis were applied (Field, 2009). Further tests for 

homoscedasticity were conducted. These were the Brown-Forsythe, Levene’s and Bartlett’s tests. 

The Levene’s test examines the null hypothesis that the variances in different groups, are equal. It 

assesses the absolute difference between each score and the mean of the group from which that 

score was derived. The Brown- Forsythe test is similar to the Levene’s test, however the median 

value is used instead of the mean value. The Bartlett’s test is more sensitive to departures from 

normality, and is used to test the null hypothesis that all population variances are equal. 

Significance in the tests for homoscedasticity (p < 0.05) reject the hypothesis that the data is 

normally distributed. In this event, the data is proposed to be hetereoscedastic (probably not 

normally distributed), rather than homoscedastic (probably normally distributed). 

As the data was not normally distributed, a Wilcoxon test was performed to determine the 

likelihood that there would be a statistical difference between any of the striatal region groups 

within each marker (comparing normal with PD, and normal with HD). Steel with control and 

Steel-Dwass tests were used to assess for statistical differences between normal and HD symptom 

and grade groups, respectively, within each marker+region group. 

 

3.4.1 Statistics for Control vs Parkinson’s Disease Vslide data 

The data were organized in four groups, according to marker (DARPP-32, Calbindin, Enkephalin 

and GABAA β2,3 [BD17]. Each table of data for each marker was then split according to region 

(CN Striosome, CN Matrix, Put Striosome, Put Matrix, VS Patch, VS Matrix). This ultimately 

produced 24 marker+region groups (DARPP-32 CN Striosome, DARPP-32 CN Matrix…..BD17 

VS Patch, BD17 VS Matrix). Shapiro-Wilk, and Kolmogorov Smirnov tests were conducted for 
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normality, followed by Brown-Forsythe, Levene’s and Bartlett’s tests to assess homoscedascity 

within the data for each marker+region group. The spread of data was also visually assessed for 

normality. Greater preference was given to the Shapiro-Wilk test for normality assessement. As 

the data generally did not meet the criteria for normality, non-parametric Wilcoxon tests were run 

to assess for statistical differences between normal and PD groups within each striatal region 

group. 

 

3.4.2 Statistics for Control vs Huntington’s Disease Vslide data 

As in the previous section, the data was split into four marker groups, and then each marker group 

was further subdivided into region groups. This also gave 24 marker+region groups. Each 

marker+region group contained control and HD data. Normality and homoscedascity tests were 

run on each marker+region group. The spread of data was also visually assessed for normal 

distribution. As the data did not often meet parameters for normality, it did not visually appear to 

be normally distributed, and the n for HD symptom category and grade groups were small, non-

parametric tests were further conducted to assess for significant changes between control and HD 

data in each striatal region, with respect to the marker.  

Each marker+region group was analysed for normality distribution in regards to mean integrated 

density (millions) by the use of Shapiro-Wilk tests. Significance in these tests as indicated by p < 

0.05 rejects the hypothesis that the data is normally distributed, and suggests that non-parametric 

methods of analysis should be applied to the data. If the tests are not significant (p > 0.05) the data 

was assumed to be normally distributed, and parametric methods of analysis were applied (Field 

2009). Brown-Forsythe, Levene’s and Bartlett’s tests were also applied to test for homoscedasticity.  

The data in each marker+region group generally did not meet the normality criteria. As such, 

comparisons between normal (control) and HD data in each marker+region group were assessed 

with Wilcoxon tests. Comparisons between the normal and various HD symptom groups (mood, 

motor and mixed) within each marker+region group were assessed using non-parametric Steel 

with control tests. Comparisons between the normal and HD graded groups within each 

marker+region group were compared in a stepwise fashion using non-parametric Steel-Dwass tests 

to assess for statistically significant differences.  

The figure on the facing page (Figure 3.9) details a workflow of processes describing the 

combination of Sections 3.2.1, 3.3, and 3.4 to achieve the densitometry data. 

  



Metamorph

JMP 
Statistical 
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CN 
Striosome 

CN 
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Figure 3.9 Workflow of methodology used to obtain densitometric data from post-mortem human striatum 
(Normal, Parkinson’s disease and Hunngton’s disease) stained with DARPP-32, calbindin, enkephalin and 
GABAA β2,3 with DAB immunohistochemical techniques 

Microscope slide of 
post-mortem human 
striatum stained with 
DARPP-32 with DAB 
immunohistochemical 
methods

The slide is scanned using 
an automated microscope 
connected to the VSlide 
imaging system. The 
striatum is segmented 
into six different regions

Microscope pictures are 
captured at a 20x 
magnication from the 
six different regions 
from each slide

Pictures are organized into 
six different folders 
according to the region the 
pictures are acquired from

Pictures from each 
folder are analysed 
using the Metamorph 
high throughput image 
analysis software

New folders are created post 
image analysis, each 
containing Microsoft Excel 
spreadsheets detailing data 
for each picture

Microscoft Excel 
spreadsheets for each 
region list Integrated 
Optical Density, Mean 
Thresholded Area and 
Average Intensity values 
for each picture

Data from Microsoft Excel 
spreadsheets are analysed 
using JMP Statistical 
software

Graphs are produced and 
statistical tests are run to 
determine signicance
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3.5 Imaging 

3.5.1 Bright field light microscopy 

A Nikon Eclipse Ni bright field light microscope was coupled to a Nikon DS-Ri2 camera and was 

used to image immunoperoxidase (DAB) stained sections. The Nis Elements imaging software (v 

4.50, Nikon) was utilised for imaging purposes. A variety of magnification lenses were used (Plan 

Fluor 4x/0.13 NA objective, Plan Fluor 10x/0.3 NA objective, Plan Fluor 20x/0.50 NA objective, 

Plan Fluor 60x/0.85 NS objective oil lens, Plan Fluor 100x/1.3 NA objective oil lens). Low 

magnification lenses were used to help establish a general staining pattern (striosome vs matrix). 

High magnification lenses were utilised for examination of cellular morphology, dendritic 

branching and spine characterisation. Macroscopic images were obtained using a Leica DMR 

microscope (Leica MZ6) coupled to a Nikon Digital Sight DS-5M camera. ACT-2U (v 1.51, 

Nikon) imaging software was used to facilitate image capturing processes.  

 

3.5.2 Confocal laser scanning microscopy 

Double and triple immunofluorescence stained sections were viewed using an Olympus FV1000 

laser scanning confocal microscope. Images were obtained using the FV10-ASW 3.0 Viewer 

software (Olympus FV1000). 

 

3.5.3 Quantitative cell counts for confocal images 

Single sections were obtained from five different normal cases (H160, H170, H230, H242, H243) 

and double immunofluorescent labelling was performed using mouse anti-DARPP-32 and rabbit 

anti-calbindin. An Olympus FV1000 confocal microscope was used to capture five different 

striosomal regions and five different matrix regions from the dorsal caudate, from each section. 

Striosomes were identified as regions exhibiting weak calbindin stain, and the matrix as calbindin-

rich zones. This is in accordance with several papers stating the absence of calbindin stain in the 

striosomes (Ferrante et al., 1991) Images were captured at a 40x magnification. 

 

 

  



 

66 
 

  



 

67 
 

Chapter 4  
Western Blot Development and Validation 
of DARPP-32 Antibodies 
 

 

4.1 Introduction 

The two main DARPP-32 antibodies used for this study (Creative Diagnostics mouse anti 

DARPP-32 and Santa Cruz goat anti-DARPP-32) have so far not been characterized via western 

blot and immunohistochemical methods to confirm their validity, within the wider literature. 

Thus, it was necessary to validate these antibodies with western blotting techniques and to 

compare with immunohistochemistry with a previously validated DARPP-32 antibody (Cell 

Signaling rabbit anti-DARPP-32). This chapter first begins with a western blot prototype which 

then develops into a fluorescent western blotting technique that is able to combine the DARPP-32 

antibodies of interest with a housekeeping protein to further validate that the DARPP-32 

antibodies are specific for a protein which has the correct molecular weight of DARPP-32. Western 

blot optimisation methods are also included in this chapter. The next sections include a variety of 

immunohistochemical techniques to confirm the validity and the specificity of the mouse anti- and 

the goat anti-DARPP-32 antibodies for use in post-mortem human brain tissue. 

 

4.2 Tissue Homogenization 

Western blot experiments used fresh frozen human brain tissue, obtained from the Neurological 

Foundation of New Zealand Human Brain Bank. Samples of approximately 0.2 grams of total 

tissue weight for each case were obtained from blocks of fresh frozen brain tissue (striatum) from 

five cases. The cases used included H241, H146, H194, H200, and H239 (Table 4.1). Each sample 

was placed into an Eppendorf tube, and 1 mL of ice-cold PBS was added. The tubes were 

centrifuged, and the solution was then aspirated, leaving a pellet of tissue at the bottom of the tube. 

This step was conducted to remove extraneous blood from the sample. The standard 

homogenization buffer used for this study consisted of a solution with the following; sucrose (150 

mM), HEPES pH 7.9 (15 mM), KCL (60 mM), EDTA pH 8.0 (0.5 mM), EGTA (0.1 mM). The 

solution was made up with MilliQ water, and a Roche mini tablet was added per 10 mL of 

homogenization buffer. One mL of homogenization buffer and silver beads were added to each 
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sample tube, and the tubes were then spun in the bullet blender. After this, the tubes were placed 

on ice for one hour, and then spun at 14000 rpm for 10 minutes at 4°C. The supernatant was 

extracted from each tube and aliquoted. A Bio-Rad protein assay was performed, and calculations 

were conducted to determine the volume of protein needed for gel electrophoresis and western 

blotting (Table 4.2). 

 

Table 4.1 List of cases used for western blotting techniques 

Case Age Sex Post-Mortem 
Delay (hours) 

Brain Weight 
(grams) 

Cause of Death 

H146 61 M 15 1488 Ischaemic heart 
disease 

H194 68 M 22.5 1403 Coronary 
atherosclerosis 

H200 56 M 23 1358 Asphyxia 

H239 64 M 15.5 1529 Ischaemic heart 
disease 

H241 76 F 12 1094 Metastatic cancer 

 

 

Table 4.2 Protein Sample components for use in ECL western blotting techniques 

 

 

 

 

 

 

 

  

Sample number Quantity (µL) MilliQ water µL Laemelli buffer µL 

H146 3.67 6.33 10 

H194 4.98 5.02 10 

H200 3.16 6.84 10 

H239 4.14 5.86 10 

H241 8.58 1.15 10 
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4.3 Chemoluminescence Western Blotting 

4.3.1 Western Blotting Techniques 

The western blots were performed using NuPAGE gel electrophoresis. The volume of sample 

required was calculated to yield 20µg of protein from each case (Table 4.2).  The membrane was 

blocked with 5%milk /TBST for 1 hour at room temperature and then incubated with the primary 

antibody of choice in 1% milk/TBST overnight at 4°C (mouse anti DARPP-32, 1:700, Creative 

Biomart CABT-22918MH). The next day the membrane was washed 3x 10 minutes in TBST, and 

the horseradish peroxidase conjugated-secondary antibody was added (sheep anti mouse, 1:500, 

Chemicon AP326P) for 3 hours at room temperature. After this, a Fuji Film LAS-4000 scanner 

was used to visualise the bands on the membrane.  

 

4.3.2 Western Blot Results 

The Creative Biomart mouse monoclonal DARPP-32 antibody was used to label the protein of 

interest.  Western blotting analysis of the specificity of the mouse monoclonal antibody against 

human brain homogenate showed specific labelling as shown by the bands (Figure 4.1). The 

antibody labelled a doublet. The higher band corresponds to 32 kDa (DARPP-32 protein) and the 

lower band corresponds to [phosphor-Ser-137]DARPP-32, indicating that this particular isomer of 

DARPP-32 is phosphorylated at Ser-137 and Thr-34 (Desdouits et al., 1995b; Desdouits et al., 

1995a), thus implying that this isomer is more charged, and so migrates differently to the upper 

DARPP-32 band. As this initial trial was successful, further clarification with fluorescent western 

blots were run with the DARPP-32 antibodies and housekeeping antibodies.  
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Figure 4.1 Western blot experiment of DARPP-32 protein labelled with the mouse anti DARRP-32 

antibody (Creative Diagnostics). Bands were present as a doublet (bracket) with the dense upper 

band at the predicted 32 kDa, and the lower band at about 28kDa corresponding to a 

phosphorylated form. A trimer is seen at a higher molecular weight (arrow) 

 

4.4 Progression from chemiluminescence to fluorescent western blotting techniques 

Based on the western blot above, the protein concentrations for H194 and H239 were low in 

comparison to the rest, as indicated by the low immunoreactivity to DARPP-32 and the secondary 

antibody. Thus, the protein amounts were increased accordingly (H194 protein amount increased 

to 8µL, and H239 increased to 6.14 µL), and the ratios were amended as shown below (Table 4.4). 

Buffers added to the protein samples before heating include the sampling reducing agent and the 

LDS Sample Buffer (Lithium Dodecyl Sulfate Sample Buffer, Thermo Fisher). The LDS Sample 

Buffer holds a slightly alkaline pH of 8.5, producing optimal conditions to prevent protein 

denaturation. The buffer minimizes aspartyl-prolyl peptide bond cleavage, unlike the Laemelli 

buffer (Kubo, 1995), when the samples are heated at 70°C. This is due to the LDS Sample Buffer 

pH changing from 8.5 to 8. However, the Laemelli buffer can contribute to deamination and 

alkylation of proteins during the electrophoresis procedure due to the high pH (9.5) of the SDS-

PAGE gel (Thermo Fisher) (Silva and McMahon, 2014).  

H146 H194 H200 H239 H241 

40 kDa 

30 kDa 

20 kDa 
} 

Trimer 

DARPP-32 
doublet 
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Bis-Tris gel systems were incorporated for fluorescent westerns and were proposed to have more 

benefits than the SDS-PAGE gels. The Bis-Tris systems are used to minimize protein 

modifications, improve protein stability, and together with the LDS Sample Buffer, minimize 

aspartyl-prolyl bond cleavage. After the electrophoresis portion of the western blot procedure was 

completed, Odyssey Blocking buffer was used instead of nonfat dry milk or Bovine Serum 

Albumin (BSA) (Silva and McMahon, 2014). While 1% milk buffers and animal serum buffers can 

cause high membrane background and have the potential to interfere with the binding ability of 

primary antibodies, the Odyssey Blocking Buffer maintains a low background and increases the 

sensitivity of protein detection (Biosciences, 2007). As a further step, when the secondary antibody 

solutions were made, a small amount of MOPS SDS (Thermo Fisher) running buffer was added 

(1:500) to the solutions, in order to further reduce nonspecific background stain. Reagents used in 

fluorescent western blotting techniques within this study are seen in Table 4.3. 

 

Table 4.3 Reagents used in fluorescent western blotting techniques 

Reagents Source Catalogue No. 

MOPS SDS Running Buffer Life Technologies NP0001 

Transfer Buffer Life Technologies NP0006-1 

Sample reducing agent Life Technologies NP0009 

LDS Sample Life Technologies NP0007 

Antioxidant Invitrogen NP0005 

Blocking Buffer LI-COR 927-50000 

Precision Plus Ladder Bio-Rad 1610374S 
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Table 4.4 Protein sample components used in fluorescent western blotting components 

 

The fluorescent western blotting technique was also favourable because it provided the opportunity 

to identify two different proteins simultaneously under infrared red imaging, thus allowing for 

positive controls (verified housekeeping proteins). β-Actin was selected as a housekeeping protein 

because its molecular weight was more different to that of DARPP-32 than GAPDH (42 kDa for 

β-actin as opposed to 35.8 kDa for GAPDH). Primary and secondary antibodies used are recorded 

in Table 4.5 and Table 4.6 respectively.  

Table 4.5 Primary antibodies used in fluorescent western blotting 

Antibody Host Dilution Source 
DARPP-32 Mouse 1:2000 Creative Diagnostics; 

CABT-22918MH 

DARPP-32 Goat 1:1000 Santa Cruz; 
sc-31519 

β-actin Rabbit 1:1000 Santa Cruz; 
ab8227 

 

 

 

 

 

 

 

Sample number Quantity (µL) Sample reducing 
agent (10x) µL 

LDS Sample (4x) 
µL 

MilliQ water µL 

H146 3.67 2.5 5 8.83 

H194 8 2.5 5 4.5 

H200 3.16 2.5 5 9.34 

H239 6.14 2.5 5 6.36 

H241 8.58 2.5 5 3.92 
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Table 4.6 Secondary antibodies used in fluorescent western blotting techniques 

Antibody Host Fluorophore Dilution Source 
Anti-mouse Goat IRDye 800CW 1:10,000 Odyssey LI-COR 

926-32210 

Anti-rabbit Goat IRDye 680RD 1:10,000 Odyssey LI-COR 

926-68071 

Anti-goat Donkey IRDye 800CW 1:10,000 Odyssey LI-COR 

926-32214 

Anti-rabbit Donkey IRDye 680LT 1:10,000 Odyssey LI-COR 

926-68071 

 

 

 

4.4.1 Production of positive controls for DARPP-32 antibodies 

Trials were conducted on both the selected DARPP-32 antibodies in order to establish an 

acceptable dilution range. Positive controls for both DARPP-32 antibodies were produced where 

the desired DARPP-32 doublet was established.  
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Figure 4.2 Creative Diagnostics 

DARPP-32 at 1:2000 (green) and 

Abcam rabbit anti β-actin at 

1:1000 (red). 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Santa Cruz goat anti 

DARPP-32 at 1:1000 (green) and 

Abcam rabbit anti β-actin at 

1:1000 (red) 
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4.5 Confirmation of antibody specification in western blots 

4.5.1 Development of negative controls for DARPP-32 and β-actin antibodies 

Once positive controls were established, it was deemed necessary for further confirmation to run 

negative controls in conjunction with positive controls. For consistency, a gel and complete 

transfer were run (Figure 4.4), and the membrane was then divided. The lanes and ladders were 

grouped to accommodate for positive controls (2 cases & ladder), no mouse/goat anti DARPP-32 

primary antibody only (1 case & ladder), no rabbit anti β-actin primary antibody only (1 case and 

ladder), and no primary antibodies (1 case and ladder), (Figure 4.5, Figure 4.6). 

 

 

Figure 4.4 

Configuration of 

bands and ladder 

post-running of gel 

 

 

 

 

After membrane transfer was performed, the membrane was sandwiched between plastic sheets 

and divided into the four relevant sections. Each section was sealed in a separate plastic bag, and 

the designated primary antibody cocktail was added to each bag (one of four different cocktails).  

The membrane sections were incubated overnight at 4°C in the dark with their particular antibody 

mixes in accordance with the aforementioned fluorescence protocol. Throughout the washes and 

application of secondary antibody mix (same antibody mix applied across all 4 membrane 

sections), the membranes were always kept separate to each other. 
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Figure 4.5 

Positive and 

negative 

controls for 

Creative 

Diagnostics 

(mouse anti) 

DARPP-32. 

 

 

 

 

 

 

 

Figure 4.6 

Positive 

and 

negative 

controls 

for Santa 

Cruz (goat 

anti) 

DARPP-

32. 
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4.5.2 Blocking peptide use in Western blotting techniques 

A blocking peptide was acquired for the mouse anti DARPP-32 (Creative Diagnostics) in 

lyophilised form. This was reconstituted with MilliQ water and stored at -80°C.  

Table 4.7 Blocking Peptide for Creative Diagnostics DARPP-32 

Reagent  Details 

Blocking Peptide Recombinant Human PPP1R1B 

(GST) 

Creative Diagnostics  

Catalogue No: CABT22918MH-p 

 

A western blot was run using three select cases and a ladder. Once the transfer was completed, the 

membrane was divided into two halves. One half of the membrane was incubated with both 

primary antibodies (Creative Diagnostics DARPP-32 and β-actin), and the other half was 

incubated with DARPP-32, β-actin, and the blocking peptide raised against which the Creative 

Diagnostics DARPP-32 antibody was raised. As the concentration of the DARPP-32 antibody 

used successfully in western blot was ascertained to be 1:2000, the concentration of blocking 

peptide used was in excess (1:1000). The blocking peptide binds to the antibody molecules leaving 

them unable to bind to the DARPP-32 specific epitope present in the protein band on the western 

blot (Figure 4.7). 
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Figure 4.7 

Positive 

control and 

negative 

control (with 

blocking 

peptide) for 

Creative 

Diagnostics 

(mouse anti 

DARPP-32) 

 

 

The western was imaged showing successful blocking of DARPP-32 positive bands for the Creative 

Diagnostics mouse anti DARPP-32. To our knowledge, the presence of a DARPP-32 trimer has 

not been observed before in western blotting techniques. The DARPP-32 doublet and trimer are 

absent when the blocking peptide is applied to the membrane. 

 

4.6 Confirmation by Immunohistochemical Methods 

4.6.1 No primary controls 

Given the previous established use of DARPP-32 in rodent tissue as a marker for MSNs, 

immunohistochemical staining in positive and no primary control sections was tested in post-

mortem human and rat tissue, with both DARPP-32 antibodies (mouse anti Creative Diagnostics 

DARPP-32, and goat anti Santa Cruz DARPP-32). Staining was successful in the antibody 

positive sections, and an absence of immunoreactivity was noted in the no primary control sections 

(human and rat), further validating the specificity of the selected DARPP-32 antibodies (Figure 

4.8). Significantly, it was observed that the distribution of DARPP-32 in post-mortem human 

striatal tissue was sparse, and different from rodent tissue, where a high proportion of MSNs were 

stained, in accordance with previous observations.
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C - D: Posive stained and no-primary DARPP-32 (mouse) stained rat striatal ssue
E - F: Posive stained and no-primary DARPP-32 (goat) stained human striatal ssue
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Scale bar A - H: 100 µm
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4.6.2 Positive DARPP-32 staining in Homo sapiens and rodent species 

Macroscopically, both of the DARPP-32 antibodies showed a heterogenous distribution across the 

whole striatum in post-mortem human tissue. In the human there was high DARPP-32 

immunoreactivity in cells and neuropil of striosomes in the dorsal caudate nucleus and putamen, 

compared to the rat striatum (immunoreactivity seen in majority of MSNs, no differences seen 

across any orientation of striatum). At low magnification in the human striatum a marked 

heterogenous regional staining pattern was observed reminiscent of the striosome and matrix 

pattern established in previous studies using neuropeptides such as acetylcholinesterase (Graybiel 

and Ragsdale, 1978; Graybiel et al., 1981). To confirm this novel observation, another well-used 

rabbit anti DARPP-32 antibody (DARPP-32 (19A3) Rabbit mAb, Cell Signalling Technology) 

was used in post-mortem human brain tissue for histological comparison (Figure 4.9 E & F). This 

antibody has been validated in rodent and knock out mice model (Cell Signalling datasheet). 

Sections stained with the Cell Signalling rabbit anti DARPP-32 antibody (staining conducted by 

Tomoko Yoshida and Christian Wuethrich from the Graybiel lab at MIT) showed the same 

distribution of DARPP-32 immunoreactivity in post-mortem human striatum as the mouse anti 

(Creative Diagnostics) and goat anti (Santa Cruz) DARPP-32 antibodies (Figure 4.9). From this 

comparison with the rabbit-anti DARPP-32, it is clear that the mouse anti and goat anti DARPP-

32 antibodies recognise the DARPP-32 protein.  

Previous evidence has stated that DARPP-32 and calbindin show synonymous staining for MSNs 

in rodent tissue. In order to ascertain whether the mouse anti and goat anti DARPP-32 antibodies 

showed similar immunoreactivity to calbindin, single immunohistochemical experiments were 

conducted on rodent tissue. Both DARPP-32 antibodies and calbindin showed a similar 

distribution in rodent tissue, and a similar staining pattern at a microscopic level (Figure 4.9). 
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Figure 4.9 Photomicrographs showing the distinctive difference between DARPP-32 staining in 

Homo sapiens and rat. 

A - F: Immunohistochemical staining in post-mortem human striatum of the mouse anti-DARPP-32 

antibody (A,C), the goat anti-DARPP-32 antibody (B,D) and rabbit anti-DARPP-32 antibody (E,F), 

showing a heterogeneity of DARPP-32 immunoreactivity within the human striatum. Images A - F 

are from post-mortem human striatal tissue. Images A - B are from serial striatal sections and show 

an almost identical staining pattern, as also seen in C – D, where there are some areas of increased 

cell staining density. (F) is a magnification of (E) showing the patch-like distinction of DARPP-32. The 

inset in Image F shows the cellular distribution of rabbit anti-DARPP-32 positive cells in post-mortem 

human striatum.  

G - J: Macroscopic photomicrographs of rat striatal sections stained with either mouse anti- or goat 

anti-DARPP-32 (G, I) and calbindin (H, J) illustrating that macroscopically, staining of DARPP-32 

appears relatively homogenous over the rodent striatum. In addition striosomes show higher 

staining in the dorsolateral striatum and are not clearly evident compared to calbindin. Rat striatum 

stained with calbindin (panel H) is the section adjacent to the rat striatal section stained with mouse 

anti DARPP-32 (panel G). The same layout is seen between panel I (goat anti DARPP-32) and panel J 

(calbindin). 

K - N: Photomicrographs of rat striatal sections stained with mouse anti- or goat anti-DARPP-32 

DARPP-32 (K, M) and calbindin (L, N) showing that the staining pattern of DARPP-32 and calbindin 

is similar within the rat striatal tissue at a microscopic level, although it is evident that DARPP-32 

has lower immunoreactivity levels.   

Scale bars: A- B: 1 mm, C – D: 100 µm, E: 1 mm, F: 0.5 mm, image inset in F: 100 µm, G – J: 1 mm, K 

– H: 50 µm 

(Images E & F kindly gifted from Professor Ann Graybiel from the Graybiel Laboratory at MIT, and 

are part of an ongoing collaboration. Staining conducted by Tomoko Yoshida & Christian Wuethrich) 
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4.6.3 Blocking peptide use in Immunohistochemical techniques 

The blocking peptide (for Creative Diagnostics mouse anti-DARPP-32) obtained was also used in 

immunohistochemistry and compared to a positive control (DARPP-32 only) and a negative 

control (no-primary control). As in the case for western blotting techniques, an excess of blocking 

peptide was added to the solution in order for molecules to bind to the DARPP-32 antibodies, to 

thus prevent them binding to the DARPP-32 epitopes in the fixed free-floating tissue. The no-

primary section revealed no immunohistochemical staining for DARPP-32, while the positive 

control showed fibre staining and cell body DARPP-32 immunoreactivity. The section where both 

the DARPP-32 antibody and the DARPP-32 specific blocking peptide were added to the buffer 

solution exhibited no DARPP-32 immunoreactivity (Figure 4.10). This evidence confirms that the 

mouse anti-DARPP-32 is specific to the human isoform of DARPP-32.  

 

4.6.4 Overlapping of the mouse anti-DARPP-32 and the goat anti-DARPP-32 

The two antibodies used throughout this study (Creative Diagnostics mouse anti-DARPP-32 and 

Santa Cruz goat anti-DARPP-32) were combined in immunofluorescent double labelling 

experiments to ensure that both antibodies were specific for the same types of MSNs. The two 

antibodies colocalised with each other (Figure 4.11), ensuring that they consistently identified the 

same population of MSNs. The figure referenced is representative of colocalisation throughout the 

entire striatum. Furthermore, the cells identified by both the mouse anti- and goat anti-DARPP-

32 fit the morphological and size characteristics of MSNs (Graveland et al., 1985). While the cells 

identified by the two different antibodies appear to be the same, the cells identified by the mouse 

anti-DARPP-32 antibody exhibit more fibre-like staining. The cells identified by the goat anti-

DARPP-32 do not show distinct fibre staining on all cells. This could be due to the flurorescent 

donkey anti-goat secondary antibody used, where potentially a less than optimal concentration 

was used, or the secondary antibody was not filtered before use. These potential alterations appear 

to be particular to the flurorescent donkey anti-goat antibody only, and would have aided in the 

identification of fibre staining.  



No primary 

Figure 4.10 Images showing specificity of mse        
an-DARPP-32 (Creave Diagnoscs) in post-      
mortem human brain ssue.
A: Secon with primary mse an-DARPP-32       
(Creave Diagnoscs) omied showing lack of     
cellular stain and a minimal amount of background 
stain.
B:B: Secon with mse an-DARPP-32 showing cells 
and neuropil that are immunoreacve for 
DARPP-32.
C: Secon with primary mse an-DARPP-32 and 
blocking pepde, showing an absence of DARPP-32               
immunoreacvity in the cells and general neuropil.
Scale bar: A - C: 100 μm
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Figure 4.11 Overlay of both the DARPP-32 anbodies that are used in this study (Creave Diagnoscs mse        
an-DARPP-32 and Santa Cruz goat an-DARPP-32). 
A - C: a striatal secon stained under an immunofluorescent protocol at a low magnificaon showing that the 
mse an-DARPP-32 (A), and the goat an-DARPP-32 (B) produce complete colocalisaon (C) as shown by the 
cells indicated by the white arrows.
DD - F: a striatal secon at a high magnificaon showing that striatal cells that are immunoreacve for mse       
an-DARPP-32 (D) colocalise with striatal cells that are immunoreacve for goat an-DARPP-32 (E, F). These 
cells morphologically match the size and descripon of MSNs, and are indicated by the white arrows.
Scale bars: A - C: 50 µm, D - F: 20 µm
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4.7 Summary 

This chapter firstly describes the progression from chemiluminesence western blot techniques, and 

optimising protein concentrations to achieve optimal staining, to using fluorescent methods for 

western blotting, to achieve appropriate staining of the mouse anti- and the goat anti-DARPP-32 

antibodies compared with housekeeping protein for validation purposes. A blocking peptide was 

used to further validate that the mouse anti-DARPP-32 antibody identified a protein of the correct 

molecular weight of DARPP-32.  

Immunohistochemical methods were utilised to show that the mouse anti- and goat anti-DARPP-

32 antibodies showed specific staining. No-primary staining (where the primary antibody is 

omitted to test the detection system) in human and rat tissue showed no cellular nor neuropil stain. 

Post-mortem sections of human and rat brain stained with mouse anti- and goat anti-DARPP-32 

showed specific cellular staining. In the human, it was noted that both the aforementioned 

DARPP-32 antibodies displayed a patch-like staining in the human striatum. These findings were 

then matched with a previously validated rabbit anti-DARPP-32 antibody, and the same patch-

like staining was observed. As previous literature has implied that the use of DARPP-32 and 

calbindin antibodies in the identification of MSNs is interchangeable in rat tissue (Ouimet et al., 

1984), serial rat striatal sections were stained with mouse/goat anti-DARPP-32 and calbindin. 

This showed that the proportion of DARPP-32 stained cells and calbindin stained cells in rodent 

striatum were relatively similar, while DARPP-32 overall showed lower immunoreactivity than 

calbindin. The addition of a blocking peptide specifically tailored to the mouse anti DARPP-32 

eliminated positive cellular and neuropil staining in post-mortem human brain tissue. 

Furthermore, double-labelling of both the mouse anti- and goat anti-DARPP-32 showed complete 

colocalization, showing that the DARPP-32 antibodies used in this study identify identical MSN 

populations, and can be used reliably in an interchangeable manner. 
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Chapter 5  
Characterisation of DARPP-32 in the 
Normal Human Striatum 
 

 

5.1 Introduction  

The striatum is a complex nucleus divided into multiple regions. These are the caudate nucleus, 

the putamen and the ventral striatum. Each of these regions can be further subdivided into 

neurochemically distinct compartments- the striosome/patch and matrix regions. The 

striosomes/patches form a complex three-dimensional network nestled amongst the matrix 

regions, throughout the entire striatum. 

The caudate nucleus, the putamen, and the ventral striatum have different cortical affiliations and 

functionality. The matrix of the caudate nucleus typically receives information from the 

association cortices of the frontal, temporal and parietal lobes. The putamen matrix mainly 

receives information from the sensorimotor cortex, while the ventral striatum ‘matrix’ receives 

inputs from the cingulate and orbitofrontal cortices, and the amygdala (Eblen and Graybiel, 1995). 

The ventral striatum is also divided into neurochemical compartments that show high and low 

immunoreactivity. The neurochemistry of the ventral striatum tends to be reversed  from the dorsal 

caudate nucleus and putamen (Ferrante et al., 1986) and is complex in nature (Holt et al., 1997).  

It would be incorrect to assume that the regions that show low calbindin stain in the ventral 

striatum (Prensa et al., 2003) are comparable with regions of low calbindin immunoreactivity in 

the dorsal striatum. Hence, the striosomes in this area are referred to as ‘patches’ throughout this 

thesis. These ventral striatal regions are highly involved in limbic, or emotional processing (Selden 

et al., 1994). However, the striosomes in the dorsal caudate nucleus and putamen, are occasionally 

described as a ‘dorsally dissociated component of the ventral striatum’ indicating their role in 

limbic information processing. The precise functionality of the neurochemical compartments 

within the ventral striatum are undetermined as yet. 

In the dorsal caudate nucleus, the striosomes and matrix compartments hold different 

neurochemical identities, which can reflect their cortical connectivity and their functionality. The 

striosomes in general have distinct borders (Graybiel and Ragsdale, 1978; Ferrante et al., 1986). 

In the dorsal putamen, the borders between the striosomes and the matrix are not as distinct, but 
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they still exist as noticeably separate compartments. The borders can be elucidated by the use of 

immunohistochemical staining with various neuropeptides. Previous observations have indicated 

that calbindin-poor striosomes, surrounded by matrix showing moderately high calbindin stain are 

directly aligned with areas of enkephalin-positive rings of immunoreactivity (Holt et al., 1997). 

However, in the ventral striatum the boundaries of the calbindin-poor and enkephalin-poor zones 

are often in direct alignment with each other (Prensa et al., 2003). 

Levey and colleagues have previously shown that the D1 receptor is highly localised to the 

striosomes in post-mortem human brain tissue (Levey et al., 1993). Furthermore, it is hypothesised 

that the activated form of DARPP-32 is reliant on dopamine acting through the D1 receptor 

(Hemmings et al., 1984). This suggests that DARPP-32 and D1 receptors are potentially 

anatomically linked within the human striatum. Based on this and other bodies of work in non-

human species (Reiner et al., 1998; Smeets et al., 2001) DARPP-32 could be primarily localised to 

the striosomes in the human brain.  

At a microscopic level, the striatum contains a wide diversity of neuronal types. Medium spiny 

neurons (MSNs) make up approximately 95% of the total cell population in the striatum 

(Graveland et al., 1985), while interneurons contribute to approximately 5% of the total cell 

population. It is currently acknowledged that the dendritic morphology and spine density of MSNs 

are more variable in humans than in other species such as cats, rodents, and non-human primates 

(Graveland et al., 1985). Traditionally, calbindin has been used as a MSN marker in human studies 

(Ferrante et al., 1991) while DARPP-32 has been mostly utilised in rodent work (Ouimet et al., 

1984) and some human studies (Guo et al., 2012; Morigaki and Goto, 2016). Thus, it was 

imperative to compare and evaluate whether the traditional MSN marker in humans (calbindin) 

and the more traditional MSN marker in rodents/animal work (DARPP-32) identify the same 

MSNs accurately in post-mortem human brain tissue.  

A full and thorough investigation of DARPP-32 and its representation in the human striatum, in 

comparison to calbindin and other noted neuropeptides, needed to be conducted. DARPP-32 is 

closely linked with dopamine, and currently dopamine transmission in the human basal ganglia 

circuitry is not fully understood. Thus, this study would go some way to elucidate the unknown 

factors. Regional to cellular analysis was conducted in order to understand the distribution of 

DARPP-32, and to establish the validity of DARPP-32 as an MSN marker in post-mortem human 

brain tissue.  

Based on these findings of the variety of neurochemical representation amongst the different 

regions of the striatum, the priority for this study was to investigate and establish the overall 

amount of DARPP-32, calbindin, enkephalin and GABAA β2,3 within the striatum (regionally) by 
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use of high-throughput image acquisition and image analysis. In this quantitative study, the 

striatum was sectioned into six different areas (Caudate Nucleus [striosome and matrix], Putamen 

[striosome and matrix], and Ventral Striatum [patch and matrix]). Striatal sections were selected 

anterior to the anterior commissure that displayed moderately equal amounts of caudate nucleus 

and putamen, divided by the internal capsule. The ventral striatum consisted of rostroventral 

regions of the caudate nucleus and the putamen.  

As previously mentioned, D1 receptors are located in high proportions in striosomes (Levey et al., 

1993) although there is also some representation of D1 receptors in the matrix of the striatum. 

Furthermore, it has been shown that TH is highly represented in the matrix compartments of the 

human striatum (Graybiel et al., 1987; Holt et al., 1997; Morigaki and Goto, 2016). As DARPP-

32 is reliant on dopamine for its neurochemical activity (Hemmings et al., 1984) it is understood 

that tyrosine hydroxylase (TH) and the D1 receptor are implicated in the pathway that produces 

activated DARPP-32. There are very few post-mortem human studies investigating the anatomical 

distribution of these dopamine-pathway components in relation to DARPP-32 (Guo et al., 2012; 

Morigaki and Goto, 2016). Thus, experiments were conducted to investigate the anatomical 

relationship between DARPP-32, TH, and the D1 receptor in the post-mortem human striatum. 

As dopamine acting through the D2 receptor serves to produce a deactivated form of DARPP-32, 

the D2 receptor will not be investigated in this study.   

The overall aim of the present study of the distribution of DARPP-32 in the subdivisions of the 

striatum, together with other different neurochemical markers, will aid in providing greater 

understanding of the functionality of the normal striatum according to its various neurochemical 

zones.  

Therefore the specific aims of this chapter are 

i) To show the distribution of DARPP-32 in the normal post-mortem human striatum, 

in comparison to calbindin; 

ii) To qualitatively observe and describe striosome and matrix borders within the caudate 

nucleus, putamen, and ventral striatum of the normal post-mortem human brain tissue 

by double immunofluorescence labelling with DARPP-32, calbindin and enkephalin; 

iii) To qualitatively examine the cellular distribution of DARPP-32 immunoreactivity 

using immunohistochemical and double immunofluorescence staining methods, with 

calbindin in the normal post-mortem human striatum; 

iv) To qualitatively investigate the GABAA β2,3 receptor subunit distribution on MSN 

populations containing DARPP-32 and calbindin in normal post-mortem human 

striatum using immunofluorescence;   
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v) To qualitatively assess the distribution of DARPP-32, tyrosine hydroxylase and the D1 

receptor in the normal post-mortem human caudate nucleus. 

 

5.2 Methods 

Serial human striatal sections from five normal cases were immunohistochemically labelled with 

DARPP-32, calbindin and encephalin (one section per neuropeptide label). Macroscopic and 

microscopic photomicrographs were acquired and examined for histological similarities or 

differences. Triple-labelling immunofluorescence studies were run on three normal striatal sections 

to evaluate how striosomal borders were distinguished with different neurochemical markers 

(DARPP-32, calbindin and enkephalin).  

Single sections were obtained from five different normal cases (H160, H170, H230, H242, H243) 

and double immunofluorescent labelling was performed using mouse-anti DARPP-32 and rabbit-

anti calbindin. An Olympus FV1000 confocal microscope was used to capture five different 

striosomal regions and five different matrix regions from the dorsal caudate nuclues, from each 

section. Striosomes were identified as regions exhibiting weak calbindin stain, and the matrix as 

calbindin-rich zones. This is in accordance with papers stating the absence of calbindin stain in the 

striosomes (Kiyama et al., 1990; Ito et al., 1992). Images were captured at a 40x magnification.  

Qualitative analysis of DARPP-32 immunoreactivity was also conducted with 

immunohistochemical and immunofluorescence labelling, along with calbindin and GABAA β2,3. 

The amount of DARPP-32 positive cells and calbindin-positive cells were quantitatively assessed 

in the striosomes and matrix of the caudate nucleus, using images captured at a 40x magnification 

with a confocal microscope. Lastly, a qualitative examination of DARPP-32 positive neurons, 

tyrosine hydroxylase fibres (TH) and the D1 receptor was also conducted in normal human 

striatum, using TSA amplification in conjunction with standard immunofluorescence techniques.
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5.3 DARPP-32 identifies striosomes within the human striatum 

At low magnification, sections stained with DARPP-32 (Figure 5.1A and Figure 5.2A) revealed a 

marked pattern of heterogenous patchy staining reminiscent of the striosome and matrix pattern 

in the striatum. To confirm the striosome/matrix compartmental organization, adjacent sections 

were stained with calbindin (Figure 5.1B) and enkephalin (Figure 5.1C). The presumed striosomes 

in the DARPP-32 stained section were matched with areas showing lack of calbindin in the 

calbindin stained section, characteristic of striosomes (Figure 5.1B and Figure 5.2B) was observed. 

The adjacent enkephalin positive sections were also examined and showed the characteristic 

highly reactive staining pattern in striosomes (Figure 5.1C and Figure 5.2C) which matched high 

staining areas in the DARPP-32 stained section. The observation that DARPP-32 expression was 

a marker for striosomes, and that DARPP-32 positive cells were identified within the 

striosomes, is a novel finding. Interestingly, DARPP-32 positive cells were also distributed in a 

random and consistent manner throughout the matrix region of the striatum but at a lower 

intensity than in the striosomes (Figure 5.2D). A heterogeneity of DARPP-32 cell body staining 

was seen in the matrix, with differences in cell soma shape, size, staining intensity and level of 

dendritic branching. However, highly immunoreactive DARPP-32 cell bodies and neuropil were 

concentrated within striosomes (Figure 5.2D and F). DARPP-32 positive cells were identified as 

MSNs by the spiny dendritic fields belonging to the cells. The dendritic fields of individual neurons 

appeared to be restricted to compartmental boundaries, and usually did not cross these boundaries. 

These observations confirm that DARPP-32 identified striosomes within the dorsal human 

striatum.
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Figure 5.1 Macroscopic photomicrographs of serial sections at two different levels of the normal 

human striatum stained with striosomal and matrix markers. 

 (A-F) The sections are serially stained with DARPP-32 (A, D), matrix marker calbindin (B, E) and 

striosome marker enkephalin (C, F). Two different normal cases are shown (H242 in A – C, and H160 

in D – F). The photomicrographs indicate the presence of increased DARPP-32 staining in the 

striosomes (arrows in A, D). These striosomes are matched by the complementary regions of 

reduced immunoreactivity in the serial sections stained for calbindin (B, E), and by the presence of 

increased stain in the striosomes by enkephalin (C, F). This is particularly evident in (A) where the 

striosome indicated by the black box shows increased DARPP-32 stain. The same striosome is 

indicated by black boxes (B, C) on adjacent sections with decreased calbindin stain and increased 

enkephalin stain, respectively. This particular striosome is shown in Figure 5.2A-C at a higher 

magnification. AC, Anterior commissure; CN, Caudate nucleus; GP, Globus pallidus; IC, Internal 

capsule; Put, Putamen; VS, ventral striatum.  

Scale bar A - F = 0.5 cm.
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Figure 5.2 Higher magnification photomicrographs of the striosome in Figure 5.1. 

(A-C) Serial sections were stained with DARPP-32 (A), calbindin (B), and enkephalin (C). Note the 

dense DARPP-32 immunoreactivity in the neuropil and cell bodies of the striosome. (D) Illustration 

of the black box in (A) showing an increased concentration in the number of DARPP-32 positive cells 

in the striosomes (S), as well as increased staining in the striosomal neuropil. In contrast, in the 

matrix compartment (M) the distribution of DARPP-32 positive cells and staining of DARPP-32 in the 

neuropil is markedly less. (E) A higher magnification image of a DARPP-32 positive neuron in the 

matrix (indicated by the box with dashed black lines in D) showing a spiny dendritic morphology 

(arrowheads indicate spines). (F) A higher magnification of DARPP-32 positive cells in the striosome 

compartment (indicated by the box with the solid black line in D). Comparison of E and F shows that 

the striosome has an increased DARPP-32 cell number and increased DARPP-32 neuropil 

immunoreactivity, compared with the matrix.  

S = striosomes, M = matrix 

Scale bars = 0.5 mm in A-C, 50 μm in D, 10 μm in E-F.
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5.4 Striosome and Matrix Border Integrity 

Using triple immunofluoroesence, striatal sections from three normal human brain cases were 

stained with antibodies to DARPP-32, calbindin, and enkephalin. Striosomes in the caudate 

nucleus and putamen, and patches in the ventral striatum were compared between all three 

immunohistochemical labels. In the caudate nucleus (Figure 5.3 A-D) the antibody to DARPP-32 

shows intense immunoreactivity of the cell bodies and neuropil in the striosome indicated in Figure 

5.3 A-D, and when matched with the calbindin overlay this DARPP-32 striosome shows an 

incomplete overlap with a calbindin-poor zone of the striosomes. This overlapping distribution 

was established to be the ‘core’ of the striosomes. When matched with enkephalin, the previously 

mentioned DARPP-32 rich/calbindin-poor striosome core matches a zone of moderate enkephalin 

immunoreactivity. However, this striosomal core is surrounded by a ring of high enkephalin 

immunoreactivity. As such, a striosome in the normal caudate nucleus can have differing 

boundaries depending on the neurochemical used for identification purposes.  

Similarly, in the putamen (Figure 5.3 E-H) DARPP-32 has high immunoreactivity in a zone that 

shows striosomal boundaries that correspond with a calbindin-negative zone/enkephalin-poor 

zone. This zone is encapsulated by an area that exhibited increased enkephalin immunoreactivity. 

The striosomal borders are not as distinct as in the caudate nucleus (Figure 5.3).  

In the ventral striatum, DARPP-32 shows a similar immunohistochemical distribution to 

calbindin and enkephalin. It shows high immunoreactivity in the ‘matrix’, which is also matched 

by high calbindin and high enkephalin immunoreactivity. DARPP-32 also shows some 

background stain in the ‘patch’ but is largely absent from neuropil and cells within the patch. 

Finally the borders between the matrix and patch are strong and distinct (Figure 5.3). 
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Figure 5.3 Striosome and patch borders in the caudate nucleus, the putamen and the ventral 

striatum of the normal human striatum  

A – D: Immunofluorescent staining of DARPP-32, calbindin and enkephalin in the normal caudate 

nucleus shows that DARPP-32 primarily shows high immunoreactivity in the core of the striosome 

(A, magenta dashed line). By comparison, calbindin immunoreactivity of the same striosome shows 

low immunoreactivity in the core of the striosome only (B, green dashed line). Enkephalin shows a 

moderate amount of staining in the core of the striosome (C, light blue dashed line), however this 

is surrounded by a ring of enkephalin immunoreactivity in the peripheral zone of the striosome. In 

the merged channels (D) it is seen that the three different markers do not consistently define the 

same striosomal core boundaries, although they all identify the core of the striosome to some 

extent. The border of the entire striosome is noted by a red line.  

E – H: DARPP-32 staining of the striosomes in the putamen show an overall high immunoreactivity, 

however immunoreactivity is particularly high in what is postulated to be the striosomal core (E, 

magenta dashed line).  Calbindin staining of the same striosome shows an overall lack of calbindin 

immunoreactivity in the core of the striosome (F, green dashed line). In this instance there is 

difficulty in determining the exact boundaries of the striosome using calbindin as a marker. 

Enkephalin exhibits high immunoreactivity within the whole striosome, although the core is noted 

to show a moderate immunoreactivity (G, light blue dashed line). The boundaries of the striosome 

are variable based on the marker used to identify the striosome (H). The border of the entire 

striosome is noted by a red line.  

I – L: Within the ventral striatal patch DARPP-32 shows reduced immunoreactivity (I, magenta 

dashed line). This is matched by reduced calbindin immunoreactivity (J, green dashed line) and 

reduced enkephalin (K, light blue dashed line) within the same ventral striatal patch. The various 

neuropeptides delineate the patch borders in a similar manner (L).  

Scale bars: A – L: 100 µm
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5.5 Qualitative assessment of DARPP-32 and calbindin MSNs 

The major cell type within the striatum is the medium spiny neuron (MSN). While calbindin has 

been the traditional marker for MSNs within the human striatum (Ferrante et al., 1991), DARPP-

32 has been occasionally used as a MSN marker in human studies (Guo et al., 2012). This study 

shows the representation of DARPP-32 in a select cell group within the striatum. These DARPP-

32 positive cells are particularly prevalent in the striosomes, but are also seen in high quantities in 

the ventral striatum. An assessment of the DARPP-32 cells and the calbindin cells was made across 

the six different areas of the striatum (Caudate Nucleus [striosome and matrix], Putamen 

[striosome and matrix], and Ventral Striatum [patch and matrix]) according to the Braak and Braak 

1982 and Graveland 1985 studies on neuronal subtypes in the human striatum. Three normal cases 

were assessed for this results section. A single DARPP-32 stained striatal section and a single 

calbindin stained striatal section were assessed from each case. 

 

5.5.1 Immunohistochemical stain of DARPP-32 within the Normal Human Striatum 

 

Caudate Nucleus Striosome  

Regional  

The caudate nucleus striosome neuropil distinctly showed more immunoreactivity for DARPP-32 

than the general caudate nucleus matrix neuropil (Figure 5.2D). The cell bodies within the 

striosome also showed more immunoreactivity for DARPP-32 and were more compacted 

together. There often appeared to be a ‘core’ where the cell bodies of the DARPP-32 positive cells 

and their dendrites were coiled together, while the remainder of the striosome compartment 

exhibited dark neuropil and cell body stain. The remaining cells appeared to be scattered at random 

within the striosome and were positioned at varying distances and orientations to each other. The 

range of distances from cell to cell were from 5 µm to 200 µm. There was no gradient of change in 

DARPP-32 immunoreactivity between the borders of the striosome and the matrix, and the 

dendrites of the cells from the matrix and striosome compartments did not cross the boundaries of 

their respective neurochemical compartments. 

Cellular  

The DARPP-32 positive cells showed high immunoreactivity, and can be linked to Type 1 cells 

(MSNs) according to Graveland et al (Graveland et al., 1985). The cell soma of these cells were 

ovoid and spheroid. The cells were compacted together, more so than their counterparts in the 
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matrix compartment. They also appeared to be multipolar, and primary order branching was 

apparent. There was difficulty in distinguishing the true order of dendritic branching of DARPP-

32 positive cells as there was intense immunoreactivity in the striosomal neuropil (Figure 5.2F). 

 

Caudate Nucleus Matrix 

Regional  

Figure 5.2D & E show that while a moderate amount of cell bodies were stained with DARPP-32, 

these soma were not as compacted together as in the striosome, and were not arranged in any 

particular pattern throughout the matrix. The background staining was low, and the neuropil had 

low to moderate immunoreactivity to DARPP-32. The distance between neighbouring cells was 

between 50 µm to 300 µm.  

Cellular  

Various DARPP-32 positive cells were scattered throughout the matrix, and exhibited moderate 

to dark DARPP-32 stain in the cell soma. The cell soma themselves showed a variety of shapes, 

including ovoid, spheroid, and pyramidal. A typical cell body was approximately 15 µm in 

diameter. There were no spines on the cell soma. On DARPP-32 positive cells, dendrites 

proceeded in a relatively straight course and became more slender the more distal they were from 

the cell soma. Primary, secondary and on occasion tertiary dendrites were noted. The primary 

order dendrites were smooth, while secondary order dendrites were typically laden with spines 

(Figure 5.2E).  

 

Putamen Striosome  

Regional  

The neuropil within the putamen striosome showed high immunoreactivity, in comparison to the 

putamen matrix. The striosome-matrix borders were more distinct in medially-located striosomes 

than laterally-located striosomes, although borders of the putamen striosome were not as distinct 

to the putamen matrix as they were in the caudate nucleus. More DARPP-32 positive cell bodies 

existed within the putamen striosome as opposed to the matrix, however, not as many as in a 

striosome within the caudate nucleus (Figure 5.4).  
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Cellular  

The cell soma exhibited moderate to high stain of DARPP-32, and were typically ovoid or spheroid 

shaped. These cells were often bipolar or multipolar. In some cases it was difficult to distinguish a 

true order of dendritic branching, as the neuropil within the putamen striosome were densely 

stained, and in other cases secondary and tertiary dendritic order branching was apparent. 

However, spine-laden dendrites were apparent within the putamen striosome compartment 

(Figure 5.4C).  

 

Putamen Matrix 

Regional  

The neuropil showed moderate DARPP-32 immunoreactivity and select DARPP-32 positive cells 

were scattered throughout the region (Figure 5.4). There were fewer cells overall than in the matrix 

portion of the caudate nucleus, and a great variety of distances between neighbouring cells was 

apparent. 

Cellular 

The cell soma within the putamen matrix varied in their immunoreactivity for DARPP-32. While 

most cell soma had darkly stained cell bodies, others showed moderate staining. The cells were 

multipolar, and had either spheroid, ovoid, or pyramidal shaped cell bodies. Sizes of cell bodies 

were approximately 15 µm. The dendrites that lay more proximal to the cell soma were devoid of 

spines, while spines were present on secondary and tertiary dendrites that lay more distal to the 

cell soma. Furthermore, dendritic branching was shown to be extensive to each cell, comparable 

to the cells in the caudate nucleus matrix (Figure 5.4D).



A B

DC

Figure 5.4  Series of photomicrographs showing the distribuon of DARPP-32 in the normal post mortem 
human putamen.

A - B: Overview of striosome within the normal putamen (dashed line, A). Note the moderate immunoreac-
vity of DARPP-32 within the cells and general neuropil of the striosome. The density of DARPP-32 posive 
cell bodies are also increased within the striosome itself as opposed to the surrounding matrix. (B) shows 
the striosome presented in (A) at a higher magnificaon.

C: DARPP-32 staining of cells within the striosome, showing moderate staining of the neuropil. Cell soma 
show moderate to high DARPP-32 immunoreacvity, and are oen present to be mulpolar. Secondary 
dendric branching is apparent. 

D: DARPP-32 staining of cells within the matrix showing low background staining of the neuropil. Cell soma 
show moderate DARPP-32 immunoreacvity, and present to be mostly mulpolar in appearance. Primary 
and secondary dendric branching is apparent, and spines are also present on dendrites.

S = striosome, M = matrix

SScale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 

S S

M M
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Ventral Striatum Patch 

Regional 

The ventral striatal patch showed low immunoreactivity for DARPP-32 in the neuropil (Figure 

5.5A & B). The compartment was mostly devoid of dendrites. The fibres that showed 

immunoreactivity were typically arranged in layers that lay parallel to the boundaries of the 

compartment. Few cell bodies were apparent, and these were generally located close to the 

boundaries of the ventral striatal patch.  

Cellular 

Moderate DARPP-32 stain was seen amongst cell soma, and most of the cell soma appeared to be 

of an ovoid shape, and were bipolar or multipolar. The cell soma were typically 15- 20 µm in 

diameter. The dendrites that were present showed a large amount of spines (Figure 5.5C).  

 

Ventral Striatum Matrix 

Regional  

High DARPP-32 immunoreactivity was apparent within the neuropil and the cell bodies 

throughout the ventral striatal matrix (Figure 5.5A & B). The cell bodies were more densely 

concentrated than DARPP-32 positive MSNs in the caudate nucleus and putamen striosomes.  

Cellular 

Cell bodies averaged around 15µm in size and showed variable amounts of immunoreactivity, 

however most demonstrated high immunoreactivity (Figure 5.5D).  The cell soma themselves 

showed a variety of shapes, including ovoid, spheroid, and pyramidal. Due to the increased 

amount of neuropil stain, dendrites and spines were particularly hard to identify.



A B

DC

Figure 5.5 Series of photomicrographs showing the distribuon of DARPP-32 in the normal post mortem 
human ventral striatum.

A - B: Overview of ventral striatal patches within the ventral striatum. There is a low presence of DARPP-32 
immunoreacvity within the ventral striatal patch. In the matrix, there is a high density of DARPP-32         
posive cell soma. Each cell soma and the general neuropil exhibit high DARPP-32 immunoreacvity.

C:C: DARPP-32 staining of cells within the ventral striatal patch, showing moderate DARPP-32                              
immunoreacvity within the cell soma. Some dendric branching is apparent, and spines are apparent on 
the dendrites that show immunoreacvity for DARPP-32. Neuropil shows low immunoreacvity for 
DARPP-32.

D: DARPP-32 staining of cells within the ventral striatal matrix showing high background staining of the 
neuropil. Cell soma show moderate to high DARPP-32 immunoreacvity, and present to be mostly    
mulpolar in appearance. A high density of DARPP-32 posive cell soma is apparent within the matrix.

P = pP = patch, M = matrix 

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 

MM P
P
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5.5.2 Immunohistochemical stain of calbindin within the Normal Human Striatum 

 

Caudate Nucleus Striosome  

Regional  

The neuropil exhibited low calbindin immunoreactivity overall (Figure 5.6A – C). A low number 

of pale calbindin-positive cell bodies were still present in the striosome. 

Cellular 

Cell bodies with low levels of calbindin immunoreactivity were present (Figure 5.6A – C). The 

dorsal striosomes appeared to have their cells parallel to the borders of the striosome. The staining 

was consistent across the cell soma. Cell soma showed a variety of shapes including spheroid, 

ovoid and polygonal. While it was evident that the cells were either bipolar or multipolar, 

individual dendrites could not be identified beyond the near vicinity of the cell body, and spines 

could not be seen.  

 

Caudate Nucleus Matrix 

Regional  

There was moderate to high calbindin staining in the neuropil of the caudate nucleus matrix 

(Figure 5.6A-B, C). There was a noticeably large number of calbindin positive cell bodies in high 

density within this neurochemical compartment.  

Cellular 

Cell soma lay relatively close to each other (at least 5 µm distance), showed mostly moderate 

calbindin immunoreactivity and were of ovoid, polygonal, or spheroid shapes (Figure 5.6C). The 

majority of the cells appeared to be bipolar or multipolar. Due to the high density of stain in the 

neuropil, it was difficult to identify individual dendrites, and thus the order of branching could not 

be identified. Spines could not be identified due to the intense staining of the surrounding neuropil.  
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Putamen Striosome  

Regional  

Neuropil of the putamen striosomes showed low to moderate calbindin immunoreactivity (Figure 

5.6E-F). The core of the striosome exhibited low calbindin immunoreactivity while there was more 

moderate calbindin immunoreactivity towards the borders of the striosome.  Overall, striosomal 

borders were not well defined. 

Cellular 

Calbindin-positive neurons within this compartment generally exhibited weak immunoreactivity 

and most seemed to have an ovoid morphology (Figure 5.6G). The cells lay some distance to each 

other (on average 30 – 100 µm) but generally lay closer together towards the core of the striosome. 

Cells generally exhibited a bipolar or a multipolar orientation, although primary dendrites and 

spines were difficult to identify. 

 

Putamen Matrix 

Regional 

The neuropil of the matrix exhibited high levels of calbindin immunoreactivity (Figure 5.6E-F). 

Cells showed moderate to high calbindin immunoreactivity and were present at a high density. 

Cells typically lay 15- 20 µm from each other.  

Cellular 

Cell bodies showed high calbindin immunoreactivity, and cell soma had a variety of shapes, 

ranging from ovoid to spheroid to polygonal (Figure 5.6H). The polarity of the cells were varied, 

however most were multipolar. The neuropil displayed intense immunoreactivity within the 

matrix, hence dendrites and spines were not easily identifiable.  
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Figure 5.6 Series of photomicrographs illustrating the distribution of calbindin within the normal 

caudate nucleus and putamen 

A – B: The distribution of calbindin within the normal caudate nucleus. Note the low calbindin 

immunoreactivity within the striosome (S) that is generalized to the neuropil and cell bodies. There 

also appear to be less calbindin-positive cell soma within the striosome (B). By comparison, the 

matrix (M) shows relatively increased calbindin immunoreactivity. The neuropil and cell bodies 

show increased immunoreactivity for calbindin, and a high proportion of calbindin-positive cell 

bodies are found within the matrix region.  

C: A high magnification view of calbindin-positive cell soma within the caudate nucleus striosome. 

Cell soma and neuropil show faint/low immunoreactivity and axon terminals are visible as rows or 

scattered throughout the neuropil (arrows). Individual dendrites belonging to cell soma are hard to 

distinguish, and the background neuropil shows low calbindin immunoreactivity.  

D: A high magnification view of calbindin-positive cell soma within the caudate nucleus matrix. Cell 

soma within this region show moderate to high calbindin immunoreactivity. Cell borders are 

distinct, and some level of dendritic branching is apparent. Usually a primary dendrite, or the axon 

is noticeable. Due to the dense moderate stain of the neuropil, secondary and tertiary order 

dendrites, and spines cannot be detected. Overall, calbindin-positive cell density within a fixed area 

appears to be higher within the matrix than in the striosome (C).  

E – F: The distribution of calbindin within the normal putamen. A lack of calbindin immunoreactivity 

is evident in the cell soma and neuropil of the striosome (S). In contrast, the matrix shows moderate 

calbindin immunoreactivity amongst the cell soma and neuropil (M).  

G: The distribution of calbindin within the normal putamen striosome showing cell soma with low 

to moderate calbindin immunoreactivity, and neuropil with low calbindin immunoreactivity. 

Primary order dendrites are present, but secondary and tertiary order dendrites are not apparent.  

H: The distribution of calbindin within the normal putamen matrix, reveal that the density of cell 

bodies within the matrix is increased overall in comparison to the striosome. Cell soma show 

moderate to high calbindin immunoreactivity. Cell borders are generally distinct, and cells appear 

to be mostly multipolar. Some primary order dendrites are present on cell bodies, secondary and 

tertiary order dendrites cannot be identified. Moderate staining of neuropil is apparent.  

S = striosome, M = matrix 

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm, E: 500 µm, F: 100 µm, G – H: 20 µm.
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Ventral Striatum Patch 

Regional 

The ventral striatal patch showed low calbindin immunoreactivity compared to the matrix, 

although there were a few fibres around the borders of the patches (Figure 5.7A & B). There were 

occasional calbindin positive cells scattered throughout. Sometimes there was no particularly 

observable orientation of the cell bodies, and often the cell soma were organized along longitudinal 

lines, however this was not consistent in the inner patch regions.  

Cellular 

Calbindin-positive cell soma showed pale staining, and were of spheroid, or polygonal shapes 

(Figure 5.7C). As previously mentioned, there was a noticeable absence of cells from the central 

regions of the patch, however there were some cells that lay scattered around the borders, within 

the patch itself. For these cells, primary dendrites were often observable. No spines were visible on 

the dendrites.  

 

Ventral Striatum Matrix 

Regional 

Moderate to high calbindin stain was present in the neuropil in this compartment and a high 

density of calbindin-positive cells was apparent (Figure 5.7A & B).  

Cellular 

Moderate to darkly stained cell soma were visible, and the cell soma showed a variety of shapes 

(mostly spheroid or ovoid). Cells were seen to be bipolar, and multipolar. However, due to the 

highly dense neuropil, individual dendrites and spines could not be identified (Figure 5.7D).  

 

The observations in this study, in conjunction with the morphological descriptions from Braak and 

Braak and Graveland, suggest that the DARPP-32 positive cells were MSNs. The calbindin-

positive cells observed within this study have been defined as MSNs within previous studies 

(Ferrante et al., 1991).
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5.6 Identification of Additional MSN cell types: DARPP-32 only positive MSNs, 

calbindin only positive MSNs, and DARPP-32 + calbindin-positive MSNs 

The DARPP-32 and calbindin colocalisation studies using double immunofluorescent labelled 

sections for calbindin and DARPP-32 provide the basis for identifying three different MSN 

populations. Single sections were obtained from five different normal cases (H160, H170, H230, 

H242, H243) and double immunofluorescent labelling was performed using mouse-anti DARPP-

32 and rabbit-anti calbindin. One cell population was labelled for DARPP-32 only, the second 

population labelled for only calbindin, and the third population showed colocalisation for both 

DARPP-32 and calbindin (Figure 5.8). The DARPP-32 only positive cells, the calbindin only 

positive cells, and the colocalised calls all appear to have a similar basic morphology which is 

characteristic of MSNs (Braak and Braak, 1982; Graveland et al., 1985). Many dendritic 

extensions of DARPP-32 positive cells were present within the neuropil. Although cells and their 

dendrites are easily distinguishable, individual spines were not easily identified in 

immunofluorescent stained sections. 

The striosomes contained many highly immunoreactive DARPP-32 positive cells (Figure 

5.8A,B,C). Calbindin neuropil staining within the striosome was also markedly reduced in 

intensity. Some cells (Figure 5.8D) were observed to be colocalised for DARPP-32 and calbindin 

within the striosomes, however DARPP-32 cell body and neuropil immunoreactivity was greatly 

increased in the striosomes (Figure 5.8A,D). By contrast, the immunoreactivity of DARPP-32 was 

limited in the matrix compartment to low numbers of MSNs and some background neuropil stain. 

Colocalised MSNs for both DARPP-32 and calbindin were present in the matrix (Figure 5.8E), 

although proportionally less than in the striosomes (Figure 5.8D).  
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Figure 5.8 Illustration of the three MSN types (DARPP-32 only positive, calbindin only positive and 

DARPP-32 + calbindin MSNs) within the striosome and matrix compartments of the normal striatum 

 

Striosome - (A-D) Images of a section triple labelled for DARPP-32 (A), calbindin (B), 

enkephalin (C) within a striosome. Note high enkephalin reactivity in C indicates a striosome. The 

merged image is presented (D). DARPP-32 is present in cell bodies and surrounding neuropil is 

seen (A). A DARPP-32 positive and calbindin negative cell is denoted by the large white arrow. 

Colabelled DARPP-32 and calbindin positive cells are indicated by white arrowheads (A,B). Thirdly, 

an example of calbindin only positive MSNs is indicated by a small white arrow (D).  The three 

populations of MSNs can be identified in the merged image (D): magenta only DARPP-32 positive 

neurons (large white arrow); green calbindin only MSNs (small white arrow) and double labelled 

DARPP-32 and calbindin MSNs (white colour) indicated by white arrowheads. 

 

Matrix – (E-H) There are less DARPP-32 only positive cell bodies in the matrix (F) as opposed to the 

striosome. The large white arrow (E,F) shows a DARPP-32 positive and calbindin-negative cell. Cells 

colabelled for both DARPP-32 and calbindin are indicated by the white arrowhead (E,F,G). Lastly, a 

calbindin-only positive cell is indicated by a small white arrow (E,G). The three populations of MSNs 

in the matrix can be identified in the merged image E. (E): magenta only DARPP-32 positive neuron 

(large white arrow); green calbindin only MSN (small white arrow) and double labelled DARPP-32 

and calbindin MSN (white colour) indicated by white arrowhead.  

 

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive, white 

arrowhead = DARPP-32 + calbindin colocalised cells  

 

Scale bars = 20 μm in A - H.
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5.7 The MSN cell types are present in different proportions within the striosomes and 

matrix 

DARPP-32 and calbindin colocalisation studies using double immunofluorescent labelled sections 

for calbindin and DARPP-32 indicate that there are three different MSN populations. Single 

sections were obtained from five different normal cases (H160, H170, H230, H242, H243) and 

double immunofluorescent labelling was performed using mouse-anti DARPP-32 and rabbit-anti 

calbindin. Cells were counted as positive if they had a low to high immunoreactivity of either 

DARPP-32 and/or calbindin. Using these markers, the first cell population was found to be 

labelled for DARPP-32 only, the second population only labelled for calbindin, and the third 

population showed colocalisation for both DARPP-32 and calbindin, thus presenting three 

separate MSN populations within the striatum. Within the striosomal compartment, the DARPP-

32 only population composed around 24% of the total number of cells counted. The majority of 

cells within the striosome were moderately calbindin positive (46%), and clearly calbindin 

immunoreactivity of the soma and neuropil was lower than that in the matrix. Around a third 

(30%) of MSNs within the striosome showed immunoreactivity for both DARPP-32 and calbindin 

(Figure 5.9). Cells at the periphery of the striosomes were mostly calbindin-positive. 

 In the matrix, three separate populations of MSNs were also apparent however the proportions of 

these three MSN types were not the same as the observed proportions within the striosome. A 

small proportion of cells were DARPP-32 only positive and a large percentage of MSNs appeared 

to be calbindin only positive (79%). A third population of MSNs in the matrix displayed both 

DARPP-32 and calbindin staining (17%) (Figure 5.9). 

In summary MSNs were colabelled in different proportions of both DARPP-32 and calbindin in 

the striosome and matrix compartments of the striatum (Table 5.1, Figure 5.8). The three 

populations of MSNs comprise: (i) DARPP-32 only MSNs are the smallest group (24% and 4% in 

striosomes and matrix, respectively) (ii) calbindin only MSNs are the largest group (46% and 79% 

in striosomes and matrix, respectively) (iii) the double labelled DARPP-32 and calbindin cells form 

an intermediate group (30% and 17% in striosomes and matrix, respectively) (Table 5.1, Figure 

5.9). 
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Table 5.1 Cell counts of the three MSN cell types within the striosomes and the matrix of the 

dorsal caudate nucleus (n=5) 

 DARPP-32 only Calbindin only DARPP-32 & 

Calbindin 

Total Cell Number 

Striosome 104 (24%) 196 (46%) 127 (30%) 427 

Matrix 20 (4%) 372 (79%) 79 (17%) 471 



DARPP-32 only 

Calbindin only 

Colocalised DARPP-32 and calbindin

DARPP-32 only 

Calbindin only 

Colocalised DARPP-32 and calbindin

24%30%

46%

4%

79%

17%

Striosomal Cell Counts

Matrix Cell Counts

A

B

Figure 5.9 Pie chart illustrang the distribuon of DARPP-32 posive, calbindin-posive and double              
labelled DARPP-32 and calbindin posive cells in the (A) striosomal and (B) matrix neurochemical             
compartments of the normal human dorsal caudate nucleus. The cell counts reveal that in the striosomal 
neurochemical compartments 46% of MSNs are calbindin-posive only,  the next largest proporon of 
MSNs shows calbindin and DARPP-32 immunoreacvity (30%), and that almost a quarter (24%) of MSNs in 
the striosomes are DARPP-32 posive only.  In the matrix compartments, the great majority of MSNs are 
calbindin-posicalbindin-posive only (79%). MSNs colocalised for both calbindin and DARPP-32 constute 17% of cells 
counted, and 4% of MSNs counted are DARPP-32 posive only.
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5.8 DARPP-32 positive cells do not colocalise with interneuronal cell types in the 

human striatum 

In addition to the MSNs, the striatum contains different types of interneurons. These interneurons 

show hetereogenous neurochemical characteristics and can contain either parvalbumin, calretinin, 

Neuropeptide Y (NPY), or other neuropeptides (Sidibe and Smith, 1999; Wu and Parent, 2000). 

Colocalisation studies using double labelling immunofluorescence showed that DARPP-32 did 

not double label any of the major striatal interneurons. These included parvalbumin interneurons, 

calretinin interneurons, and NPY cells (Figure 5.10). No colocalisations were seen between 

DARPP-32 positive fibres and TH- positive fibres, but there appear to be TH positive terminals on 

the DARPP-32 positive neurons (Figure 5.10). The images illustrated were captured from the 

matrix regions of the striatum and the same findings hold true for the striosomal compartments. 

This demonstrates that DARPP-32 does not colocalise with interneuronal cell types in the striatum 

and is likely to be limited to the MSN population within the striatum.



A B

C D
DARPP-32 / Parv DARPP-32 / Calretinin

DARPP-32 / NPY DARPP-32 / TH

Figure 5.10 This figure shows secons from the CN matrix which are immunofluorescently stained for 
DARPP-32 and parvalbumin, or calrenin, or NPY, or TH, and show that the DARPP-32 immunoreacve    
neurons are not labelled by interneuronal markers (parvalbumin, calrenin, NPY and TH). 
A: A DARPP-32 posive MSN (magenta coloured, indicated by large white arrow) and a parvalbumin         
posive interneuron (green coloured, indicated by small white arrow). There appears to be no                    
colocalisaon between DARPP-32 and parvalbumin cells and processes (goat an-DARPP-32 used). 
B:B: A medium-sized DARPP-32 posive neuron (magenta coloured, large white arrow) in the presence of a 
large calrenin-posive interneuron (green coloured, small white arrow) and three small calrenin-          
posive interneurons (arrowheads). There is no apparent colocalisaon between the DARPP-32 cell and 
the calrenin-posive cells (mse an-DARPP-32 used). 
C: A DARPP-32 posive MSN (magenta coloured, large white arrow) is present in contrast to a NPY-             
posive interneuron (green coloured, small white arrow). There are no apparent colocalisaons of cells or 
fibres for DARPP-32 and NPY (mse an-DARPP-32 used).  
D:D: A DARPP-32 posive MSN (magenta coloured, large white arrow) and TH-posive axon fibres (green 
coloured, white arrowheads). The TH fibres do not appear to colocalise with DARPP-32 processes, although 
there are putave TH posive terminals contacng the DARPP-32 posive cell (small arrows) (goat              
an-DARPP-32 used). 
Scale bars: A - D: 20 μm
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5.9 GABAA β2,3 subunit presence on the Three MSN types in the Normal Human 

Striatum 

GABAA receptors are made from a combination of five subunits from a potential nineteen subunits 

(Sieghart, 1995). Physiological studies using striatal tissue from adult rats have indicated that 

activation of the D1 receptor through the DARPP-32 signalling cascade can reduce GABAA 

receptor currents in striatal neurons (Flores-Hernandez et al., 2000). Waldvogel’s 1999 study in 

post-mortem human tissue stated that MSNs showed GABAA β2,3 subunit immunoreactivity on 

cell membranes and dendrites. The current study produces findings that confirm and further 

expand on these results. The observations from this study suggest that there are different GABAA 

β2,3 subunit profiles on the three types of MSNs, with the DARPP-32 only positive MSN showing 

weak staining, while MSNs containing calbindin often demonstrate moderate and punctate β2,3 

subunit immunoreactivity. For qualitative analysis of the GABAA β2,3 distribution, single sections 

from three normal cases were stained with triple immunofluorescence methods. Representative 

photomicrographs were captured using a laser scanning Olympus FV1000 confocal microscope, 

and sections were qualitatively analysed. 

Within the caudate nucleus striosomes of the normal human striatum, the three separate MSN 

populations (DARPP-32 only positive, calbindin only positive and DARPP-32 + calbindin) are 

still apparent. The DARPP-32 only positive cell shows a low amount of GABAA β2,3 subunit 

immunoreactivity, however the calbindin only positive cell shows a moderate amount of GABAA 

β2,3 immunoreactivity (Figure 5.11). Also, a cell showing immunoreactivity for both DARPP-32 

and calbindin within the striosome displays a moderate amount of GABAA β2,3 immunoreactivity 

(Figure 5.11). 

In the caudate nucleus matrix the findings are similar as above for the three different MSN 

populations, however both the calbindin only positive and the DARPP-32 + calbindin positive 

MSNs appears to have moderate to high levels of GABAA β2,3 immunoreactivity present on the 

cell soma (Figure 5.12). 

The findings from the putamen show that both DARPP-32 only positive and calbindin only 

positive MSNs exhibit GABAA β2,3 subunit immunoreactivity on the cell soma. It is proposed 

from multiple comparisons that the GABAA β2,3 subunit distribution on cells containing DARPP-

32 is lower than on cells that do not show DARPP-32 immunoreactivity (Figure 5.13).  

Within the ventral striatal patch the calbindin only positive cells appeared to show more GABAA 

β2,3 subunit immunoreactivity than any DARPP-32 only positive cells. The cells within the 

ventral striatal matrix showed a high degree of colocalization for both DARPP-32 and calbindin. 
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These cells showed a moderate to high GABAA β2,3 subunit immunoreactivity on the cell soma 

(Figure 5.14).
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Figure 5.11 GABAA β2,3 representation on the three MSN types within the normal caudate nucleus 
striosome.  

A - C: Merged channels of DARPP-32, calbindin and GABAA β2,3 within the striosome. The DARPP-

32 only positive cell (large white arrow) is seen in A and B but is absent in C (calbindin and GABAA 

β2,3 overlay). The calbindin only positive cell (small white arrow) is seen in A and C but is absent in 

B (DARPP-32 and GABAA β2,3 overlay). The DARPP-32 + calbindin cell (white arrowhead) is seen in 

A – C. Furthermore, an interneuron positive for GABAA β2,3 stain only is indicated (orange arrow).  

D – F: Higher magnification photomicrographs of the DARPP-32 only positive cell (large white arrow) 

and the calbindin only positive cell (small white arrow). Note the presence of DARPP-32 cellular 

stain within the DARPP-32 channel (D) and the complete absence of the DARPP-32 positive cell in 

the calbindin channel (E). By comparison, the calbindin only positive cell is absent in the DARPP-32 

channel, but is present in the calbindin channel. The GABAA β2,3 shows the increased presence of 

GABAA β2,3 puncta-like staining on the calbindin only positive cell (small white arrow, E), while there 

is noted to be less GABAA β2,3 puncta-like staining on the DARPP-32 only positive cell (large white 

arrow, E).  

G – I: The DARPP-32 + calbindin cell shows presence of both DARPP-32 (G) and calbindin (H) (white 

arrowhead). There appears to be a low to moderate amount of GABAA β2,3 puncta like staining 

forming a ring of receptors around the cell (white arrowhead, I).  

 

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive, white 

arrowhead = DARPP-32 + calbindin colocalised cells 

 

Scale bars: A: 20 µm, B – C: 20 µm, D – F: 10 µm, G – I : 10 µm 
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Figure 5.12 GABAA β2,3 subunits present on the three MSN types (DARPP-32 only positive, calbindin 

only positive, DARPP-32 + calbindin positive) within the normal caudate nucleus matrix. 

 

A – C: A DARPP-32 only positive neuron (A, large white arrow) showing a lack of calbindin (B) 

showing a low to moderate amount of GABAA β2,3 puncta. 

D – E: Calbindin only positive cells showing a lack of DARPP- 32 (D, small white arrows), with a 

moderate to high presence of calbindin (E, small white arrows) show a moderate amount of GABAA 

β2,3 puncta surrounding the cell soma.  

G – H: DARPP-32 + calbindin cell showing immunoreactivity for DARPP-32 (G, white arrowhead), and 

calbindin (H, white arrowhead). A moderate amount of GABAA β2,3 receptor puncta are present (H) 

on the cell soma.  

 

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive, white 

arrowhead = DARPP-32 + calbindin colocalised cells 

 

Scale bar: A – I = 10 µm 
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Figure 5.13 GABAA β2,3 representation on the three MSN types (DARPP-32 only positive, calbindin 

only positive, DARPP-32 + calbindin positive) within the normal putamen striosome and matrix. 

 

A: Merged photomicrograph of DARPP-32, calbindin, and the GABAA β2,3 subunit defining the 

striosome and matrix of the normal post-mortem putamen. Boxes are illustrated in B and C. 

B: Merged photomicrograph of putamen striosome showing DARPP-32 only positive cells (large 

white arrows). Image is designated by the square with a solid white border seen in A. Overall, there 

appears to be more DARPP-32 immunoreactivity within the striosome.  

C: Merged photomicrograph of putamen matrix showing calbindin only positive cells (small white 

arrows). Image is representative of the square with dashed white border seen in A. 

D - F: The DARPP-32 only positive cells within the putamen striosome show DARPP-32 

immunoreactivity (D, large white arrows) but show no calbindin immunoreactivity (E, large white 

arrows). Some lipofuscin is present amongst the cells, however a low GABAA β2,3 stain is present on 

the cells.  

G - I:  The calbindin only positive cells show no DARPP-32 immunoreactivity (G, small white arrows), 

but show calbindin immunoreactivity amongst the cell soma (H, small white arrows).  GABAA β2,3 

stain on these cells show a moderate to high immunoreactivity of puncta staining, particularly 

around the cell soma. The cell soma are noticeable from the background stain. 

Scale bars: A: 50 µm, B – I: 10 µm 
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Figure 5.14 GABAA β2,3 localisation on the three MSN types (DARPP-32 only positive, calbindin only 

positive, DARPP-32 + calbindin positive) within the normal ventral striatal patch, and cells with high 

calbindin immunoreactivity within the ventral striatal matrix. 

A – D: the three MSN types are seen within the ventral striatal patch. The DARPP-32 only positive 

cell is seen in the DARPP-32 channel (A, large white arrow), and shows a lack of calbindin 

immunoreactivity (B, large white arrow). Some GABAA β2,3 is apparent on the DARPP-32 only cell 

(C, large white arrow). The calbindin only positive cell shows a lack of DARPP-32 (A, small white 

arrow), but shows a moderate amount of GABAA β2,3 puncta-like stain. (D) is the merged image of 

A – C.  

E – H: calbindin only positive MSN, as well as MSNs colabelled for both DARPP-32 and calbindin are 

present within the ventral striatal matrix. The calbindin only positive cell (small white arrow) shows 

no DARPP-32 (F), but does show some calbindin immunoreactivity (G) and the presence of GABAA 

β2,3 puncta-like stain on this particular cell (H). The cells that show both DARPP-32 and calbindin 

immunoreactivity (white arrowheads, F & G) also appear to show a moderate amount of GABAA 

β2,3 surrounding the cell soma (white arrowheads, H). (E) is the merged image of F – H.  

 

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive, white 

arrowhead = DARPP-32 + calbindin colocalised cells 

 

Scale bars: A - H: 10 µm 
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5.10 DARPP-32/Tyrosine Hydroxylase/D1 in the Normal Human Striatum 

For this portion of the study single striatal sections were selected from three normal cases. DARPP-

32, Tyrosine Hydroxylase (TH) and the D1 receptor were examined in the normal caudate nucleus 

using triple immunofluorescence and TSA (tyramide signal amplification). Two of the cases 

exhibited low grade staining, while one case showed high grade staining for DARPP-32, TH and 

the D1 receptor. Staining revealed DARPP-32 neurons surrounded by TH fibres. No 

colocalization was apparent between the DARPP-32 cells and dendrites, and the TH fibres. The 

DARPP-32 positive cells exhibited extensive dendritic branching, and some spines were apparent 

on the dendrites. The D1 receptor stain appeared to be broadly distributed throughout the neuropil 

of the caudate nucleus matrix. A section of a DARPP-32 positive dendrite was identified to have 

D1 receptors present. A particular segment where a possible termination of a TH fibre is associated 

with D1 receptor, present on the DARPP-32 positive fibre, is identified within the images. This 

presents further confirmation that the dopaminergic systems and the dopaminoceptive systems are 

separate within the human caudate nucleus (Figure 5.15). 
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Figure 5.15 A series of photomicrographs showing the overlay of DARPP-32, tyrosine hydroxylase 

(TH) and the dopamine D1 receptor within the caudate nucleus matrix.  

A: A single DARPP-32 positive neuron (blue) with extensive dendritic branching interspersed by TH 

fibres (red) and D1 receptors (green). Note that there is no colocalization between any of the above 

mentioned labels. A portion of Image A is highlighted by a white box, and is seen at a higher 

magnification in B – E.  

B – D: Higher magnification of portion indicated by white box in Image A. (B) shows a DARPP-32 

positive dendrite (highlighted by a magenta arrow). (C) shows TH fibres. (D) shows D1 receptor 

puncta. (E) is the merged image of B – D.  D1 receptors that are located along a dendrite are indicated 

by a series of orange arrowheads in (D). The potential termination of a TH fibre (white arrowhead, 

C, E) associated with D1 receptors (orange arrowhead) on a DARPP-32 positive dendrite (magenta 

arrow) is seen within the merged image.  

Scale bars: A: 10 µm, B – E: 10 µm
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5.11 Discussion 

5.11.1 DARPP-32 uniquely identifies Striosomes within the Human Striatum, but does not 

identify Patches in the Ventral Striatum 

Previous molecular studies utilising western blotting techniques (Ishikawa et al., 2007) qPCR 

(Kunii et al., 2014) and phosphorylation assays (Raisman-Vozari et al., 1990) have shown the 

presence of DARPP-32 in striatal tissue. The Raisman-Vozari study (1990) in particular shows 

DARPP-32 in the human and rodent. However, the present study adds a more detailed anatomical 

dimension to the distribution of DARPP-32 within the human striatum. Neurochemical analysis 

of DARPP-32 is conducted at a regional and cellular level. Staining with DARPP-32 revealed that 

DARPP-32 is a novel marker of striosomes in post-mortem human brain tissue, particularly in the 

dorsal caudate nucleus and putamen. This is in opposition to calbindin, which is defined as a 

matrix-rich protein, and typically presents in low amounts in the striosomes (Holt et al., 1997; 

Prensa et al., 1999). As calbindin has been utilised as the traditional MSN marker in humans 

(Ferrante et al., 1991) and DARPP-32 has been assumed to behave in the same manner, due to its 

ability to label over 95% of MSNs in rat studies (Ouimet et al., 1998), the findings of this current 

study produce an unexpected and unusual observation. This study shows for the first time that a 

large majority of DARPP-32 positive cells are located within the striosomes of the dorsal caudate 

nucleus and putamen of the human striatum, thus holding the potential for greater understanding 

of basal ganglia structure and function.  

Furthermore, DARPP-32 is observed to mark cells, particularly in striosomes, where high 

DARPP-32 immunoreactivity is seen in the cells and neuropil. Some DARPP-32 positive cells are 

also seen in matrix portions of the striatum; however they do not present at the same cellular 

density as in the striosome, and are quite sparse in number. Rat studies have suggested that the 

majority of MSNs within the rat striatum (96.4%) show DARPP-32 immunoreactivity (Ouimet et 

al., 1998), however the qualitative results from this thesis suggest otherwise, and propose that the 

findings in the rat striatum are not translatable to human studies. This indicates fundamental 

differences of DARPP-32 immunohistochemical distribution between the rat and the human. The 

Ouimet study (1998) does not address the anatomical potential for striosome and matrix 

organisation according to DARPP-32 staining patterns within the rat striatum. It is also to be noted 

that previous primate and gecko studies of DARPP-32 show increased staining in a patch-like 

distribution of DARPP-32 within the striatum (Ouimet et al., 1992; Smeets et al., 2001). In the 

gecko study, the patches were found to consist of ‘nests’ of cell bodies and neuropil. While it is 

acknowledged that the patches may relate to the neurochemical architecture of the striatum 

(Graybiel and Ragsdale, 1978), no direct statements were made expressing that DARPP-32 
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immunoreactivity is indicative of striosomes within the striatum, at least within the dorsal caudate 

nucleus and putamen. 

In the normal human ventral striatum DARPP-32 presents similarly to calbindin, and shows high 

immunoreactivity in the ventral striatum, and low immunoreactivity in the ventral striatal patches. 

Within the ventral striatal matrix exists a concentrated amount of DARPP-32 positive cells and 

neuropil. This is a novel discovery and has not been seen before in post-mortem human work. 

Previous work by Holt and colleagues (1997) showed that various neuropeptides identify the 

striosome or matrix, however DARPP-32 was not utilised at the time as a neuropeptide for possible 

identification of striosomes/patches. In particular, a study focusing purely on the human ventral 

striatum by Prensa and colleagues showed the moderate to intense distribution of calbindin and 

substance P within the matrix regions of the ventral striatum, but DARPP-32 was not utilised in 

the study (Prensa et al., 2003). The study suggests that ventral striatum is highly involved in limbic 

processing, as it receives information from various sources, including the anterior cingulate cortex 

and the orbitofrontal cortex (Russchen et al., 1985; Parent, 1990). As previously mentioned, 

DARPP-32 is highly expressed in the striosomes of the dorsal caudate nucleus and putamen, 

regions which are traditionally linked to limbic processing (Crittenden and Graybiel, 2011). 

Furthermore, DARPP-32 is reliant on dopamine, a neurochemical highly involved in regulation 

of emotion/motivation/reward. Thus the high representation of DARPP-32 within the ventral 

striatal matrix, together with the previously known high involvement of the ventral striatum within 

the limbic processing circuits of the brain (Parent, 1990; Prensa et al., 2003) can lead one to suggest 

that DARPP-32 works in an integrative manner with the ventral striatum to modulate limbic 

processes.  

 

5.11.2 The Comparison of Striosome Borders with Various Neuropeptides including DARPP-

32 

The current study shows that DARPP-32 displays a unique affiliation for the striosomes in the 

dorsal caudate nucleus and putamen, and its distribution within the striosome is of interest. The 

Prensa (1999) study shows that the striosomal compartment is in itself heterogenous, consisting of 

a ‘core’ and a peripheral zone. Striosomes typically consist of an enkephalin-rich ring surrounding 

an enkephalin-poor/calbindin-poor centre. The ring of staining surrounding the calbindin-poor 

area has typically been noted to show variable calbindin immunoreactivity (Prensa et al., 1999). 

This study suggests that the intense DARPP-32 staining within the striosome is congruent with the 

calbindin-negative core, while the moderately stained DARPP-32 positive peripheral zone 

matches with the peripheral zone that shows variable calbindin immunoreactivity. 
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As there are two zones within the striosome itself, each displaying slightly different neurochemical 

properties, this can suggest that they hold different functional roles within the striosomal 

compartment, and that these two zones can belong to different anatomical systems. In particular, 

the higher presence of enkephalin in the periphery is postulated to be a source of enkephalinergic 

striatopallidal fibres that terminate in the GPe (Prensa et al., 1999). 

It has been observed that nigrostriatal dopaminergic innervation is mainly directed towards the 

core of the striosomes (Prensa et al., 1999). As the findings from this study show that DARPP-32 

is highly present within the striosomal core, this supports the idea that the cores of striosomes 

receive the bulk of nigrostriatal dopaminergic innervation. The striosomes in the Prensa 1999 study 

showed high acetycholinesterase (AChE) within the core. As the two main sources of AChE in 

the striatum are cholinergic interneurons (Levey et al., 1983) and the axon terminals of the 

nigrostriatal neurons (Greenfield et al., 1983) and yet the striosomal core shows an absence of 

staining for cholinergic interneurons, one can suggest that the AChE within the striosomal core is 

due to the axon terminals of the nigrostriatal neurons. It should also be noted that while there is a 

high proportion of DARPP-32 positive cells within the striosome, DARPP-32 positive cells are 

also present within the matrix potions of the dorsal caudate nucleus and putamen, although not at 

the same density. Likewise, AChE shows staining of moderate intensity within the matrix (Prensa 

et al., 1999) which according to the authors is suggestive of different nigral cell populations, both 

innervating different parts of the striatum through different dopaminergic pathways. Thus, 

nigrostriatal dopaminergic innervation may be separated anatomically within the substantia nigra 

itself, depending on whether the striosomal core, the striosomal peripheral zone, or the matrix is 

innervated by dopamine. It is also to be noted that limbic system-associated membrane protein 

(LAMP) presents at high levels of immunoreactivity particularly within the peripheral zones of 

striosomes, but this is not seen within the striosomal cores (Prensa et al., 2003). From this, one can 

infer that DARPP-32 is strongly associated with the limbic pathways. 

In the ventral striatum, DARPP-32 shows synonymous staining patterns with calbindin and 

enkephalin and presents with high immunoreactivity in the matrix portions of ventral striatum. 

DARPP-32 does not show extensive neuropil nor cellular stain within the ventral striatal patches. 

These patches typically show low levels of calbindin immunoreactivity but show moderate to high 

levels of LAMP and calretinin staining (Prensa et al., 2003). The ventral striatal patches have not 

been investigated to the same level of detail as the striosomes in the dorsal striatum. Thus, their 

roles in either the limbic, associative or motor pathways have not been clarified. The findings 

indicating the lack of DARPP-32 in the ventral striatal patches together with previous evidence of 

LAMP within the patches lead one to propose that the ventral striatal patches may also be 
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implicated in limbic processing, however they are not strictly involved in the dopaminergic 

pathways.  

 

5.11.3 DARPP-32 vs. calbindin – MSN markers? 

As previously stated, this current study shows that qualitatively, DARPP-32 does not show the 

same distribution as calbindin across the entire human striatum. DARPP-32 was anticipated to 

identify the vast majority of MSNs, according to work in the rat striatum (Ouimet et al., 1998), yet 

representative images from this study show that DARPP-32 presents at high concentrations within 

the cell soma and neuropil of the striosomes in the dorsal striatum, and in a sparse manner 

cellularly within the dorsal striatal matrix. Again, this distribution has not been observed before in 

the mature human striatum. The DARPP-32 positive cell bodies within the striosomes appear to 

match the Type 1 Golgi neurons identified by the Graveland et al study (1985). These cells are 

typically categorised as MSNs. In the matrix portions of the caudate nucleus and putamen, some 

DARPP-32 neurons are present, however they are not distributed in a compact manner as in the 

striosomes, and are distributed heterogeneously throughout the matrix. They typically are bipolar 

or multipolar in morphology, with extensive dendritic branching, often studded with spines.  The 

morphology of the DARPP-32 positive cell soma observed within the ventral striatum (matrix) is 

noted to be the same as the striosomes in the dorsal caudate nucleus and matrix.  

It has previously been discussed that the striosomes and matrix of the dorsal caudate nucleus and 

the putamen, and the ventral striatum receive dopaminergic inputs from different anatomical 

regions (the striosomes of the dorsal striatum receive projections from the ventral tier of the SNc, 

the matrix of the dorsal striatum receives projections from the dorsal tier of the SNc, and the ventral 

striatum receives projections from the ventral tegmental area) (Gerfen et al., 1987b). From this, 

one can speculate that the different types of DARPP-32 positive MSNs project to different basal 

ganglia areas and play different roles in the wider basal ganglia circuitry.  

 

5.11.4 The different MSN cell types 

Double immunofluorescence studies for calbindin and DARPP-32 led to the discovery that there 

are three different MSN populations within the normal striatum. The first cell population was 

identified as DARPP-32 only positive, the second population was calbindin only positive, and 

the third population showed colocalization for both DARPP-32 and calbindin. Although 

DARPP-32 shows particularly high immunoreactivity within the striosomes, most MSNs within 

the striosomes still display weak calbindin immunoreactivity and are thus colocalized for both 



 

142 
 

DARPP-32 and calbindin. However, some cells within the striosomes (dorsal caudate nucleus and 

putamen) are DARPP-32 only positive. These three types of MSNs are also present within the 

matrix compartments of the dorsal striatum. Thus, it can be inferred that calbindin does not 

identify every MSN within the striatum, and neither does DARPP-32. Double 

immunofluorescence studies showed that DARPP-32 did not colocalise with any interneuonal 

markers tested. Rather, the DARPP-32 only positive neurons and the calbindin only positive 

neurons complement the total MSN population together with the colocalised MSNs (DARPP-32 

and calbindin positive). To date there have no studies in post-mortem human brain tissue 

evaluating the use of DARPP-32 as a MSN marker in comparison to calbindin, neither have there 

been any studies investigating potential colocalizations between DARPP-32 and calbindin. Hence, 

this is a novel finding proposing the re-classification of human MSNs to three types instead of 

the previously identified one type. It is interesting to note that there have been previous 

speculations on MSN subtypes within the striatum (Gerfen and Young III, 1988; Surmeier et al., 

1996). In particular, the Gerfen and Young study (1988) utilising Sprague-Dawley rats examined 

dynorphin, enkephalin and substance P mRNA distribution in cells in patch (striosome) and 

matrix compartments in combination with retrograde axonal tracing to determine downstream 

targets. Genes for all three neuropeptides were displayed in cells in both the striosome and matrix 

compartments. It is of some interest that substance P and dynorphin (D1 receptor linked, and thus 

presumed to be DARPP-32 linked), show marginally higher levels in the striosomes, rather than 

the matrix. These findings still remain to be fully understood in human brain tissue.  

 

5.11.5 The GABAA β2,3 representation on the three MSN types 

Waldvogel et al identified that the GABAA β2,3 subunit was present on type 4 cells in the striatum 

(characterised in the study to be calbindin positive, and thus belonging to the MSN population 

within) (Waldvogel et al., 1999). Given the findings of the three separate MSN populations 

(DARPP-32 only positive, calbindin only positive, and colocalised for DARPP-32 and calbindin) 

it is proposed that the findings from Waldvogel’s 1999 study pertain only to the calbindin only 

positive MSNs and the colocalised cells. These findings add to the previous study by demonstrating 

that DARPP-32 only positive cells also show GABAA β2,3 staining. Thus it is suggested that the 

GABAA β2,3 subunit does exist on all three types of cells but is present in higher amounts on the 

calbindin-only MSNs, in moderate amounts on MSNs that are both calbindin-positive and 

DARPP-32 positive, and in low amounts on DARPP-32 only positive MSNs. Previous findings 

have indicated that the GABAA β2,3 subunit is proliferative among type II GABA neurons, which 

are found in high concentrations within striosomes, but are also present within the matrix. The 

presence of this subunit, and thus this receptor in the striosomes (dorsal caudate nucleus and 
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putamen) and ventral striatum (areas of high DARPP-32 immunoreactivity), may indicate that 

GABA may assist in limbic processing of the basal ganglia. It is also suggested that it may modulate 

mood-related motor functions (Waldvogel et al., 1999). Furthermore, there is evidence that 

dopamine and GABA, together with glutamate, interact to ensure appropriate basal ganglia 

function (Surmeier et al., 2007) in particular modulating glutamatergic corticostriatal information 

to the MSNs. The preceding evidence can explain how the GABAA β2,3 subunit is found in 

DARPP-32 only positive neurons, and DARPP-32 and calbindin colocalised neurons. As the 

GABAA β2,3 subunit is also found on cells that do not exhibit DARPP-32 staining, one can suggest 

that GABA does not work together with dopamine on every MSN to facilitate the broader 

functioning of the basal ganglia. 

 

5.11.6 The relevance of the dopamine system in the striatum 

Data from past studies including this one suggest that TH, the D1 receptor, and DARPP-32 are 

anatomically linked to regions traditionally associated with limbic function.  This part of the study 

is essential as previous work suggests that the active form of DARPP-32 is linked with the D1 

receptor-containing cells (Anderson and Reiner, 1991). Although one previous study has shown 

the distribution of TH and DARPP-32 in the post-mortem human striatum (Morigaki and Goto, 

2016), no study has shown the link between TH fibres (dopaminergic), D1 receptors and DARPP-

32 positive cells (dopaminoceptive) in post-mortem human striatum to date. In order to obtain the 

staining presented in this study, up to nine different optimization methods were trialled including 

citric acid and citraconic acid antigen retrieval methods, before TSA amplification (Section 3.2.3) 

was used for optimal staining. The findings from this study show successful staining of a DARPP-

32 neuron with D1 receptors, surrounded by TH fibres in post-mortem human striatal tissue. 

Together with the observation that DARPP-32 shows high immunoreactivity within the 

striosomes of the dorsal caudate nucleus and putamen, it also needs to be considered that in the 

human striatum, TH shows high immunoreactivity in the matrix, although some 

immunoreactivity is observed within the striosomes (Graybiel et al., 1987). In previous studies 

although the D1 receptors are widely distributed within the primate and human striatum, 

comparison with serial sections processed for calbindin staining revealed that patches of high D1 

immunoreactivity corresponded with patches of low calbindin immunoreactivity; i.e. striosomes. 

A similar pattern was seen in post-mortem human striatum (Levey et al., 1993). The presence of 

DARPP-32, together with D1 in the striosomes, indicates that D1 receptors may preferentially 

modulate limbic cortico-striatal projections (Levey et al., 1993) that pass through the striosomes 

enroute to the SNc. However, DARPP-32 neurons are also present in the matrix, and D1 receptors 

are also present in the matrix (Levey et al., 1993). Thus, the matrix-centric DARPP-32 neurons 
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are postulated to have D1 receptors present on their dendrites. These matrix-centric 

dopaminoceptive neurons receive input from the SNc, and send projections to GABAergic 

neurons in the SNr (Gerfen et al., 1985), ensuring the normal activity of basal ganglia circuitry.  

Dopaminergic synapses are established to be in close proximity on spine necks (Freund et al., 

1984). Thus, extrasynaptic dopamine may stimulate DI and D2 receptors alike to directly 

modulate cortical and/or thalamic inputs to medium spiny neurons. Further, the striatum 

combines and integrates sensorimotor, associative and limbic information provided by the cortex 

to select the appropriate action from a set of possibilities. Dopamine is implicated to play a role in 

this process (Gerfen and Surmeier, 2011). 

Due to the serendipitous find that DARPP-32 is present in the striosomes of the dorsal caudate 

nucleus and putamen, and the ventral striatal matrix, as opposed to rat studies, it remains to be 

considered why in sub-human primates and humans the downstream dopamine signalling system 

is localised to different regions. These anatomical regions are linked with limbic processing from 

cortical regions.  

Furthermore it is suggested that striosomal cells, which this study is to proposing to contain high 

amounts of DARPP-32, send GABAergic inhibitory projections to the SNc. These projections are 

either direct or indirect, and propel the SNc to send dopaminergic input back to the striosomes and 

matrix regions (Gerfen, 1984). Thus, the striosome compartment, and by way of connection the 

DARPP-32 neurons, can be proposed to exercise global dopamine transmission by inhibiting 

nigral dopaminergic cells (Crittenden and Graybiel, 2011). Additionally, if dopamine in primates 

and human preferentially influences limbic corticostriatal circuits, this could set primates and 

humans apart from rats psychologically and in terms of life processing as primates and humans 

function, reason, and plan with higher emotion and reasoning as a modulator, rather than being 

primarily driven by base instincts (as rodents are). 

Another aspect to consider is the overall role of dopamine, the D1 receptor, and DARPP-32 within 

the direct and indirect pathways of the basal ganglia. It has been presumed that the D1 receptor is 

strongly associated with substance P positive/enkephalin negative cells belonging to the 

striatonigral/direct pathway, and that the D2 receptor is associated with substance P negative/ 

enkephalin positive cells belonging to the striatopallidal/indirect pathway (Surmeier et al., 1996; 

Surmeier et al., 2007). However, a third population of striatal cells (substance P positive and 

enkephalin positive) is proposed to coexpress both D1a and D2 mRNA (Surmeier et al., 1996). A 

large proportion of these colocalised cells project to the substantia nigra and the globus pallidus 

interna and are thus linked to the direct pathway. Consequentially, this means that a small 

proportion of enkephalin and substance P containing cells, positive for D1 and D2 receptors 

mRNA, project to the globus pallidus externa and are part of the indirect pathway (Surmeier et 
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al., 1996). Thus, while results from the present chapter have shown that D1 receptors are present 

on dendritic spines of DARPP-32 positive MSNs, the findings invite further research on the 

distribution of D1 and D2 receptors on the three MSN types previously described, and their 

projections to the substantia nigra/globus pallidus interna, or the globus pallidus externa. This 

would further elucidate the components of the direct and indirect pathways of the basal ganglia. 

Finally, although the Surmeier 1996 study was conducted in rodents, it is interesting that at least 

three neuronal subsets (based on D1/D2 receptor localisation) were identified in the striatum, 

reinforcing the observations discussed in section 5.11.4.  

 

 

5.12 Conclusion 

Based on the evidence,  DARPP-32 is found in high concentrations within the striosomes of the 

dorsal caudate nucleus and putamen, and the ventral striatal matrix. This is a novel finding within 

the current knowledge of basal ganglia circuitry of the human. Furthermore, it is proposed that 

there are three different MSN populations within the normal striatum. The first cell population 

was identified as DARPP-32 only positive, the second population was calbindin only positive, 

and the third population showed colocalization for both DARPP-32 and calbindin. This suggests 

that the current understanding of the use of calbindin as an MSN marker within the human 

striatum needs to be evaluated. To summarise, this thesis proposes that the type 4 category of cells 

from Waldvogel et al be subdivided into the following MSN populations (calbindin positive only, 

and DARPP-32 + calbindin positive only) and are also added to with DARPP-32 only positive 

MSNs. Furthermore, the three different MSN populations each have a differential GABAA β2,3 

subunit staining pattern. Finally, D1 receptors are found on the dendrites of DARPP-32 positive 

MSNs. Together, these findings support the involvement of DARPP-32 in the limbic functions of 

the striatum. 
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Chapter 6  
Characterisation of DARPP-32 in the 
Parkinson’s Disease Human Striatum 
 

 

6.1 Introduction 

Parkinson’s disease (PD) is a neurodegenerative disorder that is commonly associated with aging, 

and is influenced by genetic and environmental factors (Sulzer, 2007). The clinical features of PD 

are a resting tremor, bradykinesia and akinesia (Shahed and Jankovic, 2007). However the most 

accurate PD diagnosis is through neuropathological assessment of several regions, especially the 

substantia nigra pars compacta (SNc) (Gibb and Lees, 1991). The cells that are the most susceptible 

are the dopaminergic neurons of the SNc. Within the SNc itself, the ventrolateral tier displays the 

most neuronal loss, followed by the medioventral tier, and the dorsal tier (Fearnley and Lees, 

1991).  

As changes in the SNc and its connections are the most established pathological hallmarks of PD, 

other basal ganglia nuclei that receive dopaminergic connections from the substantia pars 

compacta may also be affected. DARPP-32 in the human striatum is indicative of dopamine 

influences within the basal ganglia as it integrates glutamate and dopamine input (Kötter, 1995; 

Greengard et al., 1998) and is present in the human striatum (chapter 5). Thus, based on the 

compartmental distribution of DARPP-32 in the normal human striatum (detailed in chapter 5), 

it is critical to examine DARPP-32 in PD human striatum to further characterise the dopamine 

system in the PD basal ganglia, as proposed in this current chapter. 

In 1988, Kish and colleagues demonstrated significant dopamine loss in PD putamen by liquid 

chromatography techniques, particularly in caudal regions. This suggests that the highest loss of 

dopamine occurs in the putamen. Furthermore, the striatum receives selective information 

encoded in an intricate striosome and matrix network, which may show region-specific patterns 

of neurochemical loss. These changes may be associated with clinical PD symptomatology. The 

putamen has largely been associated with motor function (Künzle, 1975), and thus it can be 

recognized that nigrostriatal connections, particularly to the putamen, are altered. Thus the motor 

circuit is disrupted. As DARPP-32 is dependent on dopamine for its activation (Hemmings et al., 

1984) it would be interesting to observe any alterations regarding DARPP-32 

immunohistochemical representation in the striatum, particularly within the PD putamen. 
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Calbindin within the PD human striatum still shows the presence of the striosome and matrix 

compartments of the dorsal caudate nucleus and putamen (Ito et al., 1992). The antibody to 

calbindin shows the characteristic absence of immunoreactivity amongst the cell bodies and 

neuropil of the striosomes. The results from the Ito study suggest that due to the relatively unaltered 

distribution of calbindin in the striatum, the matrix-centric basal ganglia output is preserved. 

Similarly, enkephalin shows itself to be relatively stable in PD, and shows a similar striosome and 

matrix expression pattern to the normal striatum. The parkinsonian symptoms that present are 

thought to be caused by dopamine deficiency in the putamen, due to neuronal loss in the pars 

compacta (Hornykiewicz, 1981), however the dopamine deficiency does not seem to have an 

impact on enkephalin expression within the MSNs of the striatum (Goto et al., 1990). Dopamine 

has strong links with GABA, and previous studies have shown that overall GABA is increased 

within the striatum of PD post-mortem human brains, particularly within areas that show the 

greatest dopamine loss, such as the putamen (Kish et al., 1986). This is unlikely to be due to L-

dopa treatment (Perry et al., 1983) and so it can be assumed that increased GABA within the 

striatum is endogenous to the PD pathology itself. A study by Calon et al shows that there are no 

significant changes in GABAA receptors in PD striatum in comparison to normal striatum (Calon 

et al., 2003).  

MSN degeneration and subsequent changes in dendritic density in PD human striatum have been 

characterised previously to some extent. While dendritic shortening was observed in MSNs in both 

the putamen and the caudate nucleus of the striatum in PD patients, a reduction of spine density 

was reported in caudal regions of the putamen only, while no change was observed in PD caudate 

nucleus. (Zaja-Milatovic et al., 2005). These anatomical changes are hypothesised to occur due to 

striatal dopamine denervation and its specific pattern of connectivity. It is possible that post- 

dopamine denervation, the MSNs experience relatively elevated glutamatergic input that causes 

dendritic spine degeneration due to excitotoxicity (Zaja-Milatovic et al., 2005). DARPP-32 has 

not been utilised as an MSN marker before in PD, nor have the three potential MSN populations 

(DARPP-32 positive only, calbindin positive only, and DARPP-32 + calbindin) been evaluated 

for changes in PD 

The previous chapter has shown the presence of the three MSN types (DARPP-32 positive only, 

calbindin positive only, and DARPP-32 + calbindin), together with qualitative analysis of GABAA 

β2,3 subunit representation on these three MSN types. This finding itself is novel, and thus the 

GABAA β2,3 subunit representation on the MSN types in PD has not been evaluated. 
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Thus the aims of this chapter are 

i) To show the macroscopic representation of DARPP-32 within the PD human striatum; 

ii) To observe and describe striosome/patch and matrix borders within the caudate 

nucleus, putamen, and ventral striatum of the PD post-mortem human brain tissue 

using immunofluorescence with DARPP-32, calbindin and enkephalin; 

iii) To quantitatively measure the expression levels of the neuropeptides DARPP-32, 

calbindin, enkephalin, and the GABAA β2,3 receptor subunit within the six different 

regions (Caudate Nucleus [striosome and matrix], Putamen [striosome and matrix], 

and Ventral Striatum [patch and matrix]) of the PD striatum and compare with 

expression levels in the normal striatum; 

iv) To evaluate the cellular and morphological distribution of DARPP-32 in the 

aforementioned six striatal regions, in direct comparison to calbindin in PD striatum; 

v) To examine the GABAA β2,3 receptor subunit distribution on the three different MSN 

populations (DARPP-32 positive only, calbindin positive only, DARPP-32 + 

calbindin) via immunofluorescence experiments with DARPP-32 and calbindin in PD 

post-mortem human striatum.  

 

 

6.2 Methods 

Triple labelling immunofluorescence experiments were run on PD striatal sections to evaluate how 

striosomal borders were distinguished at the same level using three different neurochemical 

markers. 

Serial human striatal sections from PD cases were immunohistochemically labelled with DARPP-

32, calbindin and enkephalin (details in Chapter 3). These sections were compared to the normal 

striatum through acquisition of macroscopic and microscopic photomicrographs and examination 

for histological similarities or differences in each different striatal region (Chapter 5). The striatal 

regions that lay anterior to the anterior commissure, and were located at the level of the nucleus 

accumbens were assessed in this study. Further qualitative analysis of DARPP-32 

immunoreactivity at a microscopic level was also conducted with immunofluorescence labelling, 

along with calbindin and GABAA β2,3 (details in Chapter 3). 

Densitometric analysis was performed on the different neurochemical compartments of the PD 

human striatum, in comparison to the normal human striatum. For this portion of the study, four 

serial sections from five PD brains (PD45, PD50, PD56, PD58 and PD63) were each stained with 
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a different marker (DARPP-32, calbindin, enkephalin and the GABAA β2,3 subunit) using 

standard immunohistochemistry. For comparison striatum from five normal cases (H160, H186, 

H241, H243, H245) were stained. Four serial sections from each case were stained; each with a 

different neuropeptide (DARPP-32, calbindin, enkephalin and the GABAA β2,3 receptor subunit). 

Using a high throughput image acquisition system (V-Slide automated slide scanning system), six 

different regions (Caudate Nucleus [striosome and matrix], Putamen [striosome and matrix], and 

Ventral Striatum [patch and matrix]) were delineated in each striatal section and images (20x 

magnification) were acquired from each area. Approximately 2000 images were captured per 

striatal section. Images were then sorted to ensure that only one striatal region was present in a 

single image.  Densitometric analysis was performed on all images using Metamorph® image 

analysis software, in particular the integrated morphometry analysis journal, to assess the density 

reading levels of each marker (DARPP-32, calbindin, enkephalin and the GABAA β2,3 subunit) 

in each striatal area.  

Before image analysis was conducted, the analysis journal was optimised for each marker by 

running a set number of images and adjusting the thresholding parameters for each journal 

variation, to ensure optimal thresholds for each marker. Each journal variation was applied to all 

images that showed staining from one particular marker. The data was split into four marker 

groups (DARPP-32, calbindin, enkephalin and the GABAA β2,3 subunit), and then each marker 

group was further subdivided into six region groups.  

Statistical analysis was performed using JMP 13 statistical software (SAS Institute Inc.) Shapiro-

Wilk tests and Kolmogorov-Smirnov tests were run on each of the marker+region groups to assess 

for normality. Tests were also run to test for homoscedascity. The spread of data was also visually 

assessed for normality. For this chapter, mean integrated density was used as a measure for the 

expression of the neurochemicals within each striatal region. This was compared between the PD 

data with normal data. However, as mean integrated density is a function of thresholded area as 

well as average intensity, these two parameters were also assessed. The data generally did not meet 

the criteria for normality, and thus Wilcoxon tests was used to assess for differences between 

control and PD data.  
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6.3 Macroscopic Representation of DARPP-32 in Parkinson’s Disease Striatum 

Striatal sections from ten PD cases were stained with DARPP-32. A single section was stained per 

case. These were matched with single striatal sections stained with DARPP-32 from ten normal 

cases. In general the PD striatum appeared degenerated in size, compared to the normal striatum. 

The most striking observation was that the putamen, especially the matrix showed a lack of 

DARPP-32 immunoreactivity, while the caudate nucleus exhibited a near normal moderate to 

high amount of DARPP-32 (Figure 6.1). This marked difference of DARPP-32 immunoreactivity 

between the caudate nucleus and the putamen was not seen in adjacent striatal sections stained 

with calbindin and enkephalin. Calbindin immunoreactivity and enkephalin immunoreactivity 

appeared comparable to the striosome and matrix patterning observed in the normal striatum, both 

in the caudate nucleus and putamen.  Furthermore, striosomes could still be identified within the 

caudate nucleus stained with DARPP-32, calbindin and enkephalin. In the putamen, the 

distinction of striosomes was often not apparent with DARPP-32, however striosomes were still 

present as identified by calbindin and enkephalin (Figure 6.1).  

 

6.4 Striosome and Matrix Border Integrity within the Parkinson’s Disease Striatum 

Three single PD striatal sections were stained with DARPP-32, calbindin, and enkephalin using 

immunofluorescence. This was to investigate how the different neurochemicals identified the 

striosome borders in PD striatum. Striosomes in the caudate nucleus and putamen, and patches in 

the ventral striatum were compared between all three labels for their staining pattern (Figure 6.2). 

In the caudate nucleus, striosomes could be identified using enkephalin, however calbindin stain 

did not show much variation between the striosome and the matrix. There were generally fewer 

calbindin-positive cells in the striosomes than there were in the matrix. It was difficult to use 

DARPP-32 to identify striosomes using immunofluorescence, unlike in the normal caudate 

nucleus (Chapter 5, Section 5.4). In the putamen enkephalin was the strongest identifier of 

striosomes, while the representation of DARPP-32 did not show clear boundaries for striosomes. 

Ventral striatal patches were easily identifiable using calbindin and enkephalin in contrast to the 

caudate nucleus and putamen, as the patches showed a lack of calbindin and enkephalin 

immunoreactivity. It was difficult to identify a ventral striatal patch by identification with DARPP-

32. 
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Figure 6.1 Macroscopic photomicrographs of serial secons of the PD human striatum stained with striosomal and matrix markers
TheThe secons are serially stained with DARPP-32 (A, E), matrix marker calbindin (B, F), striosome marker enkephalin (C, G) and striosome marker GABAA β2,3 . Two 
different PD cases are shown (PD45 in A – D, and PD62 in E – H). The PD striatum show a general reducon in striatal area in comparison to the normal striatum 
(Figure 5.1). In secons stained with DARPP-32 (A & E) the putamen (Put) shows less DARPP-32 immunoreacvity (asterisk) than the neighbouring caudate nucle-
us (CN). Striosomes are sll  present within the caudate nucleus (black arrow, A & E), but are difficult to idenfy within the putamen. Striatal secons stained with 
calbindincalbindin (B & E) show no difference in calbindin immunoreacvity between the caudate nucleus and the putamen. Striosomes are easily idenfiable within the 
caudate nucleus and putamen. PD striatal secons stained with enkephalin adjacent to the calbindin-stained secons show no difference in enkephalin immuno-
reacvity between the caudate nucleus and putamen (C & F). Striosomes idenfied by enkephalin are also apparent in both the caudate nucleus and putamen 
(black arrows, C & G). Striosomes show a faint disncon in secons stained with GABAA β2,3 (black arrows, D & H)
CN, Caudate nucleus; IC, Internal capsule; Put, Putamen, Scale bar A - H = 0.5 cm.
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Figure 6.2 DARPP-32 Striosome or patch borders in the caudate nucleus, the putamen and the 

ventral striatum of the Parkinson’s Disease human striatum 

A - D: Overlap of DARPP-32 (A), calbindin (B), and enkephalin (C) within the caudate nucleus of post-

mortem PD human striatum. (A) The identification of striosomes using DARPP-32 cannot be done 

with ease in PD human striatum. (B) The striosome as identified by calbindin (green dashed line). 

Calbindin immunoreactivity within the neuropil is not significantly reduced. (C) Enkephalin 

immunoreactivity is highly represented within the striosome (light blue dashed line). Overall, the 

striosomal borders are challenging to delineate. The overlap of the striosome as seen by calbindin 

and enkephalin is represented in D (green and blue dashed lines).  

E – H: Enkephalin immunoreactivity within the striosome (G, light blue dashed line) clearly 

delineates the striosome. (E) Using DARPP-32 immunostaining striosomes and borders are 

particularly difficult to identify. (F) Using calbindin immunostaining a striosome can be identified, 

however the distinction between striosome and matrix is difficult to determine (green dashed line). 

There is a lower number of calbindin-positive cell body staining within the striosome. The overlap 

of the striosome as seen by calbindin and enkephalin is represented in H (green and light blue 

dashed lines). 

I – L: In the PD ventral striatum, DARPP-32 immunoreactivity does not appear to show a great 

distinction between the patch and matrix compartments through fluorescence staining (I). There is 

a marked absence of calbindin immunoreactivity within the ventral striatal patch (J, green dashed 

line). Within the same ventral striatal patch, a marked absence of enkephalin immunoreactivity is 

also apparent (K, light blue dashed line). The overlap of the patch as seen by calbindin and 

enkephalin is represented in L (green and light blue dashed lines). 

Scale bars = A – L: 50 µm 
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6.5 Densitometry within the Neurochemical Compartments of the Parkinson’s Disease 

Human Striatum 

A previous study from Kish and colleagues have demonstrated the relative loss of dopamine in the 

basal ganglia of the PD brain, particularly in the putamen. As selective antibody staining of 

DARPP-32 has been seen in the normal human striatum (Chapter 5) thus changes in the expression 

patterns of DARPP-32 in the PD human striatum can now be examined. The aim of this section 

is to evaluate DARPP-32 expression in different regions of the PD striatum in comparison to the 

normal striatum. These regions are: the Caudate Nucleus [striosome and matrix], Putamen 

[striosome and matrix], and Ventral Striatum [patch and matrix]). Previous studies of calbindin in 

PD human striatal sections show that calbindin-positive MSNs are not lost to any large degree (Ito 

et al., 1992), however examinations on the relative amounts of calbindin in the sub-striatal zones 

(striosomes and matrix) were not conducted. Enkephalin has shown to be consistent in identifying 

striosomes in PD human striatum. The GABAA β2,3 subunit was also assessed to further 

understand how GABA transmission is potentially altered within the PD striatum.  Five normal 

cases were compared with five PD cases, with four serial sections taken from each case. Serial 

sections from each case were stained with either DARPP-32, calbindin, enkephalin or the GABAA 

β2,3 subunit. Thus, each case (normal and diseased) had a set of sections comprising one DARPP-

32 stained section, one calbindin-stained section, one enkephalin-stained section, and one GABAA 

β2,3 subunit-stained section.  Striatal sections with the clearest striosome/matrix borders were 

selected first for boundary drawing. Boundary maps were compared between striatal sections 

stained with different markers specific to each case to ensure images were captured in the right 

striosome/matrix areas. Approximately 2000 images were captured per striatal section. All striatal 

groups were assessed with Shapiro-Wilk tests, and the spread of data was also visually assessed for 

normality. Non-parametric Wilcoxon tests were run to assess for statistical differences between 

normal and PD groups within each striatal region group. 

 

6.5.1 Densitometry of DARPP-32 within the Parkinson’s Disease Human Striatum 

Five normal cases were compared with five PD cases. A single slide from each case was stained 

with DARPP-32, and divided into six striatal regions (CN Striosomes, CN Matrix, etc). The 

normal CN Striosome group was compared with the PD CN Striosome group, and so on. The 

mean± SEM statistical values for the normal and PD striatal region groups are reported 

throughout the section (Figure 6.3, Table 6.1). There was a statistically significant difference (p 

= 0.0283*) in the DARPP-32 integrated optical densities between the normal (457.61 x 106 ± 38.03 

x 106 pixels), and PD putamen striosomes (230.38 x 106 ± 68.32 x 106) stained with DARPP-32, 

with a 50% decrease in DARPP-32 densiometric staining. There was also a statistically significant 
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(p = 0.0283*) 59% decrease between the integrated densities of normal (400.34 x 106 ± 42.70 x 106 

pixels) and PD DARPP-32 (163.86 x 106 ± 52.05 x 106 pixels) stained putamen matrix. The largest 

change was a statistically significant decrease of 65% (p = 0.0163*) between normal (451.44 x 106 

± 60.28 x 106 pixels) and PD (157.07 x 106 ± 60.46 x 106 pixels) ventral striatal patches. 

Furthermore, a statistically significant decrease of 62% (p = 0.0163*) was found between normal 

(538.49 x 106 ± 47.91 x 106 pixels) and PD (206.61 x 106 ± 65.82 x 106 pixels) in the ventral striatal 

matrix. The mean ± SEM for normal DARPP-32 caudate nucleus striosomes was 461.07 x 106 ± 

53.72 x 106 pixels. The mean ± SEM for PD DARPP-32 caudate nucleus striosomes was 296.69 x 

106 ± 81.22 x 106 pixels. This showed a 36% loss of DARPP-32, although this was not a significant 

difference of DARPP-32 integrated density between normal and PD caudate nucleus striosomes 

(p = 0.1745). There was no significant difference between the normal and PD caudate nucleus 

matrix compartments stained with DARPP-32 (41% loss overall). The mean ± SEM for normal 

DARPP-32 caudate nucleus matrix was 409.71 x 106 ± 52.16 x 106 pixels, while the mean ± SEM 

for PD DARPP-32 caudate nucleus matrix was 239.95 x 106 ± 78.40 106 pixels (p = 0.1745). 

 

Figure 6.3 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Parkinson’s Disease 

Human Striatum (bars indicate standard error mean). Normal data is shown (light blue) in contrast 

to PD data (dark blue) for each striatal region. Non-parametric Wilcoxon tests showed statistically 

significant differences between the Normal (n=5) and PD (n=5) groups within the putamen 

striosomes, the putamen matrix, the ventral striatal patches and the ventral striatal matrix.*p ≤ .05 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

65% ↓  36% ↓  41% ↓  50% ↓  59% ↓  62% ↓  

* * * * 
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Table 6.1 Summary table showing densitometric analysis of DARPP-32 across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes 

*p ≤ .05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome Normal 461.07 120.11 53.72 
0.1745 36% ↓ 

PD 296.69 181.61 81.22 

CN Matrix 

 

Normal 409.71 116.64 52.16 
0.1745 41% ↓ 

PD 239.95 175.32 78.40 

Put Striosome Normal 457.61 85.04 38.03 
0.0283* 50% ↓ 

PD 230.39 152.76 68.32 

Put Matrix Normal 400.34  95.48 42.70 
0.0283* 59% ↓ 

PD 163.86 116.39 52.05 

VS Patch Normal 451.44 134.80 60.28 
0.0163* 65% ↓ 

PD 157.07 135.19 60.46 

VS Matrix Normal 538.49 107.14 47.91 
0.0163* 62% ↓ 

PD 206.61 147.18 65.82 
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6.5.2 Densitometry of calbindin within the Parkinson’s Disease Human Striatum 

Each striatal region + category group had an n of 5, except the Put Striosome Normal group, which 

had an n of 4. In comparison, there were no significant differences between normal and PD 

sections stained with calbindin in any of the six different striatal sections delineated and examined 

(Figure 6.4, Table 6.2).   

 

 

Figure 6.4 Mean Integrated Optical Density of calbindin in the Normal vs. Parkinson’s Disease 

Human Striatum (bars indicate standard error mean). Normal data is shown (orange) in contrast to 

PD data (brown) for each striatal region. Non-parametric Wilcoxon tests showed no statistical 

differences between Normal and PD mean integrated density across any of the striatal regions. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

Normal (n=5) 

PD (n=5) 

 

 

 

 

 

7% ↓  6% ↑  7% ↓  4% ↑  5% ↓  3% ↓  
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Table 6.2 Summary table showing densitometric analysis of calbindin across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes 

 

 

6.5.3 Densitometry of enkephalin within the Parkinson’s Disease Human Striatum 

Each striatal region + disease group had an n of 5. The mean ± SEM for mean integrated density 

values for both normal and PD groups are reported (Figure 6.5, Table 6.3). There was a 

statistically significant decrease (decrease of 45%) (p = 0.0090**) in the mean enkephalin 

integrated density between the normal (316.14 x 106 ± 37.52 x 106 pixels) and PD (174.53 x 106 ± 

14.39 x 106 pixels) putamen striosome groups. A statistically significant decrease of 51% in 

staining density (p = 0.0163*) was observed in the mean enkephalin integrated density between 

normal (313.83 x 106 ± 41.38 x 106 pixels) and PD (152.07 x 106 ± 29.83 x 106 pixels) putamen 

matrix groups. A statistically significant decrease of 56% in staining intensity (p = 0.0472*) was 

observed in mean enkephalin integrated density between normal (363.98 x 106 ± 55.09 x 106 pixels) 

and PD (160.28 x 106 ± 51.72 x 106 pixels) ventral striatal patches. Another statistically 

significant decrease (p = 0.0283*, 50% decrease) in mean enkephalin integrated density was 

observed between normal (392.86 x 106 ± 49.3 x 106 pixels) and PD (195.80 x 106 ± 47.80 x 106 

pixels) ventral striatal matrix groups. Integrated optical density readings from the normal caudate 

nucleus striosomes showed a mean ± SEM of 343.14 x 106 ± 46.12 x 106 pixels, while the PD 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome Normal 342.95 88.19 39.44 
0.6015 7% ↓ 

PD 320.24 275.07 123.02 

CN Matrix Normal 384.39 93.30 41.72 
0.6015 7% ↓ 

PD 358.93 299.12 133.77 

Put Striosome Normal 321.32 71.16 35.58 
0.6242 6% ↑ 

PD 341.63 277.10 123.92 

Put Matrix Normal 355.57 69.08 30.89 
0.6015 4% ↑ 

PD 370.58 265.66 118.81 

VS Patch Normal 399.80 85.51 37.35 
0.6015 5% ↑ 

PD 381.12 272.62 121.92 

VS Matrix Normal 428.07 71.60 32.02 
0.6015 3% ↑ 

PD 416.86 272.62 121.92 
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caudate nucleus striosomes mean ± SEM readings were 195.65 x 106 ± 40.64 x 106 pixels. This was 

noted to be a 43% decrease but was not statistically significant as indicated by the p value (p = 

0.0758). A non-statistically significant 48% decrease was also observed in caudate nucleus matrix 

density measurements, with the normal caudate nucleus matrix mean ± SEM as 301.58 x 106 ± 

40.38 x 106, while the PD caudate nucleus matrix mean ± SEM was 157.88 x 106   ± 43.66 x 106 

pixels (p = 0.0758).  

 

 

 

 

Figure 6.5 Mean Integrated Optical Density of enkephalin in the Normal vs. Parkinson’s Disease 

Human Striatum (bars indicate standard error mean). Normal data is shown (light purple) in contrast 

to PD data (dark purple) for each striatal region. Non-parametric Wilcoxon tests showed statistical 

differences between Normal and PD mean integrated density across all striatal groups. 

*p ≤ .05, **p ≤ .01 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

Normal (n=5) 

PD (n=5) 

 

* * * ** 

43% ↓  48% ↓  45% ↓  51% ↓  56% ↓  50% ↓  
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Table 6.3 Summary table showing densitometric analysis of enkephalin across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes 

*p ≤ .05, **p ≤ .01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean IOD 

(millions) 

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 343.14 103.13 46.12 
0.0758 

 
43%  ↓ 

PD 195.65 90.88 40.64 

CN Matrix 

 

Normal 301.58 90.28 40.38 
0.0758 

 
48% ↓ 

PD 157.88 97.63 43.66 

Put Striosome Normal 316.14 83.89 37.52 
0.0090** 

 
45% ↓  

PD 174.53 32.19 14.39 

Put Matrix Normal 313.83 92.53 41.38 
0.0163* 

 
51% ↓ 

PD 152.07 66.69 29.83 

VS Patch Normal 363.98 123.19 55.09 
0.0472* 

 
56% ↓ 

PD 160.28 115.65 51.72 

VS Matrix Normal 392.86 110.24 49.3 
0.0283* 

 
50%  ↓ 

PD 195.80 106.89 47.80 
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6.5.4 Densitometry of the GABAA β2,3 subunit within the Parkinson’s Disease Human 

Striatum 

Each striatal region + category group had an n of 5.  The mean ± SEM for mean integrated density 

values for both normal and PD groups are presented. No statistically significant changes were 

found between the normal and PD groups across all striatal compartments (Figure 6.6, Table 6.4).  

 

 

 

Figure 6.6 Mean Integrated Optical Density of GABAA β2,3 in the Normal vs. Parkinson’s Disease 

Human Striatum (bars indicate standard error mean). Normal data is shown (light green) in contrast 

to PD data (dark green) for each striatal region. Non-parametric Wilcoxon tests showed no statistical 

differences between Normal and PD mean integrated density across all striatal groups. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

BD17 = GABAA β2,3 

Normal (n=5) 

PD (n=5) 

 

 

 

 

47% ↓  45% ↓  38% ↓  37% ↓  41% ↓  39% ↓  
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Table 6.4 Summary table showing densitometric analysis of GABAA β2,3 across the normal and 

Parkinson’s Disease striatum with Wilcoxon test results and percentage changes 

 

6.6 An Evaluation of the components of Mean Integrated Optical Density – 

Thresholded Area and Average Intensity 

There were significant changes in PD DARPP-32 expression levels (assessed using integrated 

optical density, Section 6.5.1) across the putamen striosomes, putamen matrix, ventral striatal 

patches and ventral striatal patches. Furthermore, there were also significant changes in 

enkephalin expression (assessed using integrated optical density, Section 6.5.3) across all striatal 

regions in PD. As the integrated optical density function is dependent on both area and average 

intensity per pixel it was essential to evaluate changes in both thresholded area and average 

intensity per pixel to ascertain which factor was contributing to the significant changes in 

integrated optical density in PD, particularly regarding DARPP-32 and enkephalin. Thresholded 

area is the total stained area in any given image, while average intensity is the average expression 

level of a protein per unit area. Normality tests were run and almost all the groups did not meet 

statistical normality criteria. It was also decided after visual assessment of the data that Wilcoxon 

tests would be used to assess for differences between control and PD data.  

 

Striatal Area Category Mean IOD 

(millions) 

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 333.06 162.55 72.70 
0.2506 47% ↓ 

PD 176.26 115.23 51.53 

CN Matrix Normal 323.14 173.46 77.58 
0.3472 45% ↓ 

PD 177.85 117.45 52.53 

Put Striosome Normal 363.79 126.11 56.40 
0.1745 38% ↓  

PD 224.69 78.87 35.28 

Put Matrix Normal 355.92 153.19 68.51 
0.1745 37% ↓ 

PD 222.76 97.08 43.42 

VS Patch Normal 287.18 184.75 82.62 
0.2506 41% ↓ 

PD 169.15 120.03 53.70 

VS Matrix Normal 319.94 169.61 75.85 
0.3472 39% ↓ 

PD 194.54 118.88 53.16 
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6.6.1 Mean Thresholded Area of DARPP-32 within the Parkinson’s Disease Human Striatum 

Some changes in mean thresholded area, as identified by DARPP-32, were observed in PD cases 

in comparison to normal cases. The mean ± SEM for mean thresholded area values for both 

normal and PD groups are presented. In particular, statistically significant changes were noted 

in the putamen striosomes, the putamen matrix, the ventral striatal patches, and the ventral 

striatal matrix (Figure 6.7, Table 6.5). A statistically significant change (p = 0.0472*) was noted 

in the thresholded area of putamen striosomes from normal (1304712 ± 28821 pixels) to PD 

(849271 ± 243941 pixels). This was on average a 35% loss in thresholded area. A statistically 

significant change (p = 0.0283*) was observed when the mean DARPP-32 thresholded area for 

the normal putamen matrix (1209570 ± 71240 pixels) was compared to the PD putamen matrix 

(643470 ± 200934 pixels). This was a 47% decrease in putamen matrix thresholded area. A 

statistically significant change (p = 0.0283*) was observed when the mean DARPP-32 

thresholded area for the normal ventral striatal patches (1217954 ± 61480 pixels) was compared 

to the PD ventral striatal patches (587956 ± 198564 pixels). This resulted in a 52% decrease in 

ventral striatal patch thresholded area in PD. A statistically significant change (p = 0.0163*) was 

observed when the mean DARPP-32 thresholded area for the normal ventral striatal matrix 

(1315373 ± 24434 pixels) was compared to the PD ventral striatal matrix (752647 ± 211274 pixels). 

This resulted in a 43% decrease in thresholded area. 

No statistically significant change (p = 0.2506) was noted in the caudate nucleus striosomal regions 

between normal and PD groups. The thresholded area mean ± SEM for normal caudate nucleus 

striosomes stained with DARPP-32 was 1259798 ± 41218 pixels, and the thresholded area mean 

± SEM for PD caudate nucleus striosomes was 933115 ± 209302 pixels. On average, caudate 

nucleus striosomal thresholded area was decreased by 26% in PD cases from normal cases. A non-

statistically significant difference (p = 0.2506) was noted when the mean DARPP-32 thresholded 

area for normal caudate nucleus matrix (1212869 ± 59805 pixels) was compared with PD caudate 

nucleus matrix (805822 ± 221319 pixels). This resulted in a 37% loss in thresholded area in PD 

caudate nucleus matrix. 
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Figure 6.7 Mean Thresholded Area of DARPP-32 in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light blue) in contrast to PD data 

(dark blue) for each striatal region. Non-parametric Wilcoxon tests showed statistically significant 

differences between the Normal and PD groups within the putamen striosomes, the putamen 

matrix, the ventral striatal patches and the ventral striatal matrix. 

*p ≤ .05 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

Normal (n=5) 

PD (n=5) 

 

 

 

 

26% ↓  37% ↓ 35% ↓ 47% ↓ 52% ↓ 43% ↓  

* * * * 
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Table 6.5 Summary table showing comparison of DARPP-32 mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes 

*p ≤ .05 

 

6.6.2 Mean Average Intensity of DARPP-32 in the Parkinson’s Disease Human Striatum 

Changes in the mean average intensity of stain per pixel for DARPP-32 were also observed across 

all areas of the striatum in PD cases. The mean ± SEM values for DARPP-32 average intensity 

are reported in this section. Statistically significant changes were noted in the putamen 

striosomes, the putamen matrix, the ventral striatal patches, and the ventral striatal matrix 

(Figure 6.8, Table 6.6). A statistically significant change (0.0163*) of the mean DARPP-32 

average intensity was observed between the normal (348.76 ± 24.19 pixels) and the PD (258.99 ± 

9.87 pixels) putamen striosomal regions. The percentage change was a 26% reduction in DARPP-

32 intensity within the putamen striosomes in PD cases. A statistically significant change (p = 

0.0283*) of mean DARPP-32 average intensity was observed between the normal (326.52 ± 23.78 

pixels) and PD (245.57 ± 4.95 pixels) putamen matrix regions. This was a 25% decrease in 

DARPP-32 average intensity in the putamen matrix region. A statistically significant change (p 

= 0.0163*) of mean DARPP-32 average intensity was observed between the normal (361.04 ± 

32.77 pixels) and PD (249.69 ± 12.38 pixels) ventral striatal patches. This was a 31% decrease in 

DARPP-32 intensity in the ventral striatal patches from normal to PD. Furthermore, a statistically 

Striatal Area Category Mean 

Thresholded 

Area  

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 1259798 92389 41218 
0.2506 26% ↓ 

PD 933115 468014 209302 

CN Matrix Normal 1212869 133727 59805 
0.2506 37% ↓ 

PD 805822 494884 221319 

Put Striosome Normal 1304712 64445 28821 
0.0472* 35% ↓ 

PD 849271 545468 243941 

Put Matrix Normal 1209570 159298 71240 
0.0283* 47% ↓  

PD 643470 449303 200934 

VS Patch Normal 1217954 137473 61480 
0.0283* 52% ↓ 

PD 587956 444002 198564 

VS Matrix Normal 1315373 54635 24434 
0.0163* 43% ↓ 

PD 752647 472422 211274 
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significant change (p = 0.0163*) was observed when mean DARPP-32 average intensity was 

compared between the normal (405.89 ± 31.82 pixels) and PD (259.99 ± 14.31 pixels) ventral 

striatal matrix. The percentage change was a 36% decrease in DARPP-32 intensity in PD cases. 

No statistical significant difference (p = 0.1745) was observed between the normal and PD caudate 

nucleus striosomes. The mean DARPP-32 average intensity value ± SEM for normal caudate 

nucleus striosomes was 360.38 ± 31.82 pixels, and the mean ± SEM for PD caudate nucleus 

striosomes was 302.87 ± 23.69 pixels. This was a 16% loss of intensity in PD caudate nucleus 

striosomes. A statistical non-significant change (p = 0.2506) in mean DARPP-32 average intensity 

was also noted in the caudate nucleus matrix regions. The mean ± SEM intensity value for normal 

caudate nucleus matrix was 330.28 ± 29.54 pixels, and the mean ± SEM intensity value for PD 

caudate nucleus matrix was 277.70 ± 20.32 pixels, resulting in a 16% loss of intensity.  

 

 

Figure 6.8 Mean Average Intensity of DARPP-32 in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light blue) in contrast to PD data 

(dark blue) for each striatal region. Non-parametric Wilcoxon tests showed statistically significant 

differences between the Normal (n=5) and PD (n=5) groups within the putamen striosomes, the 

putamen matrix, the ventral striatal patches and the ventral striatal matrix. 

*p ≤ .05 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

16% ↓ 16% ↓ 26% ↓ 25% ↓ 31% ↓ 36% ↓ 

* * * * 
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Table 6.6 Summary table showing comparison of DARPP-32 mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes 

*p ≤ .05 

 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean 

Average 

Intensity   

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 360.38 71.16 31.82 
0.1745 16% ↓ 

PD 302.87 52.96 23.69 

CN Matrix Normal 330.28 66.06 29.54 
0.2506 16% ↓ 

PD 277.7 45.43 20.32 

Put Striosome Normal 348.76 54.10 24.19 
0.0163* 26% ↓ 

PD 258.99 22.07 9.87 

Put Matrix Normal 326.52 53.18 23.78 
0.0283* 25% ↓ 

PD 245.57 11.07 4.95 

VS Patch Normal 361.04 73.28 32.77 
0.0163* 31% ↓ 

PD 249.69 27.69 12.38 

VS Matrix Normal 405.89 71.14 31.82 
0.0163* 36% ↓ 

PD 259.99 32.00 14.31 
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6.6.3 Mean Thresholded Area of calbindin in the Parkinson’s Disease Human Striatum 

There were no statistically significant changes in the mean thresholded areas as demarcated by 

calbindin from normal to PD cases, although a reduction in striatal regional area was noted across 

all six different striatal zones (Figure 6.9, Table 6.7). Mean ± SEM calbindin thresholded area 

values are reported in this section.  

 

 

Figure 6.9 Mean Thresholded Area of calbindin in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (orange) in contrast to PD data 

(brown) for each striatal region. Non-parametric Wilcoxon tests showed no statistically significant 

differences between the Normal (n=5) and PD (n=5)  groups across all striatal regions. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

 

 

 

 

 

 

 

31% ↓  31% ↓  26% ↓  25% ↓  24% ↓  21% ↓  
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Table 6.7 Summary table showing comparison of calbindin mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean 

Thresholded 

Area  

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 1240939 156476 69978 
0.7540 31% ↓ 

PD 855270 684335 306044 

CN Matrix Normal 1285587 92076 41178 
0.6015 31% ↓ 

PD 891196 654223 292578 

Put Striosome Normal 1212279 97350 48675 
0.6242 26% ↓ 

PD 894297 650867 291076 

Put Matrix Normal 1274975 72592 32464 
0.7540 25% ↓ 

PD 962325 551818 246780 

VS Patch Normal 1322449 35860 16037 
0.6015 24% ↓ 

PD 1007473 569900 254867 

VS Matrix Normal 1330126 18583 8311 
0.9168 21% ↓ 

PD 1052196 514156 229937 
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6.6.4 Mean Average Intensity of calbindin the Parkinson’s Disease Human Striatum 

An increase in mean calbindin average intensity of stain per pixel was noted across all striatal 

regions that were stained with calbindin in diseased cases, when PD cases were compared with 

normal cases. This was a general trend, however these observations were not statistically 

significant (Figure 6.10, Table 6.8).  

 

 

Figure 6.10 Mean Average Intensity of calbindin in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (orange) in contrast to PD data 

(brown) for each striatal region. Non-parametric Wilcoxon tests showed no statistically significant 

differences between the Normal (n=5) and PD (n=5)  groups across all striatal regions. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

 

 

14% ↑  12% ↑  22% ↑  20% ↑  10% ↑  10% ↑  
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Table 6.8 Summary table showing comparison of calbindin mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes 

 

 

6.6.5 Mean Thresholded Area of enkephalin within the Parkinson’s Disease Human Striatum 

Across the striatal regions stained with enkephalin, there were some decreases of mean thresholded 

area in PD cases (Figure 6.11, Table 6.9). Mean ± SEM calbindin thresholded area values are 

reported in this section. A statistically significant change (p = 0.0472*) was observed in mean 

enkephalin thresholded area between the normal (1313018 ± 30881 pixels) and PD (993940 ± 

158837 pixels) caudate nucleus striosomes. This was a 24% decrease in mean enkephalin 

thresholded area. A statistically significant change in mean enkephalin thresholded area (p = 

0.0283*) was noted between normal (1294265 ± 49972 pixels) and PD (871290 ± 216211 pixels) 

cases regarding the caudate nucleus matrix. This was a 33% decrease in mean enkephalin 

thresholded area. A statistically significant change in mean enkephalin thresholded area (p = 

0.0090**) was observed between normal (1310943 ± 23641 pixels) and PD (1017136 ± 89906 

pixels) putamen striosomal regions, resulting in 22% decrease in mean enkephalin thresholded 

area in PD cases. A statistically significant change (p = 0.0163*) in mean enkephalin thresholded 

area was observed between normal (1327816 ± 18906 pixels) and PD (938149 ± 173973 pixels) 

Striatal Area Category Mean 

Average 

Intensity  

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 270.29 46.65 20.86 
0.3472 14% ↑ 

PD 308.85 103.23 46.17 

CN Matrix Normal 295.26 60.29 26.96 
0.6015 12% ↑ 

PD 329.84 128.03 57.28 

Put Striosome Normal 260.73 42.62 21.31 
0.6242 22% ↑ 

PD 318.23 109.64 49.03 

Put Matrix Normal 274.97 45.19 20.21 
0.6015 20% ↑ 

PD 331.19 119.61 53.49 

VS Patch Normal 300.07 56.84 25.42 
0.6015 10% ↑ 

PD 329.13 121.38 54.28 

VS Matrix Normal 320.56 53.65 23.99 
0.6015 10% ↑ 

PD 351.10 130.88 58.53 
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putamen matrix. This was a 29% decrease in mean enkephalin thresholded area. A statistically 

significant change in mean enkephalin thresholded area (p = 0.0472*) was observed between 

normal (1319416 ± 50525 pixels) and PD (863255 ± 254762 pixels) ventral striatal patches. This 

resulted in a 35% decrease in mean enkephalin thresholded area. However, in ventral striatal 

matrix, a statistically non-significant change (p = 0.1745) was observed between normal (1341666 

± 17735 pixels) and PD cases (1007061 ± 196024 pixels) in the ventral striatal matrix. This was a 

25% decrease in mean enkephalin thresholded area in PD cases. 

 

 

 

Figure 6.11 Mean Thresholded Area of enkephalin in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light purple) in contrast to PD data 

(dark purple) for each striatal region. Non-parametric Wilcoxon tests showed statistically significant 

differences between the Normal (n=5) and PD (n=5) groups within the caudate nucleus striosomes, 

caudate nucleus matrix, putamen striosomes, and ventral striatal patch regions. 

*p ≤ .05, **p ≤ .01 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

 

24% ↓ 33% ↓ 22% ↓ 29% ↓ 35% ↓ 25% ↓ 

* * * * ** 
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Table 6.9 Summary table showing comparison of enkephalin mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes 

*p ≤ .05, **p ≤ .01 

 

6.6.6 Mean Average Intensity of enkephalin in the Parkinson’s Disease Human Striatum 

In PD striatal sections stained with enkephalin, changes were observed in mean average intensity 

of stain per pixel across some striatal compartments, from the normal striatum. In particular, 

statistically significant changes were noted in the putamen matrix, and the ventral striatal 

patches (Figure 6.12, Table 6.10). The mean enkephalin average intensity value ± SEM is noted 

in this section for normal and PD groups. A statistically significant change in enkephalin mean 

average intensity (p = 0.0472*) in the putamen matrix was noted between the normal (234.63 ± 

30.59 pixels) group and the PD group (155.52 ± 6.06 pixels). This comparison showed a 34% 

reduction in enkephalin intensity in the PD group. A statistically significant change in mean 

enkephalin average intensity (p = 0.0472*) was observed between normal (270.68 ± 36.09 pixels) 

and PD (167.14 ± 14.93 pixels) ventral striatal patches. This was noted to be a 38% decrease in 

mean average enkephalin intensity in PD ventral striatal patches. A statistically non-significant 

change (p = 0.1172) was observed between normal (257.97 ± 31.96 pixels) and PD (184.43 ± 13.95 

pixels) caudate nucleus striosomes. This was a 29% decrease in enkephalin mean average intensity 

Striatal Area Category Mean 

Thresholded 

Area  

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 1313018 69053 30881 
0.0472* 24% ↓ 

PD 993940 355170 158837 

CN Matrix Normal 1294265 111741 49972 
0.0283* 33% ↓ 

PD 871290 483462 216211 

Put Striosome Normal 1310943 52862 23641 
0.0090** 22% ↓ 

PD 1017136 201036 89906 

Put Matrix Normal 1327816 42274 18906 
0.0163* 29% ↓ 

PD 938149 389015 173973 

VS Patch Normal 1319416 112977 50525 
0.0472* 35% ↓ 

PD 863255 569664 254762 

VS Matrix Normal 1341666 39657 17735 
0.1745 25% ↓ 

PD 1007061 438324 196024 
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stain per pixel in the PD group. A statistically non-significant change (p = 0.1745) was observed 

between normal (228.76 ± 26.73 pixels) and PD (165.31 ± 11.83 pixels) caudate nucleus matrix. 

This was a 28% decrease in mean enkephalin average intensity in PD caudate nucleus matrix. 

Furthermore, in the putamen striosomes (p = 0.0758), a statistical non-significant change in mean 

enkephalin average intensity was also observed between the normal (239.38 ± 28.53 pixels) and 

PD (166.67 ± 1.06 pixels) groups. This resulted in a 30% decrease in mean enkephalin average 

intensity for the putamen striosomes. Lastly, a statistically non-significant difference (p = 0.1745) 

of mean average enkephalin intensity was noted between normal ventral striatal matrix (291.02 ± 

35.60 pixels) and PD ventral striatal matrix (179.89 ± 17.29 pixels). This was a 38% decrease in 

mean average enkephalin intensity in PD ventral striatal matrix regions. 

 

 

 

Figure 6.12 Mean Average Intensity of enkephalin in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light purple) in contrast to PD data 

(dark purple) for each striatal region. Non-parametric Wilcoxon tests showed statistically significant 

differences between the Normal (n=5) and PD (n=5) groups within the putamen matrix, and the 

ventral striatal patches. 

*p ≤ .05 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

* * 

29% ↓ 28% ↓ 30% ↓ 34% ↓ 38% ↓ 38% ↓ 
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Table 6.10 Summary table showing comparison of enkephalin mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes 

*p ≤ .05 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean 

Average 

Intensity  

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 257.97 71.47 31.96 
0.1172 29% ↓ 

PD 184.43 31.20 13.95 

CN Matrix Normal 228.76 59.77 26.73 
0.1745 28% ↓ 

PD 165.31 26.44 11.83 

Put Striosome Normal 239.38 63.78 28.53 
0.0758 30% ↓ 

PD 166.67 2.36 1.06 

Put Matrix Normal 234.63 68.40 30.59 
0.0472* 34% ↓ 

PD 155.52 13.56 6.063 

VS Patch Normal 270.68 80.70 36.09 
0.0472* 38% ↓ 

PD 167.14 33.39 14.93 

VS Matrix Normal 291.02 79.61 35.60 
0.1745 38% ↓ 

PD 179.89 38.67 17.29 
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6.6.7 Mean Thresholded Area of the GABAA β2,3 subunit in the Parkinson’s Disease Human 

Striatum 

There were no statistically significant changes in mean striatal thresholded area as demarcated by 

the GABAA β2,3 receptor subunit between normal and PD groups, across any of the six different 

striatal regions examined. Mean ± SEM thresholded area values are reported in this section (Figure 

6.13, Table 6.11).  

 

 

 

Figure 6.13 Mean Thresholded Area of GABAA β2,3 in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light green) in contrast to PD data 

(dark green) for each striatal region. Non-parametric Wilcoxon tests showed no statistically 

significant differences between the Normal (n=5) and PD (n=5) groups across all striatal regions. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

 

 

 

21% ↓ 19% ↓ 14% ↓ 13% ↓ 17% ↓ 18% ↓ 
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Table 6.11 Summary table showing comparison of GABAA β2,3 mean thresholded area between 

normal and Parkinson’s Disease striatal regions with percentage changes 

 

 

 

 

 

 

 

 

 

 

 

 

Striatal Area Category Mean 

Thresholded 

Area 

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 1157519 184901 82690 
0.3472 21% ↓  

PD 916224 503546 225193 

CN Matrix Normal 1134407 223213 99824 
0.4647 19% ↓ 

PD 921571 525911 235195 

Put Striosome Normal 1265584 29106 13016 
0.4647 14% ↓ 

PD 1082392 254407 113774 

Put Matrix Normal 1247001 91347 40852 
0.6015 13% ↓ 

PD 1087832 320310 143247 

VS Patch Normal 1058924 409035 182926 
0.2506 17% ↓ 

PD 883866 568695 254328 

VS Matrix Normal 1179566 210849 94294 
0.6015 18% ↓ 

PD 969307 525590 235051 
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6.6.8 Mean Average Intensity of the GABAA β2,3 subunit in the Parkinson’s Disease Human 

Striatum 

There were no statistically significant changes in mean average density of GABAA β2,3 subunit 

staining across any of the striatal regions between normal and PD cases. The mean GABAA β2,3 

subunit average intensity value ± SEM is noted in this section for normal and PD groups (Figure 

6.14, Table 6.12).  

 

 

Figure 6.14 Mean Average Intensity of GABAA β2,3 in the Normal vs. Parkinson’s Disease Human 

Striatum (bars indicate standard error). Normal data is shown (light green) in contrast to PD data 

(dark green) for each striatal region. Non-parametric Wilcoxon tests showed no statistically 

significant differences between the Normal (n=5) and PD (n=5) groups across all striatal regions. 

CN = caudate nucleus, Put = putamen, VS = ventral striatum 

 

 

 

 

 

34% ↓ 32% ↓ 30% ↓ 30% ↓ 27% ↓ 27% ↓ 
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Table 6.12 Summary table showing comparison of GABAA β2,3 mean average intensity between 

normal and Parkinson’s Disease striatal regions with percentage changes 

Striatal Area Category Mean 

Average 

Intensity 

Std Dev Std Err 

Mean 

p- value Percentage 

change 

CN Striosome Normal 274.22 108.19 48.38 
0.2506 34% ↓ 

PD 181.17 38.38 17.17 

CN Matrix Normal 267.20 110.48 49.41 
0.6015 32% ↓ 

PD 182.64 36.78 16.45 

Put Striosome Normal 285.11 96.34 43.09 
0.1745 30% ↓ 

PD 199.95 37.88 16.94 

Put Matrix Normal 277.91 105.91 47.37 
0.3472 30% ↓ 

PD 195.50 40.58 18.15 

VS Patch Normal 242.73 97.05 43.40 
0.6015 27% ↓ 

PD 178.24 31.35 14.02 

VS Matrix Normal 256.54 106.81 47.77 
0.6015 27% ↓ 

PD 188.37 37.26 16.66 
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6.7 Qualitative DARPP-32 and calbindin notes on the Parkinson’s Disease Human 

Striatum 

Within the human striatum, the main MSN marker of choice has always been calbindin (Ferrante 

et al., 1991). Calbindin has been used previously in studies on PD post-mortem human striatal 

tissue and it was stated that calbindin-positive MSNs are not lost to a large degree in PD human 

striatum, unlike in Huntington’s disease (Ferrante et al., 1991). As stated in the previous chapter, 

this study shows a novel high representation of DARPP-32 in the cell soma within the striosomes 

of the caudate nucleus and putamen, and also within the ventral striatal matrix. An assessment of 

how DARPP-32 positive cell soma are represented in PD human striatum has not been published. 

As in the previous chapter, an assessment of the DARPP-32 cells and the calbindin cells was made 

across the six different areas of the striatum (Caudate Nucleus [striosome and matrix], Putamen 

[striosome and matrix], and Ventral Striatum [patch and matrix]). This was done according to the 

Braak and Braak 1982 and Graveland 1985 studies on neuronal subtypes in the human striatum 

(Braak and Braak, 1982; Graveland et al., 1985). Three PD cases were assessed for this section of 

qualitative data. Each case provided one striatal section stained with DARPP-32, and one adjacent 

striatal section stained with calbindin. 

 

6.7.1 Immunohistochemical labelling of DARPP-32 within the Parkinson’s Disease Human 

Striatum 

 

Caudate Nucleus Striosome  

Regional 

The striosome shows dark neuropil staining and thus high immunoreactivity for DARPP-32. 

Concentrated cell soma are present within the striosome. As in the control striatum the striosomes 

show higher immunoreactivity for DARPP-32 than the surrounding matrix (Figure 6.15A). The 

striosomes also seemed to be smaller in size than in the control striatum. The presence of a ‘core’ 

is not as apparent as in the normal striatum. There are varying distances between neighbouring 

cell soma. The dendrites of the DARPP-32 positive cell soma within the striosomes are constrained 

to the striosome itself, and do not cross over to the matrix compartment (Figure 6.15B).  

Cellular 

Cell bodies show moderate to high DARPP-32 immunoreactivity and are mostly ovoid or spheroid 

in shape with the occasional polygonal cell soma present. Cells are multipolar. At the most only 
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primary dendrites can be identified, and spines are not easily stained with DARPP-32. In darkly 

stained cells neuronal protein often collects to one pole of the cell soma (Figure 6.15C).  

 

Caudate Nucleus Matrix  

Regional 

Lateral portions of the caudate nucleus appear to show more immunoreactivity for DARPP-32 

than the ventricular side. Neuropil is pale in comparison to adjacent striosomes (Figure 6.15A & 

B), the staining intensity can be comparable to that seen in control caudate nucleus. However, on 

average cell bodies are more closely packed together than in control caudate nucleus matrix. The 

staining intensity of the cell soma vary greatly.  

Cellular 

Cell size was shown to fit the description (cell soma size 15 – 18 µm in diameter) of type I MSNs 

(Braak and Braak, 1982). The cell membranes are not defined discreetly, and staining of the cell 

body can be inconsistent and patchy (Figure 6.15D). Cells were shown to be bipolar or multipolar. 

Primary order dendrites are observable, however secondary order dendrites cannot be identified. 

These dendrites continue in a straight trajectory away from the cell soma and no recurving was 

apparent. Axons are identifiable on some cells. Dendritic spines are present but are diminished in 

frequency along the length of the spine and are less distinct than in the control caudate nucleus 

matrix. Neuronal protein is occasionally concentrated into one pole of the cell soma. 

 

Putamen Striosome 

Regional 

Cell soma are concentrated together though not to the same extent as in control and the neuropil 

staining with DARPP-32 is moderate to high (Figure 6.15 E & F). In some cases, it is impossible 

to identify striosomes in sections stained with DARPP-32, however the adjacent sections stained 

with calbindin and enkephalin show striosomal regions in the putamen. 

Cellular 

The cell bodies were either ovoid or spheroid shaped and were observed to be bipolar or multipolar. 

Most cell soma showed moderate DARPP-32 stain, however, cells with poor staining were also 

observed (Figure 6.15G). Primary dendrites that lay proximal to the cell soma were more easily 
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identified. The primary dendrites were smooth in appearance, and no observable recurving of 

dendrites noted. DARPP-32 immunoreactivity within the neuropil of the striosome showed poor 

to moderate staining.  

 

Putamen Matrix 

Regional 

The background neuropil staining shows very low immunoreactivity for DARPP-32. Cell soma 

appear very faint, and dendrites are not visible at low magnification (Figure 6.15E & F).  

Cellular 

There is a gradient in intensity of staining of the cell bodies, from high immunoreactivity for 

DARPP-32, to low immunoreactivity for DARPP-32. Cell membranes are indistinct (Figure 

6.15H). Cell soma are either spheroid or ovoid, and the occasional polygonal cell body is noted. 

Furthermore, cells were also noted to be mostly multipolar. Most primary dendrites are 

identifiable, however some primary and all secondary branching dendrites are unidentifiable. 

Some spines are observed on the occasional dendrite. 
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Figure 6.15 Photomicrographs of the Parkinson’s Disease caudate nucleus and putamen (striosomes 

and matrix) stained with DARPP-32 

A – B: A comparison of DARPP-32 staining in the caudate nucleus striosome and caudate nucleus 

matrix. There is pale background staining in the matrix portion, and a higher intensity of DARPP-32 

immunoreactivity within the neuropil and cell bodies of the striosome.  

C: There is a moderate to high amount of DARPP-32 immunoreactivity within the cell bodies and 

neuropil of the PD caudate nucleus striosome. Primary dendrites can be identified on some cells, 

however secondary and tertiary order dendrites cannot be identified.  

D: A pale to moderate amount of DARPP-32 immunoreactivity is found in the DARPP-32 positive cell 

bodies within the PD caudate nucleus matrix. As in the striosome, primary dendrites can be 

identified, however secondary and tertiary order dendrites cannot be identified. Spines cannot be 

identified on the primary order dendrites.  

E – F: The distribution of DARPP-32 within the PD putamen. In contrast to the caudate nucleus (A) 

very low DARPP-32 immunoreactivity is observed within the putamen. The cells and neuropil within 

the striosome still have a higher amount of DARPP-32 immunoreactivity than the matrix. The 

putamen striosome contains a concentrated number of DARPP-32 cells that show pale DARPP-32 

staining.  

G: A PD putamen striosome showing pale DARPP-32 stain in the striosomal cell bodies and neuropil. 

Primary dendrites are noticeable on some cells, but secondary and tertiary dendrites are not visible. 

Spines are difficult to identify.  

H: DARPP-32 shows very low immunoreactivity in PD putamen matrix. Cell soma show very pale 

DARPP-32 staining, to the extent where cell borders are not entirely distinct. Short amounts of 

primary dendrites can be identified for some cells, secondary and tertiary dendrites and spines 

cannot be identified. Furthermore, very pale staining of neuropil is seen within this striatal region. 

Scale bars = A – B, E - F: 100 µm; C – D, G - H: 20 µm 



A B

DC

M

M
S S

CN Striosome 
& Matrix

CN Striosome 
& Matrix

CN Striosome CN Matrix 

Put Striosome 
& Matrix

Put Striosome 
& Matrix

Put Striosome Put Matrix

E F

G H

S
SM M



 

188 
 

Ventral Striatum Patch  

Regional 

The patch compartment shows very pale neuropil staining for DARPP-32. There is a noticeable 

layering of the fibres in a curved manner within the outer edges of the patch. There is a reduced 

number of cell bodies in the patch, and the cell soma that are stained exhibit low DARPP-32 

immunoreactivity (Figure 6.16A & B).  

Cellular 

Most cell bodies are ovoid in shape, and the occasional polygonal shaped cell soma was found to 

be present. The cells were found to be bipolar and multipolar (Figure 6.16C). Primary dendrites 

were observable, and in some cases secondary order branching dendrites were observable provided 

the respective cells were located at the edge of the patch. No noticeable recurving of the dendrites 

towards the cell bodies were observed. Spines were apparent on dendrites.  

 

Ventral Striatum Matrix  

Regional 

A concentrated density of cell bodies exists within this neurochemical compartment, and the 

neuropil shows very high immunoreactivity, more than the ventral striatal patch immunoreactivity 

(Figure 6.16A & B).  

Cellular 

Most of the cell soma exhibit moderate DARPP-32 immunoreactivity, while some show low 

immunoreactivity. The cell soma are mostly observed to be ovoid shaped. The cell membranes are 

not as distinct as those in the control ventral striatum Due to the aforementioned moderate 

DARPP-32 immunoreactivity amongst the neuropil, it is difficult to distinguish individual 

dendrites branching from each cell and it is difficult to identify particular spines (Figure 6.16D). 



A B

DC

Figure 6.16 Series of photomicrographs showing the distribuon of DARPP-32 in the Parkinson’s disease-
post mortem human ventral striatum.

A – B: Photomicrographs of Parkinson’s disease ventral striatum patch and matrix. There is a moderate 
amount of DARPP-32 immunoreacvity within both compartments, and a concentrated amount of 
DARPP-32 posive cell soma parcularly within the matrix.

C:C: A view of the Parkinson’s disease ventral striatal patch shows a low to moderate amount of DARPP-32 
posive neuropil in this region, and a select amount of cell soma also show moderate DARPP-32 stain. Cell 
soma present with a variety of shapes, from polygonal to spheroid. Dendrites with spines are also present 
within this region. 

D: The Parkinson’s disease ventral striatal matrix shows a moderately concentrated amount of DARPP-32 
posive cell soma, however individual dendrites are difficult to idenfy within this region due to the      
moderate staining density of DARPP-32 staining within the neuropil. 

SScale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 
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6.7.2 Immunohistochemical labelling of calbindin within the Parkinson’s Disease Human 

Striatum 

 

Caudate Nucleus Striosome  

Regional 

Pale fibre staining is present and is paler in comparison to the surrounding matrix. Only occasional 

calbindin-positive cell bodies are sparsely observed and randomly distributed in the striosomal 

compartment (Figure 6.17A & B).  

Cellular 

A pale to moderate, patchy calbindin staining pattern is seen within the cell bodies. The cell 

borders are not entirely distinct (Figure 6.17C). In some cases, the cell bodies appear to be oblong-

shaped, and all appear to be oriented in the same direction within the striosome. In other cases the 

cell soma show a variety of morphologies ranging from spheroid to polygonal. While a few sparse 

dendrites can be identified, spines are not apparent.  

 

Caudate Nucleus Matrix  

Regional 

There is a moderate amount of calbindin immunoreactivity in the cell bodies and fibres, however 

this appears slightly reduced from staining in control tissue. General immunoreactivity is slightly 

weaker in the dorsal portions of the matrix (Figure 6.17A & B). 

Cellular  

A dense number of cell bodies is still apparent; however the cells are not darkly stained with 

calbindin. Borders around soma cell soma are not defined and crisp. The cells show a variety of 

shapes, including polygonal, spheroid and ovoid cell bodies. The cells are shown to be either 

bipolar or multipolar regarding dendritic branching, however spines cannot be identified at all 

(Figure 6.17D).  
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Putamen Striosome 

Regional 

There is low to very low calbindin immunoreactivity within the striosomal compartment, however 

there are moderately stained calbindin positive MSNs within the compartment itself (Figure 6.17 

E & F). 

Cellular 

Calbindin-positive MSNs within the striosome are sparse, and their cell soma are quite large in 

size. In comparison to cell soma in the matrix, the striosomal cell soma are larger. The cell soma 

exhibit moderate staining and multiple cellular morphologies. The cells are often multipolar, with 

long, moderately stained dendrites that are identifiable up to second order branching. However 

spines are not identifiable on the dendrites (Figure 6.17G).  

 

Putamen Matrix 

Regional 

A dense, moderate background of calbindin immunoreactivity is present in the neuropil. A 

moderate number of cell bodies is present within the general matrix compartment. However, this 

is not to the same degree as in control cases. Overall, the neuropil staining is slightly reduced from 

staining for the control cases (Figure 6.17E & F). 

Cellular 

The cell bodies show moderate stain, and the cell soma show a variety of shapes, however ovoid 

shaped cell soma seem to be the most common type. The cells appear to have a variety of 

orientations and can be seen to be either bipolar or multipolar.  It is often difficult to identify 

dendritic spines, or even dendrites, and thus branching order cannot be established (Figure 6.17H). 
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Figure 6.17 Series of photomicrographs illustrating the distribution of calbindin within the 

Parkinson’s Disease caudate nucleus and putamen 

A – B: Calbindin immunoreactivity within the PD caudate nucleus striosomes and matrix shows a 

low or pale calbindin immunoreactivity within the striosome. The matrix portion contains a 

concentrated region of calbindin-positive cell bodies.  

C: There is low staining of calbindin-positive neuropil within the PD caudate nucleus striosome. 

There are a few calbindin-positive cell soma within this region with low to moderate staining 

throughout the cellular matrix. Short extensions of primary dendrites that lie proximal to the cell 

soma are present. However, spines are not discernible on these dendrites.  

D: A moderate to high amount of calbindin immunoreactivity is present within the cell soma and 

neuropil. Calbindin-positive cell soma are concentrated in moderate amounts within this region. 

Some individual dendrites (usually primary order) are apparent, however spines are not visible on 

these dendrites.  

E – F: Calbindin stain within the PD putamen striosome and matrix shows a low amount of calbindin 

immunoreactivity within the striosome neuropil and cell bodies, while a moderate amount of 

calbindin immunoreactivity is seen within the matrix regions.  

G: High magnification images show that the PD putamen striosome exhibits a low amount of cell 

soma staining. The neuropil shows a low to moderate amount of calbindin immunoreactivity. 

Occasional primary dendrites are seen branching from some cell soma. Spines are present on some 

dendrites.  

H: The PD putamen matrix show a concentrated amount of calbindin-positive cell soma. The cell 

soma show moderate to high immunoreactivity. Due to the dense staining of the neuropil, 

individual dendrites and spines are difficult to identify within this region.  

Scale bars = A – B: 100 µm, C – D: 20 µm, E - F: 100 µm, G - H: 20 µm 
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Ventral Striatum Patch  

Regional 

There is pale to moderate staining of cell fibres. There is a noticeable reduced density of cells from 

those in the control ventral striatal patch (Figure 6.18A & B). 

Cellular 

Cells with low calbindin immunoreactivity are present with many cell soma shapes. However, 

individual dendrites cannot be identified on these cells (Figure 6.18C). The occasional darkly 

stained calbindin positive stained cell is present, and often displays two or three dendrites. Around 

the perimeter of the patch, cells are organised into the same linear orientations parallel to the patch 

borders, but no particular orientation exists within the patch itself. 

 

Ventral Striatum Matrix  

Regional 

This compartment shows dense, moderately stained neuropil, with moderate staining of cell 

bodies. Cell soma are densely packed together. In some portions of this compartment, cells appear 

to be oriented in the same way (Figure 6.18A & B).  

Cellular 

While the cell bodies are densely packed together, they are not as compacted together as in normal 

tissue (Figure 6.18D). The cell bodies show different morphologies, ovoid and spheroid included. 

While the cell soma staining is moderate, it is difficult to identify the polarity of the cell and their 

dendrites. However, in circumstances that dendrites can be identified, this is only possible for the 

primary order of branching. Spines cannot be identified.  



P PM M

A B

DC

Figure 6.18 Series of photomicrographs showing the distribuon of calbindin in the Parkinson’s disease 
post mortem human ventral striatum.

A - B: There is a noceable difference between the calbindin immunoreacvity of the ventral striatal patch 
and ventral striatal matrix. The patch shows a low to moderate amount of calbindin stain within the          
general neuropil while the matrix shows a high amount of calbindin immunoreacvity. 

C:C: The Parkinson’s disease ventral striatal patch shows a moderate amount of calbindin immunoreacvity 
within the cells soma and the neuropil. A concentrated amount of cell soma exists within the patch.              
Individual dendrites cannot be idenfied due to the intensity of calbindin stain.

D: A high amount of calbindin immunoreacvity is present within the ventral striatum matrix. A large 
amount of cell soma are stained for calbindin, and the general neuropil also shows a high amount of            
immunoreacvity. Individual dendrites and spines cannot be idenfied due to extensive calbindin               
immunoreacvity. 

SScale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 
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6.8 GABAA β2,3 Representation on the MSN types within the Parkinson’s Disease 

Human Striatum 

As discussed in the previous chapter, this study presents a novel finding of three MSN types in the 

striatum. As such, there is no specific understanding for how the GABAA β2,3 subunit is 

potentially altered on the three MSN types in PD. For qualitative analysis of the GABAA β2,3 

distribution, triple immunofluorescence was carried out on single sections from three PD cases 

and compared with three normal control cases. Representative photomicrographs were captured 

using a laser scanning Olympus FV1000 confocal microscope. 

Confocal scanning microscope images revealed that within the PD caudate nucleus striosomes, 

DARPP-32 only positive cells, as well as DARPP-32 + calbindin colocalised cells were observed. 

A large amount of lipofuscin was present within the cells and some neuropil of the striosome. Due 

to the lipofuscin, it was difficult to distinguish GABAA β2,3 distribution. Lipofuscin was 

recognised when it was visible in multiple fluorescent channels (Figure 6.19A – D). 

The caudate nucleus matrix contained many colocalised cells with high calbindin 

immunoreactivity and low DARPP-32 immunoreactivity. Thus these cells were categorised as 

colocalised cells. There was an observable weak GABAA β2,3 subunit distribution on these cells, 

particularly those with high calbindin immunoreactivity (Figure 6.19E – H).  

There were potentially three separate types of MSNs present within the PD putamen striosomes 

(Figure 6.20A – D). Calbindin only positive cells showed a moderate amount of GABAA β2,3 

subunit immunoreactivity. However, the cells containing DARPP-32 showed very low, or even 

no GABAA β2,3 subunit immunoreactivity.  

The cells observed in the putamen matrix were mostly colocalised for DARPP-32 and calbindin, 

although in comparison to the normal cases DARPP-32 immunoreactivity was reduced within the 

cell soma (Figure 6.20E – H). GABAA β2,3 subunit immunoreactivity was apparent on some cell 

soma. GABAA β2,3 immunoreactivity was observed on cells that exhibit higher calbindin 

immunoreactivity. 

In the VS patch, there was evidence of calbindin only positive cells, in addition to cells that showed 

weak colocalization for DARPP-32, and a weak to moderate representation of calbindin (Figure 

6.21). From comparison with DAB stained sections, there were a high number of DARPP-32 

positive cells within the patch, albeit these cells showed low DARPP-32 immunoreactivity. Thus 

it was observed that a high proportion of cells within the PD ventral striatal patch are colocalized 

for both DARPP-32 and calbindin. It is proposed that the GABAA β2,3 subunit is not represented 

at high levels within the PD ventral striatal patch on the three MSN types.  
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There appeared to be many cells with high calbindin immunoreactivity within the ventral striatum 

matrix (Figure 6.22). It is possible that some of these cells also exhibited DARPP-32 

immunoreactivity that is reduced from the normal amounts. In the cells with high calbindin 

immunoreactivity a moderate GABAA β2,3 subunit representation was apparent.  
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Figure 6.19 Confocal photomicrographs illustrating the distribution of DARPP-32, calbindin and the 

GABAA β2,3 subunit within the Parkinson’s disease caudate nucleus striosomes and matrix  

A – D: Photomicrographs illustrating DARPP-32 only positive neurons within the PD caudate nucleus 

striosome (large white arrows, A – D) are still present. The cells show DARPP-32 immunoreactivity 

(A) but show no calbindin immunoreactivity (B). Lipofuscin is indicated with an asterisk, and exhibits 

very low GABAA β2,3 subunit immunoreactivity (C). The merged image of A, B and C is shown in D.  

E – H: Photomicrographs illustrating calbindin only positive cells (blue) within the Parkinson’s 

caudate nucleus matrix (small white arrows). These cells show no DARPP-32 immunoreactivity 

(small white arrows, F) but have high calbindin immunoreactivity (G). These cells also exhibit high 

lipofuscin and low GABAA β2,3 subunit immunoreactivity (H). The merged image of F, G and H is 

shown in E.   

Large white arrows = DARPP-32 only positive cells, small white arrows = calbindin only positive cells 

Scale bars = A – D: 10 µm, E – H: 20 µm 
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Figure 6.20 Illustration of distribution of DARPP-32, calbindin and the GABAA β2,3 subunit within 

the Parkinson’s disease putamen striosomes and matrix  

A – D: The three types of MSNs are seen within the putamen striosome. Two DARPP-32 only positive 

cells are seen (large white arrows, A) and have a lack of calbindin immunoreactivity (B). These cells 

have a poor GABAA β2,3 subunit representation on them (large white arrows, C). D is the merged 

image of A, B and C. The two DARPP-32 only positive cells retain a distinct red hue in the merged 

image (large white arrows, D). A calbindin only MSN is also observed (small white arrow, B) and 

shows high levels of lipofuscin but not DARPP-32 immunoreactivity (small white arrow, A) in 

addition to some GABAA β2,3 subunit representation (C). This cell retains a bright blue hue in the 

merged image (D). Finally, a cell with low DARPP-32 and low calbindin immunoreactivity is observed 

(white arrowhead, A – C) This cell exhibits low GABAA β2,3 subunit immunoreactivity, and shows a 

fain purple hue in the merged image (white arrowhead, D).  

E – H: Cells that show high calbindin immunoreactivity but low DARPP-32 immunoreactivity are 

present within the PD putamen matrix (white arrowheads, F – H). Low to almost no GABAA β2,3 

subunit representation is seen on these cells (H). E is the merged image of F – H.  

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive cell, 

white arrowhead = DARPP-32 + calbindin colocalised cell 

Scale bars = A – H: 10 µm 
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Figure 6.21 This figure shows the overlay of DARPP-32, calbindin and the GABAA β2,3 subunit within the 
Parkinson’s disease ventral striatal patch

A: A cell showing low DARPP-32 immunoreacvity (white arrowhead) alongside an arrow showing a cell 
with very low DARPP-32 immunoreacvity (small white arrow).

B: The cell with low DARPP-32 immunoreacvity also shows low calbindin immunoreacvity (white arrow-
head). The cell with very low DARPP-32 immunoreacvity shows high levels of calbindin (small white 
arrow).

C: Both cells show low GABAA β2,3 subunit immunoreacvity

D: The merged image of A, B and C

Small white arrow = calbindin only posive cell, white arrowhead = DARPP-32 + calbindin colocalised cell

Scale bar A - D: 20



 

203 
 

 

  



 

204 
 

Figure 6.22 Confocal photomicrographs illustrating the distribution of DARPP-32, calbindin and the 

GABAA β2,3 subunit within the Parkinson’s Disease ventral striatal matrix 

A – D: Photomicrographs showing cells exhibiting no DARPP-32 immunoreactivity (A), and high 

calbindin immunoreactivity (small white arrow, B). A distinct green ring indicating GABAA β2,3 

subunit immunoreactivity is present on these cells (small white arrow, C). D is the merged image of 

A – C. A portion of the image is outlined in a white dashed line and is presented at a higher 

magnification in E – H.  

E – H: A cell with no DARPP-32 immunoreactivity (small white arrow, F) and high calbindin 

immunoreactivity (small white arrow, G) shows a distinct strong GABAA β2,3 subunit representation 

(white arrow, H). E is the merged image of F – H.  

Small white arrow = calbindin only positive cell 

Scale bars = A – H: 10 µm 
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6.9 Discussion 

6.9.1 DARPP-32 in the Parkinson’s Disease Human Striatum 

The striking observation in this study is that DARPP-32 showed a marked loss of 

immunoreactivity in the Parkinson’s disease (PD) putamen, while there was only a moderate loss 

in the caudate nucleus. A moderate amount of DARPP-32 immunoreactivity remained within the 

ventral striatum. This marked loss of DARPP-32 within the putamen is of interest, as it is highly 

consistent with previous studies that have shown a marked loss of dopamine within the PD 

putamen (Bernheimer et al., 1973; Kish et al., 1988). Furthermore, the alteration of striatal 

functioning in PD is dependent on the pattern of nigrostriatal dopamine loss. Due to the loss of 

dopamine in the substantia nigra pars compacta in PD, and as the putamen is highly involved with 

the control of movement (Künzle, 1975), one can propose that the motor circuitry is dysfunctional. 

This can result in the classic motor symptoms of PD. In addition, the loss of dopamine in the 

striatum leads to decreased excitation of the direct pathway, which is responsible for providing 

GABAergic projections to the substantia nigra and the globus pallidus interna. Decreased striatal 

dopamine also leads to decreased inhibition of the indirect pathway, leading to excessive inhibition 

of the globus pallidus externa. The combined result of the effects on these two separate pathways 

leads to bradykinetic symptoms seen in PD (Obeso et al., 2000a). This current study shows for the 

first time that DARPP-32 (a downstream modulator of dopamine), is directly affected by the loss 

of dopamine in PD particularly in the putamen, as low DARPP-32 immunoreactivity is seen 

within the PD putamen. This emphasises the involvement of DARPP-32 within the motor 

circuitry of the basal ganglia. Previous evidence has also shown that DARPP-32 plays a role as 

an executive molecular switch, integrating multiple neuropeptides such as dopamine and 

glutamate together in the striatum to ensure optimal limbic processing (Ćurčić-Blake et al., 2012). 

The Kish study (1988) also suggests there is some loss of dopamine in the caudate nucleus, 

particularly in the rostral areas (Kish et al., 1988). As the rostral caudate nucleus (head of caudate 

nucleus) receives glutamatergic projections from association areas (Ragsdale and Graybiel, 1981; 

Alexander et al., 1986) and lesions to the prefrontal cortex result in dysfunctions in working 

memory and executive control, this leads to characteristic cognitive defects found in PD (Pantelis 

et al., 1997). Thus, changes to the dopamine system are anticipated in these individuals.  

 

6.9.2 Striosome Border Integrity in Parkinson’s Disease 

The current study shows that DARPP-32 is lost in striosomes in PD human striatum and therefore 

the integrity of the striosome can only be distinguished accurately with calbindin and enkephalin, 

which are not as disrupted in PD. This finding is congruent with previous knowledge that DARPP-
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32 bears strong links with dopamine, and the dopamine signalling is disrupted in PD due to 

nigrostriatal degeneration. The PD sections that were triple labelled with calbindin and enkephalin 

also fit with previous reports in the literature, that calbindin (Ito et al., 1992) and enkephalin (Goto 

et al., 1990) show that the striosomal compartments are still preserved. It has been suggested that 

the apparent loss of dopaminergic inputs to the striatum have no effect on enkephalin expression 

(Goto et al., 1990). This suggests that the striosomes and ventral striatal patches exist as 

compartments within the PD human striatum, however their neurochemical identities are altered, 

particularly regarding the dopamine system.  

 

6.9.3 Densitometric Analysis of DARPP-32 in the Parkinson’s Disease Human Striatum 

Our densitometric data revealed that DARPP-32 was lost within the putamen matrix, the putamen 

striosomes, and the ventral striatal patches and matrix in PD compared to control. The two 

components that contribute to integrated optical density (measure of marker expression) are the 

mean thresholded area (measure of marker expression area) and mean average intensity (measure 

of marker expression per unit area). These two components were evaluated between the normal 

and PD groups to ascertain which components contributed to the integrated optical density 

differences observed in the putamen striosomes, putamen matrix, ventral striatal patches and 

ventral striatal matrix. Regarding the mean thresholded area, decreases in the PD group were seen 

across all striatal regions, and statistically significant decreases were seen in the putamen matrix, 

the putamen striosomes, and the ventral striatal patches and matrix. The same trends were 

observed in the mean average intensity data. Thus, one can clarify that the integrated optical 

density changes were due to changes in the mean thresholded area and mean average intensity, 

particularly in the putamen matrix, the putamen striosomes, and the ventral striatal patches and 

matrix. It should be noted that these densitometric findings matched the qualitative observations, 

particularly concerning the putamen (Section 6.9.1). Together, these results postulate that 

DARPP-32 is significantly reduced within the aforementioned striatal regions in PD. It is essential 

to remember the links between dopamine and DARPP-32, as previous studies have indicated that 

dopamine shows severe reductions in  PD putamen (Bernheimer et al., 1973; Kish et al., 1988). 

Furthermore, Miller and colleagues have also shown the stark reduction of the dopamine 

transporter protein (DAT) in PD putamen (Miller et al., 1997).  

The integrated optical density studies of DARPP-32 in the putamen suggest that the putamen 

matrix shows a greater loss of DARPP-32 than the putamen striosomes. A study investigating the 

presence of dopamine by the use of [3H]Mazindol binding (monoamine, high probability of 

dopamine binding) in MPTP-treated squirrel monkeys showed reduced binding within the 

putamen matrix, although a relative sparing of binding within the putamen striosomes was 
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observed (Moratalla et al., 1992). However the Moratalla study also suggests that [3H]Mazindol 

binding within the striosomes can also be depleted during the most affected states of MPTP-

induced Parkinsonism. These results indicate that the putamen striosomes are affected, and at a 

slower rate than the putamen matrix in Parkinsonian syndromes.  

These findings are in agreement with the somatotopic layout and connections between the 

substantia nigra and the striatum. The latero-caudal parts of the substantia nigra send projection 

fibres primarily to the putamen (Carpenter and Peter, 1972). Bernheimer’s study (1973) shows that 

in PD these parts of the substantia nigra suffer the most neurodegeneration, suggesting that the 

putamen pathology is a result of this. These processes contribute to the PD pathophysiology and 

symptomatology. Akinesia and tremor may be strongly associated with dopamine dysregulation 

in the putamen (Bernheimer et al., 1973). It should also be acknowledged that the striosomes of 

the dorsal caudate nucleus and putamen are highly involved in limbic processing (Crittenden and 

Graybiel, 2011). Overall, these results suggest that the dysregulation of dopamine signalling in the 

putamen, as evidenced by the loss of DARPP-32, is associated with the dysfunctional limbic 

processing and motor function (or limbic-associated motor movement) observed in PD. 

This study also shows that DARPP-32 is statistically significantly reduced in the PD ventral 

striatum patches and matrix, compared to these same regions in the normal striatum. As the 

medio-rostral portions of the substantia nigra exhibit some damage, and these portions project to 

the ventral regions of the striatum, it can be inferred that dopamine dysregulation, and thus a loss 

of DARPP-32 is present in these regions. Furthermore, dopamine binding in PD ventral striatum 

is shown to be reduced (Remy et al., 2005). This is a region that has connections with frontal limbic 

regions (Nakano et al., 2000), and is thus involved in limbic processing (Selden et al., 1994). The 

Remy study found that the degree of dopamine binding was inversely proportional to the intensity 

of depression symptoms in PD patients. As dopamine is reduced, the likelihood of DARPP-32 

being activated within the ventral striatum is also reduced, due to decreased dopamine binding. 

Thus, it is proposed that the loss of activated DARPP-32 contributes to the symptomatic 

depression in PD individuals. This provides a deeper insight into how downstream dopamine 

signalling is altered in PD, and aids in understanding the functional anatomy of depression in PD. 

Our study shows a statistically significant decrease in DARPP-32 expression in the ventral striatal 

patches and matrix, implying that less dopamine is present within these regions in PD striatum. 

These findings potentially do not agree with the Moratalla study (1992), which state that dopamine 

binding does not show any significant decrease in MPTP-induced Parkinsonism in the ventral 

striatum of squirrel monkeys, in comparison to controls. However, it should be noted that 

[3H]Mazindol is a marker for monoamine uptake sites, and it has an indirect relationship with 

fibers bearing primary monoamine binding sites (Moratalla et al., 1992). Another study shows 
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reduced dopamine transporter density within the ventral striatum of PD individuals, potentially 

reflecting changes in mesolimbic pathways (Cilia et al., 2010). These results suggest that DARPP-

32 may be a more accurate marker of dopamine transmission within the striatum.  

DARPP-32 showed a non-significant trend of reduction in the caudate nucleus striosomes and 

matrix. Previous studies (Porritt et al., 2005) showed similar non-statistically significant trends in 

reduction of dopaminergic terminal density in PD caudate nucleus. Furthermore, previous 

assessments of DAT and TH show that dopaminergic innervation is relatively preserved in PD 

caudate nucleus (Graybiel et al., 1987; Miller et al., 1997). This relative preservation of the 

dopamine system in the caudate nucleus is proposed to arise from the relative sparing of the ventral 

tegmental area in PD (Torack and Morris, 1992).  

 

6.9.4 Densitometric Analysis of calbindin in the Parkinson’s Disease Human Striatum 

Our integrated optical density reading for calbindin across the striatal regions comparing the 

normal and PD groups showed no significant changes. However there were slight increases in the 

putamen striosomes and putamen matrix. Similarly, the mean thresholded area and the mean 

average intensity showed no significant changes in all striatal regions for calbindin staining. This 

could mean that the amount of calbindin remains the same in the PD striatum, and this would 

affirm previous observations that striosome and matrix compartments can still be distinguished in 

this disease (Ito et al., 1992) with calbindin immunohistochemical staining. This same study shows 

that the amount of calbindin-positive MSNs remains relatively unchanged in PD. Thus it is 

postulated that in PD, the calbindin-positive MSNs remain largely unchanged. From this, we 

suggest that the calcium signalling system is not affected to a large degree in PD striatum as the 

immunohistochemical representation of calbindin does not appear to be altered in any of the 

striatal regions.  

The use of calbindin in the ventral striatum in PD has not been given much attention in previous 

studies, and this study is the first to investigate the proportions of calbindin within the PD ventral 

striatum. As previous qualitative studies show that the striosome and matrix compartments are 

preserved in PD post-mortem human striatum (Ito et al., 1992) using calbindin immunoreactivity, 

the quantitative data from this study also suggest the same principles, particularly in the caudate 

nucleus (striosomes and matrix) and the putamen (striosomes and matrix).  
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6.9.5 Densitometric Analysis of enkephalin in the Parkinson’s Disease Human Striatum 

Statistically significant decreases of enkephalin were seen across the putamen striosomes and 

matrix, and ventral striatal matrix and patches in PD human striatum. Further assessments using 

mean thresholded area and mean average intensity revealed consistent statistically significant 

decreases in the putamen matrix and the ventral striatal patches in PD striatum. The results 

compared to control striatum indicate that enkephalin expression is decreased throughout the 

striatum in PD, particularly in the putamen. This result is contrary to what has been observed in 

previous studies which indicate that either enkephalin expression is not largely altered within the 

striatum (Goto et al., 1990), or that enkephalin is increased within the striatum (Gerfen et al., 

1990). 

Enkephalin in the striatum was thought to be involved in modulating MSNs that are a part of the 

indirect motor circuit, and also in providing input to dopaminergic neurons in the substantia nigra 

pars compacta. These MSNs are proposed to be located within the patches, and enkephalin was 

found to modulate the activity of these MSNs via activation of delta opioid receptors. Hence, it is 

possible that enkephalin can control dopamine release in the striatum, and thus influence 

dopamine levels (Banghart et al., 2015). This then seeks to ask if the alterations to enkephalin in 

PD basal ganglia work together in tandem with degeneration of the substantia nigra, and 

nigrostriatal pathways, to further reduce the levels of dopamine in the striatum. Furthermore, as 

the Banghart study was conducted in mice, where enkephalin is predominantly a matrix marker, 

instead of a striosome marker as in human tissue, it would be interesting to assess whether 

enkephalin has the same modulatory roles in humans. 

A study by Fernandez and colleagues has shown that delta and mu opioid receptors are reduced 

in the caudate nucleus and putamen of PD individuals, although not to the same extent as the 

decrease of dopamine within these same regions (Fernandez et al., 1994). This reduction of 

receptors could be linked to the enkephalinergic system, which works together with the 

dopaminergic system to produce the classical symptoms of PD.  

Furthermore, enkephalin is proposed to mediate euphoria or reward (Belluzzi and Stein, 1977). 

This complements the findings from this study as enkephalin shows high immunoreactivity within 

the striosomes, and ventral striatum. These are regions that are linked to the regulation of mood 

and reward (Russchen et al., 1985; Parent, 1990). Thus, a reduction in enkephalin expression 

within these regions as seen in this study may be an anatomical representation of depressive 

symptoms commonly seen in PD individuals. 
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6.9.6 Densitometric Analysis of GABAA β2,3 in the Parkinson’s Disease Human Striatum 

The current study showed no statistically significant changes in the GABAA β2,3 subunit (assessed 

with integrated optical density) in all sub regions of the PD striatum. Follow up assessments using 

mean thresholded area and mean average intensity also showed no statistically significant changes 

in GABAA β2,3 subunit expression across all the striatal regions. Previous investigations into the 

GABAergic system in PD have proven to be contradictory, as it has been shown that that GABA 

levels were significantly elevated in the putamen, a striatal region that suffers significant loss of 

dopaminergic input (Perry et al., 1983; Kish et al., 1986). In contrast, another study showed a 

reduction in GABA levels in PD putamen and striatum (Gerlach et al., 1996). The authors of this 

article acknowledge that their results do not fit the general pathophysiological model of 

hypokinesia in relation to PD. There have been previous assessments of GABAA receptors in PD 

(Calon et al., 2003; Luchetti et al., 2011), however this current study is the first study to specifically 

examine the β2,3 subunit. As the changes shown in this current study do not show statistically 

significant differences, it is difficult to say with certainty whether the observed decreased GABAA 

β2,3 subunit expression is attributable to the pathology of PD. 

 

6.9.7 DARPP-32 vs. calbindin in the Parkinson’s Disease Human Striatum 

A marked difference in morphology of the DARPP-32 positive MSNs is seen between the caudate 

nucleus and the putamen in PD, where the MSNs in the putamen show extensive loss of spines 

and shortening of dendrites, while the MSNs in the caudate nucleus show a low to moderate 

dendritic shortening. There are two previous studies that have shown a shortening of MSN 

dendrite length in PD (McNeill et al., 1988; Zaja-Milatovic et al., 2005). The Zaja-Milatovic study 

describes reduced dendritic length on PD MSNs in both the caudate nucleus and putamen, 

however MSN spine density in the caudate nucleus was not significantly altered, in contrast to 

spine density in the putamen. In this current study, DARPP-32 positive dendritic spines are 

somewhat difficult to distinguish but are occasionally present on dendrites belonging to MSNs 

within the PD human striatum. It has been shown that nigrostriatal dopaminergic projections 

synapse onto the shafts of dendritic spines, thus allowing dopamine to potentially modulate the 

glutamatergic input which synapses onto the heads of the MSN spines (Obeso et al., 2000b). From 

this, it has been hypothesised that after the loss of nigrostriatal dopaminergic input, the spines 

experience unmodulated glutamatergic input, leading to glutamate toxicity (Zaja-Milatovic et al., 

2005). This could eventuate to downstream effects in the dendrites, and the corresponding MSNs, 

although the number of MSNs does not drastically decrease in PD (Ito et al., 1992).  
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This study highlights the difference in DARPP-32 positive MSNs and calbindin-positive MSNs, 

particularly in the putamen. The MSNs in the putamen show a loss in DARPP-32, while 

maintaining standard amounts of calbindin. While the damage to the dopamine system in PD has 

been extensively explored, very limited reports exist in the literature that have explored the role of 

calcium binding proteins such as calbindin in PD particularly within the substantia nigra (Yamada 

et al., 1990; Surmeier et al., 2010). Both of the aforementioned studies have indicated that 

calbindin is present within substantia nigra neurons that remain relatively spared in PD. Generally, 

it may suggest that calbindin may serve as a protective mechanism for the cells in the substantia 

nigra pars compacta, due to its ability to bind excessive calcium, and thus preventing 

excitotoxicity. A correlation was noted between the survival of the pars compacta cells and the 

expression of calcium (Yamada et al., 1990). It is possible that this same understanding holds true 

for the MSNs in PD striatum and may explain why these cells do not suffer severe 

neurodegeneration, as in Huntington’s disease (Ito et al., 1992). It appears that this neuroprotective 

trait for MSNs is specific to PD and may suggest that the calcium signalling system in PD suffers 

secondary pathological effects, rather than primary effects. 

 

6.9.8 The GABAA β2,3 representation on MSN types within the Parkinson’s Disease Human 

Striatum 

While the previous chapter elucidated the potential different levels of GABAA β2,3 subunit 

distribution on the three types of MSNs, this chapter proposes that in PD the receptor levels are 

decreased across all three MSN types. This decrease in expression is seen across all striatal regions. 

As discussed previously these results potentially align with Kish’s work suggesting that there is a 

downregulation of GABAergic activity in the PD striatum. Furthermore, previous evidence has 

shown that GABA receptors are reduced in the substantia nigra and the hippocampus of PD 

individuals (Lloyd et al., 1977; Rinne et al., 1978). This is proposed to be a compensatory 

mechanism to restore an equal balance between dopaminergic and GABAergic neuronal activity 

(Kish et al., 1986). It is suggested that GABA, together with serotonin, inhibits the activity of the 

nigrostriatal dopamine system. Thus, this preservation of this system in a Parkinsonian brain, may 

aggravate the original condition by further inhibiting the already diminished nigrostriatal 

dopaminergic inputs (Hornykiewicz, 1981).  
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6.10 Conclusion 

This study extensively examined the modulation of the postsynaptic dopamine system, the calcium 

binding system, the enkephalinergic system, and the representation of the GABAA β2,3 subunit in 

the PD human striatum. Furthermore, the examination of the striatum was further segmented into 

the striosome/patch and matrix compartments. This study showed that dopamine signalling, 

particularly in relation to DARPP-32 is significantly altered in the putamen and the ventral 

striatum in PD. In contrast, calbindin was not significantly altered. There were also alterations in 

enkephalin levels while GABAA β2,3 subunit levels were preserved throughout the whole striatum. 

MSNs particularly in the putamen showed a significant loss of their DARPP-32 immunoreactivity 

and identity but showed no significant loss in their calbindin immunoreactivity. Anatomical 

changes to the MSNs themselves (dendritic length etc.) were consistent with previous reports. 

Lastly the GABAA β2,3 subunits were preserved on the MSNs in the PD post-mortem human 

striatum.  
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Chapter 7  
Characterisation of DARPP-32 in the 
Huntington’s Disease Human Striatum 
 

 

7.1 Introduction 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder where the most 

notable degenerative effects in the brain occur in the striatum. A single gene termed IT15 (the 

huntingtin gene; HTT), located on the short arm of chromosome 4 normally bears several CAG 

(glutamine) repeats. A normal individual has a range of 9 – 34 CAG repeats within the IT15 gene 

(Snell et al., 1993). However an expansion of over 40 CAG repeats leads to a glutamine extension 

at the N-terminus of the protein resulting in the production of mutant huntingtin (mHTT), and 

this leads to the presence of HD (MacDonald et al., 1993). The toxic mHTT fragments can 

contribute to axonal transport impairment and transcriptional dysregulation (Wade et al., 2008). 

A trifecta of symptoms, first starting with choreatic dance-like movements, is characteristic of HD. 

Cognitive disturbances reflecting changes in executive functioning (Folstein, 1989) and 

behavioural changes such as depression (Paulsen et al., 2005) follow as the disease progresses. 

While the striatum suffers the most degeneration, with the most affected cell type being the 

medium spiny neurons (MSNs) (Vonsattel JP et al., 1985) other studies have shown that the cortex 

(Thu et al., 2010; Kim et al., 2014; Nana et al., 2014; Mehrabi et al., 2016), the globus pallidus 

(Singh‐Bains et al., 2016) and the cerebellum (Singh‐Bains et al., 2019) all suffer neuronal 

degeneration to some extent. These findings of selective cell loss have all been correlated with 

symptomatology such as mood disruption or motor abnormalities (Tippett et al., 2007). Details of 

the division of HD cases into mood, motor and mixed categories are outlined in Section 3.1.3. 

Previous work has shown that dopamine innervation to the striatum is disrupted in HD, however 

it is questioned whether this impairment in nigrostriatal dopamine signalling is part of the overall 

neurodegenerative mechanisms in HD, or whether it may occur due to the MSN loss in HD 

(Bédard et al., 2011). As nigral dopaminergic input to the MSNs can regulate cortical 

glutamatergic input to the same neurons, it is logical that disruption to the general dopamine 

signalling system, particularly in HD, can alter entire networks of cells, contributing to changes in 

motor control and cognition (Surmeier et al., 2007). This is confirmed by previous studies showing 

the reduction of TH innervation (Bédard et al., 2011), and a reduction of dopamine binding on the 
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D1 and D2 receptor within the HD striatum (Nikolaus et al., 2009). Thus, the dopamine circuit 

has potential roles in the development and progression of HD, particularly concerning its 

connections with glutamate and GABA signalling in the basal ganglia. DARPP-32, as discussed 

in the previous chapters, has been shown to identify a select MSN population. As the transmission 

of dopamine through D1 receptors on MSNs produces an active form of DARPP-32, it would be 

logical to study the representation of DARPP-32 throughout the entire HD striatum to further 

assess any changes in dopamine transmission in HD. In addition, DARPP-32 has been previously 

once used in an HD neurodegenerative study (Guo et al., 2012). However, the Guo study (2012) 

did not focus on the distribution of DARPP-32 within the neurochemical compartments of the 

striatum. As it has been clearly shown in the previous chapters, DARPP-32 and calbindin do not 

wholly identify the same MSN populations. Thus, this chapter will focus on qualitative 

assessments of DARPP-32 in comparison to calbindin across the entire striatum, accounting for 

the caudate nucleus, the putamen, and the ventral striatum.  

As described before, the striatum displays a hetereogeneity of cell types and neurochemistry, 

resulting in striosome and matrix distinctions. The striosomes are generally linked to limbic 

processing, while the general dorsal caudate nucleus is linked to associative/cognitive function, 

and the general dorsal putamen to sensorimotor information processing (Künzle, 1975). A 

previous study has linked the loss of striosomes in post-mortem human brain tissue to mood 

disruption in HD, making this a leading paper in relating anatomical structure to symptomatology 

within the striatum (Tippett et al., 2007). 

In addition to the loss of MSNs, neurodegeneration in the HD striatum occurs in a caudal to rostral 

pattern, as well as a dorsolateral to medial direction (Vonsattel JP et al., 1985). However, it is 

regarded that neuronal dysfunction occurs prior to degeneration, and is the primary cause of many 

of the HD-centric symptoms (Levine et al., 2004). The MSN types that are appear to be affected 

first are the enkephalin positive MSNs. These neurons are part of the indirect pathway, that project 

to the globus pallidus externa (Albin et al., 1989). The changes in MSN morphology observed in 

early HD can possibly include an increase in dendritic spine size, decreased dendritic field, a 

twisted-like branching pattern of the dendrites, and a recurving of the distal dendrites back to the 

cell soma (Graveland et al., 1985). The cause of dysfunction and eventual degeneration of the 

MSNs is thought to occur due to the initial dysfunction of the corticostriatal neurons. It is also 

suggested that cortical cellular changes include an altered ability to regulate glutamate release, thus 

impacting downstream effects in the striatum (Cepeda et al., 2007) such as synaptic changes. What 

makes the enkephalin positive, indirect pathway linked MSNs particularly susceptible to HD-

related neurodegeneration is the fact that these neurons are D2 receptor positive (Haber and Nauta, 
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1983; Albin et al., 1992). D2 positive cells are liable to receive more glutamatergic input, and thus 

these neurons are more vulnerable to glutamate-induced dysfunction (Cepeda et al., 2007).  

As calbindin has been the marker of choice for MSNs this calcium binding protein has been 

thoroughly investigated in HD. It is widely understood that calbindin positive MSNs decrease in 

number in HD. Changes in calbindin positive MSN morphology have been widely described in 

post-mortem HD brains (Kiyama et al., 1990; Ferrante et al., 1991). Enkephalin expression in the 

HD striatum is markedly reduced in the dorsal striatum across all grades, yet intense enkephalin 

expression exists in the ventral striatum (Ferrante et al., 1986). This has been postulated to reflect 

the neuronal degeneration patterns in the striatum (Vonsattel JP et al., 1985). More specifically, 

enkephalin expression is said to be reduced in neurons of the indirect pathway (Menalled et al., 

2000). Previous studies have indicated that in general GABAA receptor binding is lost in a patch-

like fashion throughout the caudate nucleus and putamen in the early stages of HD, and an almost 

complete loss in caudate nucleus and putamen is noted in the latter stages (Walker et al., 1984; 

Glass et al., 2000). Importantly, a previous study by Tippett and colleagues has shown that the 

reduction of the GABAA β2,3 receptor subunit stain in striosomes correlated with mood 

disturbances in HD patients (Tippett et al., 2007). It is speculated that changes in GABAA receptor 

function may further influence the progression of basal ganglia circuit dysfunction in HD.  

Chapter 5 of this thesis has elucidated the three different types of MSNs within the human striatum 

(DARPP-32 positive only, calbindin positive only, and DARPP-32 + calbindin), together with 

qualitative analysis of GABAA β2,3 subunit representation on these three MSN types. As only 

calbindin positive or DARPP-32 MSNs have previously been studied within HD, it was vital to 

examine how these three separate populations are affected in HD, and changes in GABAA β2,3 

subunits on these cell populations. 

Thus the aims of this chapter are 

i) To show the macroscopic representation of DARPP-32 within the HD human 

striatum, divided into the mood, motor and mixed symptom categories 

ii) To observe and describe striosome/patch and matrix borders within the caudate 

nucleus, putamen, and ventral striatum of the HD post-mortem human brain tissue by 

immunoflurosence stain with DARPP-32, calbindin and enkephalin 

iii) To measure and establish the expression level of the neuropeptides DARPP-32, 

calbindin, enkephalin, and the GABAA β2,3 receptor subunit within six different 

striatal regions regions (Caudate Nucleus [striosome and matrix], Putamen [striosome 

and matrix], and Ventral Striatum [patch and matrix]) in the HD striatum via 

quantitative methods, according to grades and symptom categories; 
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iv) To evaluate the cellular and morphological distribution of DARPP-32 in the 

aforementioned six striatal regions, compared with calbindin in HD striatum; 

v) To examine the GABAA β2,3 receptor subunit distribution on the three different MSN 

populations (DARPP-32 positive only, calbindin positive only, DARPP-32 + 

calbindin) via immunofluorescence experiments in HD post-mortem human striatum 

according to symptom categories. 

 

7.2 Methods 

Serial human striatal sections from a variety of normal and HD cases (varying in grade and 

symptom category) were stained using immunohistochemical methods with DARPP-32, 

calbindin, enkephalin and the GABAA β2,3 receptor subunit. Sections stained with antibodies for 

the first three neuropeptides were examined macroscopically. Sections stained with DARPP-32 

and calbindin were also examined microscopically for differences in cellular morphology. 

Triple labelling immunofluorescence studies were carried out on HD striatal sections (according 

to mood, motor and mixed symptom categories) to evaluate how striosomal borders potentially 

vary when treated same level with different neurochemical markers (DARPP-32, calbindin and 

enkephalin).  

Densitometric analysis was performed on the different neurochemical compartments of the HD 

human striatum, in comparison to the normal human striatum in single labelled 

immunohistochemically stained sections. These compared the total HD category, the HD grades, 

and the HD symptom categories. HD cases used include HC72, HC79, HC99, HC101, HC103, 

HC107, HC126, HC142, HC147, HC148, and HC152. For comparison striatum from five normal 

cases (H160, H186, H241, H243, H245) were stained.  Four serial sections from each case were 

stained; each with a different neuropeptide (DARPP-32, calbindin, enkephalin and the GABAA 

β2,3 receptor subunit). Using a high throughput image acquisition system (V-Slide automated slide 

scanning system) each striatal section was delineated into six different regions (Caudate Nucleus 

[striosome and matrix], Putamen [striosome and matrix], and Ventral Striatum [patch and matrix]) 

and images (20x magnification) were acquired from each area. Approximately 500-2000 images 

were captured from each section. Densitometric analysis was performed on each marker across all 

areas of the striatum with Metamorph® image analysis software, in particular the integrated 

morphometry analysis journal, to assess the distribution of each marker in each neurochemical 

region. Analysis journals were optimised for each marker by running a set number of images and 

changing the thresholding parameters for each journal variation, to ensure optimal thresholds for 

each marker prior to image analysis. Each journal variation was applied to all images that showed 
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staining from one particular marker. The data was split into four marker groups (DARPP-32, 

calbindin, enkephalin and the GABAA β2,3 subunit), and then each marker group was further 

subdivided into six region groups. 

Statistical analysis was performed using JMP 13 statistical software (SAS Institute Inc.) Shapiro-

Wilk tests and Kolmogorov-Smirnov tests were run on each of the marker+region groups to assess 

for normality and the spread of data was also visually assessed for normality. Tests were run to 

test for homoscedascity. Mean integrated density (also defined as mean integrated optical density) 

was used as a measure for the expression of the neurochemicals within each striatal region. This 

was firstly assessed between normal (control) and total HD data. The data generally did not meet 

the criteria for normality, and thus Wilcoxon tests was used to assess for differences between 

control and total HD data. In order to assess for statistically significant differences between control 

and HD symptom category (mood/motor/mixed), non-parametric Steel with control tests were 

conducted. To assess for statistically differences between the control and HD grading categories, 

non-parametric Steel-Dwass tests were performed.  

Further qualitative analysis of DARPP-32 immunoreactivity at a microscopic level was also 

conducted with immunofluorescence labelling, along with calbindin and GABAA β2,3, in serial 

human striatal sections from HD cases (mood, motor and mixed symptom categories). 

 

7.3 DARPP-32 in the Huntington’s Disease Human Striatum 

Serial striatal sections from the three categories of HD (mood, motor and mixed) were stained with 

antibodies to DARPP-32, calbindin and enkephalin. The mood cases showed a variable loss of 

DARPP-32 from the striosomes. This was matched by a reduction, or a loss of enkephalin within 

the same striosomes in adjacent sections. The borders of the striosomes in mood symptomatic HD 

caudate nucleus (Figure 7.1) appear to be unclear and indistinct. The motor HD cases (Figure 7.2) 

show a general loss of DARPP-32, calbindin and enkephalin immunoreactivity throughout the 

striatum, and macroscopically the striosomes and patches are difficult to identify. HC99 (motor 

case) shows less DARPP-32 immunoreactivity in the putamen than the caudate nucleus, and 

HC72 (motor case) shows the same. The mixed symptom HD cases (Figure 7.3) show a distinctive 

loss of striosomal DARPP-32 which is mirrored by a loss of enkephalin in the same striosome area 

delinated by lack of calbindin staining, in comparison to the normal striatum (Chapter 5). DARPP-

32, calbindin and enkephalin show similar staining patterns in the striatum, with areas of low 

DARPP-32 staining corresponding to areas of low calbindin immunoreactivity and low enkephalin 

immunoreactivity. This is consistent across the caudate nucleus, the putamen and the ventral 

striatum.  
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Figure 7.1 Macroscopic photomicrographs of serial sections of the HD mood symptom category 
human striatum stained with striosomal and matrix markers 

The sections are serially stained with DARPP-32 (A, D), matrix marker calbindin (B, E) and striosome 

marker enkephalin (C, F). Two different HD mood cases are shown (HC101 in A – C, and HC103 in D 

– F). Note that in HC101 a loss of DARPP-32 and enkephalin is seen in striosomal regions (A, C, black 

arrow). These areas of low DARPP-32 and enkephalin immunoreactivity are consistent with areas 

of low calbindin immunoreactivity (B, black arrow). However, in HC103 a small elevation of DARPP-

32 immunoreactivity is observed in the striosome (D, black arrow). This area is matched by lack of 

calbindin immunoreactivity in the same area, in the adjacent section (E, black arrow). Overall, 

striosomes can be identified but with some difficulty, throughout the mood symptom striatum. 

CN, Caudate nucleus; IC, Internal capsule; Put, Putamen 

Scale bar A - F = 0.5 cm.
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Figure 7.2 Macroscopic photomicrographs of serial sections of the HD motor symptom category 

human striatum stained with striosomal and matrix markers 

The sections are serially stained with DARPP-32 (A, D), matrix marker calbindin (B, E) and striosome 

marker enkephalin (C, F). Two different HD motor cases are shown (HC72 in A – C, and HC99 in D – 

F). A distinct reduction in the immunoreactivity of all three markers is noted across both cases. The 

dorsal putamen region shows more loss of DARPP-32 immunoreactivity than the caudate nucleus 

(A & D). Calbindin appears to be lost in a dorsal to ventral pattern across the striatum (B & E). It is 

possible to identify some striosomes, particularly in the caudate nucleus regions (D – F, black arrow) 

by an elevated presence of DARPP-32, a loss of calbindin, and ring of enkephalin positive neuropil 

in the same area across the adjacent sections.  

CN, Caudate nucleus; IC, Internal capsule; Put, Putamen 

Scale bar A - F = 0.5 cm.
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Figure 7.3 Macroscopic photomicrographs of serial sections of the HD mixed symptom category 

human striatum stained with striosomal and matrix markers 

The sections are serially stained with DARPP-32 (A, D), matrix marker calbindin (B, E) and striosome 

marker enkephalin (C, F). Two different HD mixed cases are shown (HC79 in A – C, and HC107 in D – 

F). Interestingly, the staining patterns of DARPP-32, calbindin and enkephalin appear to be 

consistent across the adjacent sections of both mixed HD cases. Areas of low DARPP-32 

immunoreactivity correspond with areas of low calbindin and enkephalin immunoreactivity, and 

areas of high DARPP-32 immunoreactivity correspond with areas of high calbindin and enkephalin 

immunoreactivity. This is consistent across the caudate nucleus, the putamen and the ventral 

striatum. A striosome in case HC107 (D – F, black box) seen at a higher magnification in Figure 7.22 

CN, Caudate nucleus; IC, Internal capsule; Put, Putamen 

Scale bar A - F = 0.5 cm.
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7.4 Striosome and Matrix Border Integrity in the Huntington’s Disease Human 

Striatum 

7.4.1 Striosome Integrity in Mood Symptom Category Huntington’s Disease cases 

Single sections from three mood cases were stained with DARPP-32, calbindin and enkephalin 

using immunofluorescence techniques. Sections were scanned meticulously for qualitative analysis 

and the best view was selected to present in Figure 7.4. When individual striosomes were examined 

in the mood symptom caudate nucleus (Figure 7.4), DARPP-32 immunoreactivity appeared to be 

fairly homogenous across the striatal tissue however there was a faint outline of a striosome with 

increased DARPP-32 immunoreactivity (Figure 7.4A – D). Interestingly, the same DARPP-32 

positive striosome also appeared to show increased calbindin immunoreactivity in part of the 

striosome and showed roughly the same borders. Enkephalin showed the characteristic increase 

of immunoreactivity within the striosome borders, and a moderate immunoreactivity within the 

matrix. The striosome borders in the caudate nucleus in mood-symptomatic HD post-mortem 

human brain tissue were consistent amongst the calbindin and enkephalin stained sections. While 

DARPP-32 appeared to be expanded and did not show a stark difference between potential 

striosome and matrix compartments, areas of low calbindin immunoreactivity matched areas of 

high enkephalin immunoreactivity. The ventral striatum patch and matrix distinctions were clearly 

defined with low immunoreactivity in all three markers. 
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Figure 7.4 Striosome and patch borders in the caudate nucleus, the putamen and the ventral 

striatum of the Huntington’s Disease Mood Symptom human striatum 

A - D: Overlap of DARPP-32 (A), calbindin (B), and enkephalin (C) within the caudate nucleus of post-

mortem HD mood symptom human striatum. (A) A DARPP-32 positive striosome can be identified 

in the caudate nucleus (magenta dashed line). (B) The striosome as identified by calbindin (green 

dashed line). There is some reduction of calbindin within this area. (C) Enkephalin immunoreactivity 

is moderately high within the striosome (light blue dashed line). The overlapping borders are fairly 

consistent across the different markers (D). 

E – H: General representative sections of the putamen matrix with DARPP-32 (E), calbindin (F), and 

enkephalin (G). The merged image of E – G is seen in H.  

I – L:  In the HD mood symptom ventral striatum, DARPP-32 immunoreactivity (I) is reduced in the 

patch area (magenta dashed line). This area corresponds with reduced calbindin (J, green dashed 

line) and enkephalin (K, light blue dashed line) immunoreactivity. Borders of the patch as 

demarcated by the different neuropeptides remain consistent.  

Scale bars = A – L: 50 µm
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7.4.2 Striosome Integrity in Motor Symptom Category Huntington’s Disease cases 

Single sections from three motor cases were stained with DARPP-32, calbindin and enkephalin 

using immunofluorescence techniques. Sections were scanned meticulously for qualitative analysis 

and the best view was selected to present in Figure 7.5. In motor symptom HD cases, within the 

caudate nucleus the DARPP-32 immunoreactivity was reduced within the striosome and matrix 

neuropil and cell bodies (Figure 7.5). There was a reduced number of DARPP-32 positive cell 

bodies although DARPP-32 appeared to show some increased immunoreactivity in patchy areas. 

This corresponding zone and surrounding areas showed reduced calbindin immunoreactivity. This 

same expanded region also showed increased enkephalin immunoreactivity, confirming that a 

striosome was represented within this region. Overall, although DARPP-32 showed a reduction 

of immunoreactivity within the caudate nucleus, all three markers identified the striosome, while 

the borders of the striosome were different according to each marker and did not totally correlate 

with each other. Within the putamen there was DARPP-32 immunoreactivity within the 

striosome/matrix regions, however it was not possible to distinguish striosome or matrix regions 

except when compared with calbindin and enkephalin. A striosome core was not present within 

motor symptom striosomes. Within the calbindin stained section, there appeared to be a mild 

increase in calbindin immunoreactivity in comparison to the surrounding matrix regions. 

Enkephalin was the most consistent marker of striosomes, and showed increased 

immunoreactivity amongst the neuropil of the striosome. DARPP-32 in the ventral striatum 

showed a faint distinction of a patch. Calbindin (high) and enkephalin (low) immunoreactivity 

was more distinct in this region and was more consistent with prior observations in the literature.  
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Figure 7.5 Striosome and patch borders in the caudate nucleus, the putamen and the ventral 

striatum of the Huntington’s Disease Motor Symptom human striatum 

A - D: Overlap of DARPP-32 (A), calbindin (B), and enkephalin (C) within the caudate nucleus of post-

mortem HD motor symptom human striatum. A small striosome can be identified by the presence 

of moderate amounts of DARPP-32 positive neuropil and a clustering of DARPP-32 positive cell 

bodies (A, magenta dashed line). This same area and the surrounding tissue show low calbindin 

immunoreactivity amongst the neuropil and cell bodies (B, green dashed line). A high amount of 

enkephalin in an area slightly bigger than the one identified in B is seen in C, signifying the presence 

of a striosome (light blue dashed line). The overlap of these boundaries in D shows that the borders 

of the striosome are not consistent with each other and vary according to the neuropeptides used.  

E – H: Within the motor symptom HD putamen a striosome  cannot be identified by the use of 

DARPP-32 (E), however a striosome can be identified by the lack of calbindin immunoreactivity (F, 

green dashed line) and moderate amounts of enkephalin (G, light blue dashed line) in the same 

area. The overlap of these areas is seen in (H). 

I – L:  The ventral striatum shows similar results to the putamen, where a DARPP-32 negative patch 

cannot be identified, however a calbindin negative area (J, green dashed line) corresponds with a 

enkephalin negative area (K, light blue dashed line). The overlap of these areas is seen in (L). 

Scale bars = A – H: 50 µm, I – L:  100 µm
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7.4.3 Striosome Integrity in Mixed Symptom Category Huntington’s Disease cases 

Single sections from three mixed cases were stained with DARPP-32, calbindin and enkephalin 

using immunofluorescence techniques. Sections were scanned meticulously for qualitative analysis 

and the best view was selected to present in Figure 7.6. In keeping with regional distribution 

evidence from the previous section (Section 7.3) at the striosomal level DARPP-32, calbindin and 

enkephalin all show the same pattern of high immunoreactivity in the matrix, and low 

immunoreactivity in the striosomes of the caudate nucleus. Likewise in immunofluoroescent 

stained sections, the areas of low DARPP-32, calbindin and enkephalin immunoreactivity all 

correlate with each other (Figure 7.6). More DARPP-32 and calbindin positive cell soma are 

present in the matrix portions of the caudate nucleus. Within the putamen it is difficult to 

determine exact borders of striosomes, regardless of whether DARPP-32, calbindin or enkephalin 

is examined. Striosome cores are typically absent. In the ventral striatum there are clear patch and 

matrix borders. The patch shows low DARPP-32, calbindin and enkephalin immunoreactivity, 

whereas the matrix shows high DARPP-32, calbindin, and enkephalin immunoreactivity, 

comparable with those from the normal ventral striatum.  
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Figure 7.6 Striosome and patch borders in the caudate nucleus, the putamen and the ventral 

striatum of the Huntington’s Disease Mixed Symptom human striatum 

A - D: The overlap of DARPP-32 (A), calbindin (B), and enkephalin (C) within the caudate nucleus of 

post-mortem HD mixed symptom human striatum. The areas of low DARPP-32 immunoreactivity 

can be matched with areas of low calbindin and low enkephalin immunoreactivity. The overlap of 

these areas is seen in (D).  

E – H: Representative sections from the HD mixed symptom putamen. The overlap of DARPP-32, 

calbindin and enkephalin channels is seen in (H). Striosomal borders cannot be differentiated 

I – L: The overlap of DARPP-32 (A), calbindin (B), and enkephalin (C) within the ventral striatum of 

post-mortem HD mixed symptom human striatum. As in the caudate nucleus, the areas of low 

DARPP-32 immunoreactivity correspond with areas of low calbindin and low enkephalin 

immunoreactivity. The overlap of these areas is seen in (L). 

M: matrix, P: patch, S: striosome 

Scale bars = A – L: 50 µm
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7.5 Densitometry within the Neurochemical Compartments of the Huntington’s 

Disease Human Striatum 

Huntington’s disease (HD) is characterised by the drastic loss of MSNs within the striatum 

(Vonsattel JP et al., 1985). The 2012 study by Guo et al assessed the loss of DARPP-32 positive 

MSNs in HD putamen, however did not account for striosome or matrix differences. The relative 

DARPP-32 expression levels in the HD striatum were also not examined within the Guo study 

(Guo et al., 2012). Calbindin has been widely used as an MSN marker in HD post-mortem human 

brain studies (Kiyama et al., 1990; Ferrante et al., 1991). However, densitometry of calbindin in 

the HD striatum has not been thoroughly examined. A reduction of enkephalin expression was 

found across the HD dorsal striatum, while an intense enkephalin immunoreactivity is still 

apparent in the ventral striatum (Ferrante et al., 1986). Striatal GABAA receptor binding in the 

early stages of HD is lost in a patchy fashion, which then progresses to a loss through the majority 

of the striatum in later HD stages (Glass et al., 2000). The most comprehensive correlation of 

specifically GABAA β2,3 receptor subunit immunoreactivity in HD striatum, taking into account 

the striosome/matrix differences, is the link demonstrated by decreased GABAA β2,3 receptor 

subunit immunoreactivity in striosomes of mood-symptomatic HD patients (Tippett et al., 2007). 

To date, a detailed examination of these neuropeptides in sub-striatal zones (striosomes and 

matrix), comparing all HD cases in the control group, the various HD symptom groups, and the 

HD grade, has not been carried out. Five normal cases were compared with eleven HD cases, with 

four serial sections taken from each case. Serial sections from each case were stained with either 

DARPP-32, calbindin, enkephalin or the GABAA β2,3 subunit. Thus, each case (normal and 

diseased) had a set of sections comprising one DARPP-32 stained section, one calbindin-stained 

section, one enkephalin-stained section, and one GABAA β2,3 subunit-stained section. As in the 

previous chapter on Parkinson’s disease (chapter 6) striatal sections with the clearest 

striosome/matrix borders were selected first for boundary drawing. Boundary maps were 

compared between striatal sections stained with different markers specific to each case to ensure 

images were captured in the right striosome/matrix areas. Approximately 500-2000 images were 

captured from each section. 

All striatal groups were assessed with Shapiro-Wilk tests, and the spread of data was also visually 

assessed for normality. The data generally did not meet the criteria for normality, and thus non-

parametric Wilcoxon tests was used to assess for differences between control and total HD data. 

In order to assess for statistically significant differences between control and HD symptom 

category (mood/motor/mixed), non-parametric Steel with control tests were conducted. The 

reasons for selecting non-parametric tests were as follows; the number for each HD symptom 

group was small, and the Steel with control tests protect the overall error rate when comparing all 
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other groups to a selected control group. This test is the non-parametric version of the Dunnett’s 

post-hoc test. To assess for statistically significant differences between the control and HD grade 

categories, non-parametric Steel-Dwass tests were performed. The reasons for selecting non-

parametric tests were as follows; the n for each HD symptom group was small, and Steel-Dwass 

tests protect the overall error rate. The Steel-Dwass tests are the non-parametric version of the 

Tukey’s post-hoc tests. 

 

7.5.1 Densitometry of DARPP-32 within the Huntington’s Disease Human Striatum 

The putamen striosomes showed statistically significant changes, but there were no statistically 

significant differences in mean DARPP-32 integrated optical density changes comparing normal 

to HD cases across any of the other striatal regions. Each striatal region + disease group had an n 

of 5 for the normal, and an n of 11 for the HD group. The mean± SEM statistical values for the 

normal and HD groups are reported throughout the section (Figure 7.7, Table 7.1). A statistically 

significant change (p = 0.0200*, 41% decrease in DARPP-32) was observed between the mean 

DARPP-32 integrated optical densities of the normal (457.61 x 106 ± 38.03 x 106 pixels) and HD 

(269.22 x 106 ± 40.21 x 106 pixels) putamen striosomes. There was a non-statistically significant 

difference (p = 0.1779, 31% decrease) in the mean DARPP-32 integrated optical densities between 

the normal (461.07 x 106 ± 53.72 x 106 pixels), and HD caudate nucleus striosomes (318.51 x 106 

± 49.28 x 106 pixels) stained with DARPP-32. A non-statistically significant change (p = 0.3272, 

29% decrease) was observed between the mean DARPP-32 integrated optical densities of the 

normal (409.71 x 106 ± 52.16 x 106 pixels) and HD (291.92 x 106 ± 57.78 x 106 pixels) caudate 

nucleus matrix. A non-statistically significant change (p = 0.0791, 38% decrease) was observed 

between the mean DARPP-32 integrated optical densities of the normal (400.34 x 106 ± 42.70 x 

106 pixels) and HD (247.56 x 106 ± 45.48 x 106 pixels) putamen matrix. A non-statistically 

significant change (p = 0.9468) was observed between the mean DARPP-32 integrated optical 

densities of the normal (451.44 x 106 ± 60.28 x 106 pixels) and HD (451.45 x 106 ± 34.09 x 106 

pixels) ventral striatal patches. There was a negligible percentage in the HD ventral striatal patch 

group in comparison to the normal ventral striatal patch group). A non-statistically significant 

change (p = 0.3913, decrease of 9% in DARPP-32 integrated optical density) was observed between 

the mean DARPP-32 integrated optical densities of the normal (538.49 x 106 ± 47.91 x 106 pixels) 

and HD (490.21 x 106 ± 45.95 x 106 pixels) ventral striatal matrix.  
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Figure 7.7 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Huntington’s Disease 

Human Striatum (bars indicate standard error). Normal data is shown (light blue) in contrast to HD 

data (dark blue) for each striatal sub-region. Non-parametric Wilcoxon tests showed no statistically 

significant differences between the Normal and HD groups across all striatal sub-regions except the 

putamen striosome.  
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Table 7.1 Summary table showing densitometric analysis of DARPP-32 across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome 

 

Normal 461.07 120.11 53.72 
0.1779 31 ↓  

HD 318.51 155.84 49.28 

CN Matrix 

 

Normal 409.71 116.64 52.16 
0.3272 29 ↓ 

HD 291.92 182.70 57.78 

Put Striosome Normal 457.61 85.04 38.03 
0.0200* 41 ↓ 

HD 269.22 127.15 40.21 

Put Matrix Normal 400.34  95.48 42.70 
0.0791 38 ↓ 

HD 247.56 150.84 45.48 

VS Patch Normal 451.44 134.80 60.28 
0.9468 - 

HD 451.45 102.28 34.09 

VS Matrix Normal 538.49 107.14 47.91 
0.3913 9 ↓  

HD 490.21 145.31 45.95 
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7.5.2 Densitometry of calbindin within the Huntington’s Disease Human Striatum 

There were no statistically significant differences in mean calbindin integrated optical density 

changes comparing normal to HD cases across any of the six striatal components. Each striatal 

region + disease group had an n of 5 for the normal, and an n of 11 for the HD group, except for 

the Normal Putamen Striosomes that had an n of 4 (Figure 7.8, Table 7.2).  

 

 

Figure 7.8 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s Disease 

Human Striatum (bars indicate standard error). Normal data is shown (orange) in contrast to HD 

data (dark brown) for each striatal sub-region. Non-parametric Wilcoxon tests showed no 

statistically significant differences between the Normal and HD groups across all striatal sub-

regions.  
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Table 7.2 Summary table showing densitometric analysis of calbindin across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome 

 

Normal 342.95 88.19 39.44 
0.3955 15 ↑ 

HD 393.08 49.80 15.02 

CN Matrix 

 

Normal 384.39 93.30 41.72 
0.9548 4 ↑ 

HD 399.06 62.77 18.93 

Put Striosome Normal 321.32 71.16 35.58 
0.8961 - 

HD 322.23 80.69 24.33 

Put Matrix Normal 355.57 69.08 30.89 
0.6102 1 ↑ 

HD 358.72 87.28 26.32 

VS Patch Normal 399.80 85.51 37.35 
0.1416 14 ↑  

HD 454.73 46.49 14.70 

VS Matrix Normal 428.07 71.60 32.02 
0.0662 17 ↑ 

HD 500.30 52.13 16.49 
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7.5.3 Densitometry of enkephalin within the Huntington’s Disease Human Striatum 

There were no significant differences in mean enkephalin integrated optical density changes 

comparing normal to HD cases across any of the six striatal components. Each striatal region + 

disease group had an n of 5 for the normal, and an n of 11 for the HD group. The mean± SEM 

statistical values for the normal and HD groups are reported throughout the section (Figure 7.9, 

Table 7.3).  

 

 

Figure 7.9 Mean Integrated Optical Density of enkephalin in the Normal vs. Huntington’s Disease 

Human Striatum (bars indicate standard error). Normal data is shown (light purple) in contrast to 

HD data (dark purple) for each striatal sub-region. Non-parametric Wilcoxon tests showed no 

statistically significant differences between the Normal and HD groups across all striatal sub-

regions.  
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Table 7.3 Summary table showing densitometric analysis of enkephalin across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome 

 

Normal 343.14 103.13 46.12 
0.4615 9 ↓ 

HD 311.52 77.65 23.41 

CN Matrix 

 

Normal 301.58 90.28 40.38 
0.8651 3 ↑ 

HD 310.93 69.96 21.09 

Put Striosome Normal 316.14 83.89 37.52 
0.9548 4 ↓ 

HD 301.68 70.30 21.20 

Put Matrix Normal 313.83 92.53 41.38 
0.9548 4 ↓ 

HD 300.00 75.34 22.72 

VS Patch Normal 363.98 123.19 55.09 
0.6242 11 ↑ 

HD 404.90 50.61 16.01 

VS Matrix Normal 392.86 110.24 49.3 
0.3272 18 ↑ 

HD 463.18 45.36 14.34 
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7.5.4 Densitometry of the GABAA β2,3 subunit within the Huntington’s Disease Human 

Striatum 

There were no significant differences in mean GABAA β2,3 integrated optical density changes 

comparing normal to HD cases across any of the six striatal components. The striatal region + 

disease groups had an n of 5 for the normal, and an n of 10 for the HD group, except for the CN 

Striosome group, which had an n of 5 for the normal and an n of 11 for the HD group. The mean± 

SEM statistical values for the normal and HD groups are reported throughout the section (Figure 

7.10, Table 7.4).  

 

 

Figure 7.10 Mean Integrated Optical Density of GABAA β2,3 in the Normal vs. Huntington’s Disease 

Human Striatum (bars indicate standard error). Normal data is shown (light green) in contrast to HD 

data (dark green) for each striatal sub-region. Non-parametric Wilcoxon tests showed no 

statistically significant differences between the Normal and HD groups across all striatal sub-

regions.  

BD17 = GABAA β2,3 
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Table 7.4 Summary table of densitometric analysis of GABAA β2,3 across the normal and 

Huntington’s Disease striatum with Wilcoxon test results and percentage changes 

Striatal Area Category Mean IOD 
(millions) 

Std Dev Std Err 
Mean 

p- value Percentage 
change 

CN Striosome 

 

Normal 333.06 162.55 72.70 
0.3356 22 ↓ 

HD 261.17 81.67 24.63 

CN Matrix 

 

Normal 323.14 173.46 77.58 
0.3913 23 ↓ 

HD 248.28 84.08 26.59 

Put Striosome Normal 363.79 126.11 56.40 
0.2703 24 ↓ 

HD 275.35 67.07 21.21 

Put Matrix Normal 355.92 153.19 68.51 
0.3913 23 ↓ 

HD 272.47 70.11 22.17 

VS Patch Normal 287.18 184.75 82.62 
0.8065 10 ↑ 

HD 314.64 80.02 25.30 

VS Matrix Normal 319.94 169.61 75.85 
1.0 10 ↑ 

HD 350.00 81.19 25.68 

 

 

7.6 Densitometry of DARPP-32 and other neuropeptides within the Neurochemical 

Compartments of the Striatum based on Huntington’s Disease Symptom Categories  

The relationship between densitometric readings across the different striatal neurochemical 

compartments and the dominant HD symptom category was investigated. HD cases used in this 

study were categorised into either mood, motor, or mixed clinical symptom categories by 

neuropsychologists Dr. L. J. Tippett and V. M. Hogg. Non-parametric Steel with control tests were 

used to assess for statistically significant differences. These tests protect the overall error rate when 

comparing all other groups to a selected control group. 
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7.6.1 Densitometry of DARPP-32 within the Symptom Categories of the Huntington’s Disease 

Human Striatum 

Further analysis was conducted between the normal and HD cases, based on the organization of 

the HD cases into either mood, motor, or mixed symptom categories (Figure 7.11, Tables A & B 

in Appendix). The normality of each striatal group, regarding DARPP-32 integrated optical 

density was assessed, before statistical tests were run. The spread of the data was also visually 

analysed for normality.  In the six DARPP-32 integrated density striatal groups comprising normal 

and HD data, non-parametric Steel comparisons with control were utilised. No statistically 

significant observations were observed after the HD cases were divided into symptom categories. 

The graphed data indicates a large difference between control and HD motor putamen striosomes 

and matrix, however this could be due to the low n (5 normal vs. 3 motor HD). 

 

 

 

 

 

 

 

 

 

 

Figure 7.11 Mean Integrated Optical Density of DARPP-32 in the Normal (control) vs. Huntington’s 

Disease Human Striatum with comparison to Huntington’s Disease symptom categories (bars 

indicate standard error). Non-parametric Steel with control tests showed no statistically significant 

differences between the Normal and HD symptom groups across all striatal sub-regions. The 

percentage differences between control and motor symptom Huntington’s disease groups are 

indicated for putamen striosomes and putamen matrix. 
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7.6.2 Densitometry of calbindin within the Symptom Categories of the Huntington’s Disease 

Human Striatum 

The normality of each striatal group, regarding calbindin integrated density was assessed, before 

statistical tests were run (Figure 7.12, Tables A & C in Appendix). In the six calbindin integrated 

optical density striatal groups comprising normal and HD data, all groups were assessed with 

visually and with normality tests to assess distribution, the groups did not meet normality 

parameters, and thus non-parametric Steel with Control tests were used to assess symptom groups 

against the control group. No statistically significant observations were observed after the HD 

cases were divided into symptom categories. 

 

 

Figure 7.12 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s Disease 

Human Striatum with comparison to Huntington’s Disease symptom categories (bars indicate 

standard error). Non-parametric Steel with control tests showed no statistically significant 

differences between the Normal and HD symptom groups across all striatal sub-regions.
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7.6.3 Densitometry of enkephalin within the Symptom Categories of Huntington’s Disease  

The normality of each striatal group, regarding enkephalin integrated optical density was assessed, 

before statistical tests were run. In the six enkephalin integrated density striatal groups comprising 

normal and HD data, all groups were assessed with visually and with normality tests to assess 

distribution, The groups did not meet normality parameters, and thus non-parametric Steel with 

Control tests were used to assess symptom groups against the control group. No statistically 

significant observations were observed after the HD cases were divided into symptom categories 

(Figure 7.13, Tables A & D in Appendix). 

 

 

Figure 7.13 Mean Integrated Optical Density of enkephalin in the Normal vs. Huntington’s Disease 

Human Striatum with comparison to Huntington’s Disease symptom categories (bars indicate 

standard error). Non-parametric Steel with control tests showed no statistically significant 

differences between the Normal and HD symptom groups across all striatal sub-regions.
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7.6.4 Densitometry of GABAA β2,3 within the Symptom Categories of Huntington’s Disease 

The normality of each striatal group, regarding GABAA β2,3 integrated optical density was 

assessed, before statistical tests were run. In the six calbindin integrated density striatal groups 

comprising normal and HD data, all groups were assessed with visually and with normality tests 

to assess distribution. The groups did not meet normality parameters, and thus non-parametric 

Steel with Control tests were used to assess symptom groups against the control group. No 

statistically significant observations were observed after the HD cases were divided into symptom 

categories (Figure 7.14, Tables A & E in Appendix). 

 

 

Figure 7.14 Mean Integrated Optical Density of GABAA β2,3 in the Normal vs. Huntington’s Disease 

Human Striatum with comparison to Huntington’s Disease symptom categories (bars indicate 

standard error). Non-parametric Steel with control tests showed no statistically significant 

differences between the Normal and HD symptom groups across all striatal sub-regions. 

 

7.7 Densitometry of DARPP-32 and other neuropeptides within the Huntington’s 

Disease Pathological Grades 

The HD cases were examined by neuropathologists and graded according to striatal 

neuropathology in reference to Vonsattel’s grading criteria (Vonsattel et al 1985). HD cases used 

in this study ranged from 1 – 3, with three cases in Grade 1 (HC79, HC101, HC103), four cases in 
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Grade 2 (HC72, HC99, HC126, HC152), and four cases in Grade 3 (HC107, HC142, HC147, 

HC148). Non-parametric Steel-Dwass tests were used as step-wise comparisons between grades, 

as they protect the overall error rate. For ease of visualisation of data, grade comparisons with 

control only are shown. 

 

7.7.1 Densitometry of DARPP-32 within the Pathological Grades of Huntington’s Disease 

Analysis based on comparison of HD pathological grades with the control data was also 

undertaken. The normality of each striatal group, regarding DARPP-32 integrated optical density 

was assessed, before statistical tests were run. The spread of the data was also visually analysed for 

normality. In the six DARPP-32 integrated density striatal groups comprising normal and HD 

data, non-parametric Steel-Dwass comparisons with control were used for statistical analysis. No 

statistically significant observations were observed after the HD cases were divided into Vonsattel’s 

grades (Figure 7.15, Tables F & G in Appendix). 

 

 

Figure 7.15 Mean Integrated Optical Density of DARPP-32 in the Normal vs. Huntington’s Disease 

Human Striatum with comparison to Huntington’s Disease grades (bars indicate standard error). 

Non-parametric Steel-Dwass tests showed no statistically significant differences between the 

Normal and HD grades across all striatal sub-regions.  
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7.7.2 Densitometry of calbindin within the Pathological Grades of Huntington’s Disease 

Analysis based on comparison of HD pathological grades with the control data was also 

undertaken. The normality of each striatal group, regarding calbindin integrated optical density 

was assessed, before statistical tests were run. The spread of the data was also visually analysed for 

normality. In the six calbindin integrated density striatal groups comprising normal and HD data, 

non-parametric Steel-Dwass comparisons with control were used for statistical analysis. No 

statistically significant observations were observed after the HD cases were divided into Vonsattel’s 

grades (Figure 7.16, Tables F & H in Appendix). 

 

Figure 7.16 Mean Integrated Optical Density of calbindin in the Normal vs. Huntington’s Disease 

Human Striatum with comparison to Huntington’s Disease grades (bars indicate standard error). 

Non-parametric Steel-Dwass tests showed no statistically significant differences between the 

Normal and HD grades across all striatal sub-regions.
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7.7.3 Densitometry of enkephalin within the Pathological Grades of Huntington’s Disease 

Analysis based on comparison of HD pathological grades with the control data was also 

undertaken. The normality of each striatal group, regarding enkephalin integrated optical density 

was assessed, before statistical tests were run. The spread of the data was also visually analysed for 

normality. In the six enkephalin integrated density striatal groups comprising normal and HD 

data, non-parametric Steel-Dwass comparisons with control were used for statistical analysis. No 

statistically significant observations were observed after the HD cases were divided into Vonsattel’s 

grades (Figure 7.17, Tables F & I in Appendix). 

 

Figure 7.17 Mean Integrated Density of enkephalin in the Normal vs. Huntington’s Disease Human 

Striatum with comparison to Huntington’s Disease grades (bars indicate standard error). Non-

parametric Steel-Dwass tests showed no statistically significant differences between the Normal 

and HD grades across all striatal sub-regions.
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7.7.4 Densitometry of GABAA β2,3 within the Pathological Grades of Huntington’s Disease 

Analysis based on comparison of HD pathological grades with the control data was also 

undertaken. The normality of each striatal group, regarding GABAA β2,3 integrated optical density 

was assessed, before statistical tests were run. The spread of the data was also visually analysed for 

normality. In the six GABAA β2,3 integrated density striatal groups comprising normal and HD 

data, non-parametric Steel-Dwass comparisons with control were used for statistical analysis. No 

statistically significant observations were observed after the HD cases were divided into Vonsattel’s 

grades (Figure 7.18, Tables F & J in Appendix). 

 

Figure 7.18 Mean Integrated Density of GABAA β2,3 in the Normal vs. Huntington’s Disease Human 

Striatum with comparison to Huntington’s Disease grades (bars indicate standard error). Non-

parametric Steel with control tests showed no statistically significant differences between the 

Normal and HD grades across all striatal sub-regions. 

 

7.8 Qualitative DARPP-32 and calbindin notes on the Huntington’s Disease Human 

Striatum 

Comparative notes on DARPP-32 and calbindin staining amongst the regional and cellular 

components of the HD striatum, according to symptom categories were made. Cells were 

examined according to Graveland et al 1985 and Braak and Braak 1982. Emphasis will be placed 

upon the DARPP-32 staining of the HD cases. The mood and motor cases showed similar changes 
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in the DARPP-32 positive and calbindin positive cells, however in motor cases DARPP-32 showed 

a decrease in immunoreactivity throughout the entire putamen region of the motor cases. This will 

be examined in greater detail in this section. The distribution of DARPP-32 and calbindin within 

the mixed symptom category of HD will also be examined in separate sub-sections.  

 

7.8.1 Immunohistochemical labelling of DARPP-32 within the Mood and Motor Symptomatic 

Huntington’s Disease Human Striatum 

 

Caudate Nucleus Striosome (Mood & Motor) 

Regional 

Overall, striosomes in HD cases were not as distinct as in control caudate nucleus. However, there 

was a general increase in DARPP-32 immunoreactivity in neuropil (Figure 7.19A & B). In some 

regions within striosomes, a clustering of DARPP-32 positive cell bodies was apparent. The 

neuropil within the striosome showed moderately more DARPP-32 immunoreactivity than the 

surrounding matrix.  

Cellular  

Cell soma showed moderate to high DARPP-32 immunoreactivity and were around 15 – 18 µm 

in diameter (Figure 7.19C).  The cell soma themselves showed a variety of shapes, including ovoid, 

spheroid, and pyramidal. In the mood symptom category DARPP-32 positive dendrites were 

poorly marked, and spines were poorly identified. However, in the motor symptom category 

primary dendrites were visible and smooth in appearance, yet secondary and tertiary order 

dendrites were not identifiable. A relatively high amount of DARPP-32 immunoreactivity was 

present amongst the neuropil. 

 

Caudate Nucleus Matrix (Mood & Motor) 

Regional 

Moderate stained neuropil was present, however there was less DARPP-32 immunoreactivity than 

in the caudate nucleus striosomes (Figure 7.19A & B). A moderate amount of cell bodies exhibited 

DARPP-32 immunoreactivity. The neuropil had low to moderate immunoreactivity to DARPP-
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32. Generally, some areas, however, were patchy in DARPP-32 immunoreactivity, and lacked cell 

bodies.  

Cellular 

There were occasional MSNs that showed high DARPP-32 immunoreactivity. Ovoid, spheroid 

and pyramidal shaped soma were present, and were approximately 15 µm in diameter. In the mood 

symptom category, individual dendrites could not be identified, and cell membranes were not as 

distinct as in the control CN matrix. Inconsistent stain was present across the cell body. 

Furthermore, spines could not be visually identified. However, in the motor symptom category 

DARPP-32 positive soma that showed high DARPP-32 immunoreactivity, primary, secondary 

and tertiary dendrites were identifiable. Secondary and tertiary dendrites were laden with spines, 

however dendritic branching showed a gnarled appearance (Figure 7.19D).  

 

Putamen Striosome  

Regional – Mood  

Striosomes on lateral edges of the striatum were usually very well preserved. Dark neuropil and 

concentrated cell bodies were found in striosomes in the lateral putamen (Figure 7.20A & B). 

Medially located striosomes showed a definite loss of DARPP-32 neuropil stain. Furthermore, 

there was less DARPP-32 immunoreactivity than in the surrounding matrix (opposite to that of 

control putamen).  

Cellular – Mood  

A few cells were darkly stained, however most showed moderate DARPP-32 immunoreactivity 

(Figure 7.20C). Overall, cell soma appeared to be smaller than in control putamen striosome, and 

at the most were 18 µm in diaumeter. Darkly stained cell dendrites were not oriented in a straight 

trajectory. Cells with very low DARPP-32 immunoreactivity did not have identifiable dendrites, 

and any spines present were severely reduced in comparison to the control. 

 

 

 

 

 



 

258 
 

Putamen Striosome  

Regional - Motor 

Low DARPP-32 immunoreactivity was seen throughout the entire region (Figure 7.20E & F). In 

the most laterodorsal striosome, a relative absence of DARPP-32 amongst the cell bodies and 

neuropil was observed.  

Cellular – Motor  

The cell soma showed moderate to high DARPP-32 immunoreactivity, and displayed a variety of 

shapes (Figure 7.20G). A typical cell body was approximately 15 µm in diameter. Primary, 

secondary and tertiary dendritic branching was present with a nonlinear and gnarled appearance. 

The secondary dendrites were laden with spines.  

 

Putamen Matrix 

Regional - Mood  

Moderate to high neuropil stain was present in this region. A non-homogenous distribution of the 

cell bodies in the neuropil was seen, particularly in the dorsal region of the putamen (Figure 7.20A 

& B). 

Cellular – Mood 

Cells exhibited moderate to high immunoreactivity (Figure 7.20D). Cell bodies showed a 

combination of ovoid, spheroid or polygonal shape. The diameter of the DARPP-32 positive cell 

bodies in this region appeared to be of a slightly larger variety of sizes, ranging from 15 to 20 

microns. Cell membranes showed moderate integrity. It was possible to identify axons, and cells 

appeared to mostly be multipolar. Individual dendrites were not easily identified, and a reduced 

number of spines was present.  

 

Putamen Matrix 

Regional – Motor  

Very low DARPP-32 immunoreactivity was seen throughout the entire region, and few DARPP-

32 positive cell soma were present (Figure 7.20E & F).  
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Cellular – Motor  

DARPP-32 positive cells were scattered throughout the matrix, exhibiting weak DARPP-32 

immunoreactivity (Figure 7.20H). Cell borders were sometimes hard to distinguish. Cell soma 

were around 15 µm in diameter. The most proximal parts of primary dendrites that lay close to the 

cell soma were identifiable. Clear distinction of neuropil and dendrites belonging to respective cell 

bodies was difficult to resolve.
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CN Striosome 
& Matrix (motor)

CN Striosome (motor) CN Matrix (motor) 

Figure 7.19 Representave images from the Hunngton’s Disease motor symptom caudate nucleus stained 
with DARPP-32, summarising the mood and motor caudate nucleus

A:  A low power magificaon photomicrograph showing moderate levels of DARPP-32 within the striosome 
(black dashed line)

B: The same striosome as outlined in Image A at a higher magnificaon, showing a intense DARPP-32         
immunoreacvity amongst the cells bodies that are clustered together within the striosome. A ‘core’ is not 
observable within the striosome

C:C: A high magnificaon view of the caudate nucleus striosome from motor HD striatum. There are a 
number of DARPP-32 posive cell soma within the striosome, with lightly stained visible primary dendrites. 
The neuropil is  of moderate intensity and shows high density

D: Select DARPP-32 posive cells from the caudate nucleus matrix show disnct cell soma borders, and      
extensive primary and secondary dendric branching. Secondary branches are laden with spines. 

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 
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Figure 7.20 DARPP-32 within the mood and motor symptom Huntington’s disease putamen 

A: Moderate DARPP-32 immunoreactivity is present amongst the neuropil of the mood putamen, 

with high DARPP-32 immunoreactivity present amongst the neuropil of the striosome (area in black 

dashed line) 

B: The immunoreactivity of DARPP-32 in the mood HD putamen matrix shows moderate to dark 

staining of cell soma and neuropil 

C: At high magnification high DARPP-32 immunoreactivity is seen within the mood HD striosome 

neuropil, and cell soma also show high immunoreactivity  

D: Mood HD putamen matrix show moderate DARPP-32 immunoreactivity, and cell bodies are 

distributed at varying distances from each other  

E – F: Very low DARPP-32 neuropil and cell soma immunoreactivity is present throughout the motor 

HD putamen matrix and striosome. The striosome is outlined by the area within the black dashed 

line 

G: A DARPP-32 positive cell within the motor HD putamen striosome showing primary and 

secondary dendritic branching. Spines are apparent on the secondary dendritic branches, but the 

neuropil of the motor HD putamen striosome shows low DARPP-32 immunoreactivity in comparison 

to the mood HD putamen striosome (Image C) 

H: Very low DARPP-32 immunoreactivity is present amongst the cell soma and neuropil of the motor 

HD putamen matrix. Individual dendrites cannot be distinguished with ease. Disorganization of the 

neuropil is apparent.  

M = matrix, P = putamen  

Scale bars: A – B, E – F = 100 µm; C – D, G – H: 20 µm
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Ventral Striatal Patch (Mood & Motor) 

Regional 

DARPP-32 immunoreactivity in the neuropil and cell soma of the ventral striatal patch was pale 

to moderate (Figure 7.21A & B). Some darkly stained DARPP-32 positive cell soma were present 

throughout the region.  

Cellular 

Cell soma showing high DARPP-32 immunoreactivity were present alongside cell soma that 

showed weak DARPP-32 immunoreactivity (Figure 7.21C). Cell soma were generally about 15 

µm in diameter. Primary dendrites could be identified on some cells, but secondary and tertiary 

dendrites could not be identified easily.  

 

Ventral Striatal Matrix (Mood & Motor) 

Regional 

A number of cells soma with high DARPP-32 immunoreactivity were present, no distinct pattern 

of cellular organization into layers or strata otherwise was present (Figure 7.21A & B). 

Cellular 

Cells with high DARPP-32 immunoreactivity showed no particular orientation and lay as little as 

5 µm to 100 µm away from each other (Figure 7.21D). Cell soma were about 15 µm in diameter, 

and primary dendrites were present. Some of the dendrites exhibited the classic ‘torturous’ 

branching as previously described in HD MSN morphology. Spines could not be identified. 

Overall, neuropil staining showed moderate DARPP-32 immunoreactivity.



VS patch
& matrix (mood) VS matrix (mood) 

VS patch (mood) VS matrix (mood) 

A B

DC

Figure 7.21 Series of photomicrographs showing the distribuon of DARPP-32 in the Hunngton’s disease 
(Mood symptom) post-mortem human ventral striatum

A: Low magnificaon photomicrograph showing the small difference in DARPP-32 staining between the 
ventral striatal patch (P) and the ventral striatal matrix (M). There is a low to moderate DARPP-32                 
immunoreacvity in the neuropil of the patch, and a more moderate DARPP-32 immunoreacvity amongst 
the matrix neuropil.

B: General appearance of DARPP-32 staining in the neuropil and cell soma of the ventral striatal matrix.

C:C: High magnificaon photomicrograph of DARPP-32 posive cells within the ventral striatal patch. Primary 
dendrites are present but have a distorted appearance. Occasional soma show high DARPP-32                         
immunoreacvity, whilst others show weak DARPP-32 immunoreacvity.

D: High magnificaon photomicrograph showing the high immunoreacvity amongst the neuropil and cell 
soma of the ventral striatal matrix, including primary and secondary dendrites

M = matrix, P = patch

Scale bars: A: 100 µm, B: 100 µm, C - D: 20 µm 

P M
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7.8.2 Immunohistochemical labelling of DARPP-32 within the Mixed Symptomatic 

Huntington’s Disease Human Striatum 

The DARPP-32 positive cells in the matrix regions (regardless of caudate nucleus, putamen, or 

ventral striatum, were consistent in appearance and DARPP-32 immunoreactivity. The same 

applied for the caudate nucleus striosomes, putamen striosomes, and ventral striatal patches. Thus, 

the summaries below pertain to striosome/patch, and matrix regions across the entire striatum in 

the mixed symptom HD group.  

 

Striosome/Patches 

Regional  

Pale neuropil staining was present, this was noticeably different to the surrounding matrix. The 

outer zones of the striosome had moderate as opposed to pale immunohistochemical stain. The 

cells in the outer zones of the striosomes appeared to be orientated in layers parallel to the 

striosome border (Figure 7.22A, D & E).  

Cellular 

Very pale neuropil staining was seen within the striosome, (reversed from normal). The DARPP-

32 positive cell bodies that were present show varying immunoreactivity for DARPP-32 (some 

light, some dark) (Figure 7.22F). There were various shapes of cell soma, some secondary, even 

tertiary order branching was still apparent. The dendrites were typically laden with spines, often 

on the tertiary dendrites, no spines were noticeable on the cell bodies themselves. The cells were 

often multipolar. The cell bodies were at varying distances from each other, some were clustered 

together while others stood alone with a distance of 5- 100 µm between each other. Cell soma were 

often 15 – 18 µm in diameter. 

 

Matrix 

Regional  

High immunoreactivity of DARPP-32 was seen in the neuropil and cell bodies. Many cell bodies 

were marked with DARPP-32 and were arranged randomly, there did not appear to be any distinct 

pattern of organization (Figure 7.22A, D & E).  
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Cellular 

High levels of DARPP-32 immunoreactivity were seen in the matrix of the dorsal caudate (Figure 

7.22G). Dense, moderately stained neuropil was apparent. It was possible to detect individual 

dendrites laden with spines. Cell soma were mostly stained, some pale cell soma were also present. 

Cell soma shapes ranged from ovoid to pyramidal. There was no identifiable orientation to the 

distribution of the cells. Cells ranged from 15 – 18 µm in diameter. Cell bodies of high 

immunoreactivity were in the same vicinity as cells with low DARPP-32 immunoreactivity.
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Figure 7.22 Figure showing the distribution of DARPP-32, calbindin and enkephalin within the mixed 

symptom group in Huntington’s disease caudate nucleus, at the macroscopic and microscopic levels 

A: macroscopic view showing that DARPP-32 shows a lack of immunoreactivity within a area marked 

S 

B: The region showing low DARPP-32 immunoreactivity (Image A) also shows low calbindin 

immunoreactivity. This is defined as a striosome (S) due to the lack of calbindin. The matrix region 

shows moderate calbindin immunoreactivity.  

C:  The region outlined in Image A and Image B also shows low enkephalin (S). In the matrix region 

enkephalin has a patch appearance. 

D: Low power magnification photomicrograph of the area outlined in Image A (black box). A distinct 

difference of DARPP-32 immunoreactivity between the striosome and the matrix is evident. A 

higher magnification of the region outlined in a black box is seen in Image E 

E: Higher magnification of area of photomicrograph Image D. There are less DARPP-32 positive cell 

soma present in striosome areas than the matrix regions. A higher magnification of the striosome 

(black box with solid line) is seen in Image F, and higher magnification of the matrix (box with black 

dashed line) is seen in Image G 

F: Low DARPP-32 immunoreactivity is present amongst the neuropil of the mixed HD caudate 

nucleus striosome, however the cell soma themselves show moderate immunoreactivity. Some 

dendritic branching is apparent. It appears that dendrites become more distorted the further 

distally they are located to the cell soma. Spines cannot be seen on the dendrites.  

G: High DARPP-32 immunoreactivity is present in the cell soma and general neuropil. A high 

concentration of DARPP-32 positive cell soma are present in the matrix region. Due to the high 

intensity of neuropil stained, dendrites and spines cannot be identified.  

M = matrix, S = Striosome  

Scale bars: A – C = 0.5mm, D = 100 µm, E = 50 µm, F – G: 20 µm
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7.8.3 Immunohistochemical labelling of calbindin within the Mood and Motor Symptom 

Huntington’s Disease Human Striatum  

 

Caudate Nucleus Striosome (Mood and Motor) 

Regional 

A low calbindin immunoreactivity was seen amongst the neuropil and cell soma of this region. 

Less calbindin positive cell bodies were present within the striosome than the surrounding matrix 

(Figure 7.23A & B).  

Cellular 

The cell soma generally exhibited low calbindin immunoreactivity, however there were occasional 

cells scattered throughout the striosome that showed high calbindin immunoreactivity (Figure 

7.23C). These cells were generally spheroid in nature and were approximately 15 – 18 µm in 

diameter. The primary dendritic portions that lay most proximal to the cell soma were visible, 

however secondary and tertiary dendrites were not identifiable. Dendrites did not show a linear 

branching pattern.  

 

Caudate Nucleus Matrix (Mood and Motor) 

Regional 

A moderate amount of calbindin immunoreactivity was seen amongst the neuropil and cell soma, 

and a moderate amount of cell soma were present within this region (Figure 7.23A & B).  

Cellular 

The calbindin positive cell soma exhibited moderate to high immunoreactivity and showed a 

variety of shapes, including ovoid, spheroid, and pyramidal (Figure 7.23D). The cell soma were 

not compacted together, but still displayed a variety of distances from each other, ranging from 5 

– 100 µm. Cell soma were approximately 15 - 18 µm in diameter. Some primary dendrites could 

be identified, however secondary and tertiary dendrites could not be seen.  
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Putamen Striosome  

Regional – Mood  

There was a low to moderate amount of calbindin immunoreactivity, and a low amount of cell 

bodies were present within this region (Figure 7.24A & B).  

Cellular – Mood  

The cell soma showed moderate amount of calbindin immunoreactivity. The cell soma showed a 

variety of shapes, including ovoid, spheroid, and pyramidal (Figure 7.24C). For some of the cells 

primary and secondary dendrites were apparent, and spines were present on the secondary 

dendrites.  

 

Regional – Motor 

Very low calbindin immunoreactivity was present within this region, this was noticeable amongst 

the general neuropil and the cell bodies (Figure 7.24E & F). 

Cellular – Motor  

There was a very low calbindin immunoreactivity amongst the neuropil and cell soma (Figure 

7.24G). The cell soma showed a variety of shapes, including ovoid, spheroid, and pyramidal. It 

was interesting to note that in the motor HD symptom cases that there appeared to be more 

neuronal degeneration amongst the cell soma, regarding cell border integrity and dendritic 

visibility and branching. The appearance of motor symptom HD putamen striosome was quite 

different from mood HD putamen striosome. 

 

Putamen Matrix 

Regional - Mood 

There was a moderate amount of calbindin immunoreactivity, within the neuropil and the cell 

soma of the putamen matrix (Figure 7.24A & B). A moderate amount of calbindin positive cell 

soma were scattered throughout the matrix.  
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Cellular - Mood 

Calbindin positive cell soma could be identified with ease, and showed moderate 

immunoreactivity, and also exhibited a variety of shapes, including ovoid, spheroid, and 

pyramidal (Figure 7.24D). Cell soma were typically 15 – 18 µm in diameter. Some primary 

dendrites could be observed; however it was difficult to identify secondary and tertiary order 

dendrites.  

 

Regional – Motor 

Low calbindin immunoreactivity was present throughout the entire matrix region regarding the 

neuropil and cell soma (Figure 7.24E & F). 

Cellular – Motor 

Calbindin positive cell soma were apparent and exhibited low to moderate calbindin 

immunoreactivity (Figure 7.24H). A variety of shapes, including ovoid, spheroid, and pyramidal 

were observable within the cell soma, and cell soma were typically 15 – 18 µm in diameter. Low 

calbindin immunoreactivity was apparent amongst the neuropil.
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Figure 7.23 Series of photomicrographs showing the distribuon of calbindin in the Hunngton’s disease 
(Motor symptom) post-mortem human caudate nucleus.

A: Low magnificaon photomicrograph showing the distribuon of calbindin in the caudate nucleus

B: Photomicrographs showing the relave lack of calbindin posive cell soma within the striosome  

C: A high power magnificaon photomicrograph within the striosome showing the relave lack of calbindin 
posive cell soma, and the low calbindin immunoreacvity within the neuropil. Secondary and terary 
dendrites cannot be idenfied

D:D: The high power magnificaon photomicrograph from the caudate nucleus matrix show a high number 
of calbindin posive MSNs, and neuropil is to dense to idenfy secondary and terary dendrites

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 



 

274 
 

Figure 7.24 Figure showing the distribution of calbindin in the mood and motor symptom HD 

putamen 

A – B: Low magnification photomicrographs showing the relative decrease of calbindin staining in 

the neuropil & cell soma of the striosome (S) in comparison to the surrounding matrix (M).  

C: High magnification image showing reduced calbindin positive cell soma within the mood HD 

putamen striosome. Moderate calbindin immunoreactivity is present throughout the neuropil, 

however due to the high neuropil density individual dendrites cannot be identified.  

D: High magnification photomicrograph showing the relatively high number of calbindin positive 

cell soma within the matrix, and the high calbindin immunoreactivity within the neuropil and cell 

soma.  

E – F: Low calbindin immunoreactivity is seen throughout the general motor symptom HD putamen, 

this is particularly noticeable within the striosome (S, black dashed line). 

G: High magnification photomicrograph showing the very low calbindin immunoreactivity in the cell 

soma and neuropil of the motor symptom HD putamen striosome. 

H: High magnification photomicrograph showing low to moderate calbindin immunoreactivity in the 

neuropil and cell soma of the motor symptom HD putamen matrix 

M = matrix, S = striosome  

Scale bars: A, E = 500; B, F = 100 µm; C – D, G – H: 20 µm
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Ventral Striatum Patch 

Regional  

In the ventral striatum patches were present in mood and motor symptom HD cases, but did not 

show the same sharp distinctions as in control. The neuropil staining showed low calbindin 

immunoreactivity (Figure 7.25A & B).  

Cellular 

Calbindin positive cell soma could be identified but show low calbindin immunoreactivity (Figure 

7.25C). A variety of shapes, including ovoid, spheroid, and pyramidal were seen amongst the cell 

soma, and cell diameter was consistent with previous MSN cell size approximations. It was 

difficult to identify primary dendrites within the patch, and the neuropil also showed low calbindin 

immunoreactivity.  

 

Ventral Striatum Matrix 

Regional  

A moderate to high amount of calbindin immunoreactivity was present within the matrix, and a 

high number of calbindin positive cell bodies were present within this region (Figure 7.25A &B).  

Cellular 

Calbindin positive cell soma showed high immunoreactivity and showed a variety of cell soma 

shapes as mentioned in previous sections (Figure 7.25D). Cell soma were typically 15 – 18 µm in 

diameter. Some primary dendrites could be observed, however due to the intense neuropil staining 

secondary and tertiary order dendrites could not be identified.
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& matrix  (mood) 

A B
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Figure 7.25 Series of photomicrographs showing the distribuon of calbindin in the Hunngton’s disease 
(Mood symptom) post-mortem human ventral striatum

A: Low magnificaon photomicrograph showing the overall distribuon of  calbindin within the ventral      
striatal matrix. Low calbindin immunoreacvity is seen within the neuropil of the patch while                     
moderate immunoreacvity is seen within the matrix (the patch region is observable within the black 
dashed line)

B: The difference in calbindin immunoreacvity between the matrix (M) and the patch (P) 

C:C: The relave low immunoreacvity of calbindin cell bodies and neuropil located within the mood      
symptom ventral striatal patch  

D: The high calbindin immunoreacvity of the neuropil and cell soma of the mood symptom HD                   
ventral striatal matrix

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm 
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7.8.4  Immunohistochemical labelling of calbindin within striatum of the Mixed Symptom 

Huntington’s Disease group  

 

Striosomes/Patches 

Regional 

The striosomes in the dorsal caudate nucleus and putamen consisted of many cell soma that 

showed weak calbindin immunoreactivity. Pale fibre staining was present, this was particularly 

present within the ventral striatal patches (Figure 7.26A & B). 

Cellular 

Calbindin positive cell soma showed low to moderate immunoreactivity and showed a variety of 

cell soma shapes (ovoid, spheroid, pyramidal) (Figure 7.26C). Cells soma were approximately 15-

18 µm in diameter. Primary dendrites were visible, but secondary and tertiary dendrites could not 

be identified with ease.  

 

Matrix 

Regional 

Neuropil showed high amounts of calbindin immunoreactivity, many calbindin positive cell soma 

were present within the matrix region (Figure 7.26 & B). 

Cellular  

Cell soma showed high amounts of calbindin immunoreactivity, however calbindin stain was 

inconsistent throughout the cell soma (Figure 7.26D). Cells soma were approximately 15-18 µm 

in diameter. Primary dendrites could be observed, however secondary and tertiary dendrites could 

not be identified with ease.
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DC

M MS S

CN Striosome 
& Matrix

CN Striosome 
& Matrix

CN Striosome CN Matrix 

Figure 7.26 Series of photomicrographs showing the distribuon of calbindin within the Hunngton’s        
Disease (Mixed symptom) caudate nucleus (representave of caudate nucleus, putamen, and ventral               
striatum) 

A & B: Low magnificaon photomicrographs  showing that the matrix (M) has higher calbindin immunore-
acvity within the neuropil and a higher amount of calbindin posive cell soma, in comparison to the       
striosome (S) which shows low calbindin immunoreacvity in the neuropil and cell soma

C: Calbindin posive cell soma within the striosome show some level of dendric branching, and present 
with low to moderate calbindin immunoreacvity

D: Calbindin posive cell soma within the matrix  are condensed, and show moderate to high amounts of 
calbindin immunoreacvity. However, calbindin stain is variable within cell soma 

S = Striosome, M = Matrix

Scale bars: A: 500 µm, B: 100 µm, C - D: 20 µm
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7.9 GABAA β2,3 Immunoreactivity in the MSN sub-types within the Huntington’s 

Disease Human Striatum using triple label immunofluorescence 

The expression of GABAA β2,3 subunits were examined on DARPP-32 only positive, calbindin 

only positive, and DARPP-32 + calbindin positive cells. Two cases (each providing a single striatal 

section) from each HD symptom category (mood, motor and mixed) were stained using 

immunofluoroescent techniques. Within the mood symptom HD category, it was difficult to 

determine the presence of the GABAA β2,3 subunit on any DARPP-32 only positive, calbindin 

only positive, and DARPP-32 + calbindin positive cells within caudate nucleus, putamen and 

ventral striatum.  

In the motor symptom HD category, the three types of MSNs were identified within the caudate 

nucleus striosome (Figure 7.27A – D). A higher level of GABAA β2,3 subunit was present on 

MSNs with higher calbindin immunoreactivity. In contrast, a cell that showed DARPP-32 only 

immunoreactivity did not appear to have any marked outline of GABAA β2,3 subunit 

immunoreactivity. This same pattern of GABAA β2,3 immunoreactivity was seen in the motor 

HD putamen matrix (Figure 7.27E – H), where an outline of moderate GABAA β2,3 

immunoreactivity was present on cells with higher calbindin immunoreactivity than cells that 

showed some DARPP-32 immunoreactivity. Within the motor HD ventral striatum (Figure 7.28), 

GABAA β2,3 immunoreactivity was reduced overall in comparison to the normal striatum, 

however higher GABAA β2,3 levels were present on cell soma that were calbindin positive, or cell 

soma that contained some calbindin immunoreactivity. 

In the caudate nucleus of the mixed symptom category, it was evident that DARPP-32 & calbindin 

positive cells showed a definite GABAA β2,3 subunit representation around the cell soma itself. 

This was apparent in both the striosome and the matrix (Figure 7.29). What was interesting to 

observe is the although DARPP-32 was often present in both the cell soma and dendrites of 

DARPP-32 positive MSNs (Chapter 5), in the mixed HD category it was seen that the DARPP-

32 protein was in dendritic portions that lay the most proximal to the cell soma itself, and that 

calbindin was present throughout the dendrite. This could indicate a reduction of DARPP-32 

protein throughout the entire cell and dendrite arborization. Within the mixed symptom HD 

putamen calbindin only MSNs showed a strong GABAA β2,3 subunit immunoreactivity 

surrounding the cell soma, however the DARPP-32 only MSNs did not show an observable ring 

of GABAA β2,3 subunit immunoreactivity around the cell soma (Figure 7.30). Within the mixed 

symptom HD ventral striatum, the observation that MSNs with calbindin immunoreactivity also 

showed GABAA β2,3 subunit immunoreactivity around the cell soma, continues to hold true 

(Figure 7.31).
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Figure 7.27 Confocal images from motor symptom Huntington’s Disease Caudate Nucleus and 

Putamen  

A – D: Photomicrographs showing the three separate MSN types; DARPP-32 positive only (large 

white arrow), calbindin positive only (small white arrow) and DARPP-32 + calbindin positive (white 

arrowhead) within the caudate nucleus striosome of an HD motor symptom dominant case. The 

calbindin positive only (small white arrow) and DARPP-32 + calbindin positive cell (white 

arrowhead) cell soma are associated with GABAA β2,3 subunits (Image C) however the DARPP-32 

only cell (large white arrow) does not show a GABAA β2,3 cellular outline (Image C). The merged 

image of A, B and C is shown in D.  

E – H: Photomicrographs showing a calbindin positive only cell (small white arrow) within the 

putamen matrix neuropil. This cell shows a distinct GABAA β2,3 subunit association (Image H). 

Lipofuscin is seen within the DARPP-32 and GABAA β2,3 channels (white asterisk). The merged image 

of F, G and H is shown in E.   

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive cell, 

white arrowhead = DARPP-32 + calbindin colocalised cell 

Scale bars: A- C, F – H = 20 µm, D – E = 10 µm
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Figure 7.28 Confocal images from motor symptom Huntington’s Disease Ventral Striatum  

A – D: Photomicrographs showing the comparative lack of cell soma within the ventral striatal patch 

of the HD motor symptom dominant striatum. A calbindin positive only cell is observed (small white 

arrow). This cell shows an evident GABAA β2,3 subunit outline in Image C. Primary dendrites 

showing calbindin immunoreactivity are visible. The merged image of A, B and C is shown in D. 

E – H: Photomicrographs showing DARPP-32 + calbindin positive cells (white arrowheads) within the 

ventral striatal matrix. The ventral striatal matrix exhibits a higher proportion of cell soma per unit 

area than the ventral striatal matrix. These cell soma show DARPP-32 immunoreactivity (Image F), 

and calbindin immunoreactivity (G), but show only a faint GABAA β2,3 subunit outline (Image H). 

The merged image of F, G and H is shown in E.   

Small white arrow = calbindin only positive cell, white arrowhead = DARPP-32 + calbindin 

colocalised cell 

Scale bars: A – C = 20 µm, D – H = 10 µm
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Figure 7.29 Confocal images showing the distribution of the GABAA β2,3 subunit within MSNs of the 

Huntington’s Disease (mixed symptom) Caudate Nucleus  

A – D: Photomicrographs showing the presence of a DARPP-32 + calbindin positive MSN (white 

arrowhead) within the caudate nucleus striosome of a mixed HD symptomatology case. This cell 

shows intense DARPP-32 immunoreactivity (Image A), as well as intense calbindin immunoreactivity 

(Image B). DARPP-32 marks the cell body and a portion of one dendrite that lies most proximally to 

the cell body (yellow arrowhead). This portion also shows calbindin immunoreactivity, however the 

dendrite portions that lie further distally to the cell soma lack DARPP-32 immunoreactivity and show 

only calbindin immunoreactivity. A distinct GABAA β2,3 subunit outline is present on this cell (Image 

C). The merged image of A, B and C is shown in D. 

E – H: Photomicrographs showing a DARPP-32 + calbindin positive MSN (white arrowhead) within 

the caudate nucleus matrix of a mixed HD symptomatology case. The cell shows DARPP-32 (Image 

F) as well as calbindin (Image G) immunoreactivity. A very distinct GABAA β2,3 subunit outline is 

present on this cell (Image H). Calbindin immunoreactivity amongst the general neuropil of the 

caudate nucleus matrix is high. The merged image of F, G and H is shown in E.   

White arrowhead = DARPP-32 + calbindin colocalised cell, yellow arrowhead = dendrite 

Scale bars: A – H = 10 µm
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Figure 7.30 Confocal images showing the distribution of the GABAA β2,3 subunit within MSNs of the 

Huntington’s Disease (mixed symptom) Putamen  

A – D: Photomicrographs showing the representation of calbindin positive only cells within the 

putamen regions of the striatum of an HD case with mixed symptomatology. The calbindin positive 

only cells (small white arrows) show little to no DARPP-32 immunoreactivity (Image A) but do show 

calbindin immunoreactivity (Image B). These cells also show a marked GABAA β2,3 subunit 

immunoreactivity around the cell soma (Image C). The merged image of A, B and C is shown in D. 

E – H: Photomicrographs showing two DARPP-32 positive only cells (Image F, large white arrows) 

with moderate DARPP-32 immunoreactivity and an absence of calbindin immunoreactivity (Image 

G). There is only a faint to non-existent border of GABAA β2,3 subunit immunoreactivity around the 

cell soma in question (Image H). The merged image of F, G and H is shown in E.   

Large white arrow = DARPP-32 only positive cell, small white arrow = calbindin only positive cell,  

Scale bars: A – D = 20 µm, E – H = 10 µm
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Figure 7.31 Confocal images showing the distribution of the GABAA β2,3 subunit within MSNs of the 

Huntington’s Disease (mixed symptom) Ventral Striatal Patch and Matrix 

A – D: Photomicrographs showing the calbindin positive only cells (small white arrows) within the 

ventral striatal patch of an HD (mixed symptomatology) striatum section. These cells show an 

absence of DARPP-32 immunoreactivity (Image A) and a faint presence of a GABAA β2,3 subunit 

outline. The merged image of A, B and C is shown in D. 

E – H: Photomicrographs showing a DARPP-32 + calbindin positive cell (white arrowhead). This cell 

shows DARPP-32 and calbindin immunoreactivity (Images F and G). The cell shows fairly extensive 

dendritic arborization which is particularly visible in the calbindin channel (Image G). A distinct 

presence of GABAA β2,3 subunit immunoreactivity is present surrounding the cell soma (Image H). 

The merged image of F, G and H is shown in E.   

Small white arrow = calbindin only positive cell, white arrowhead = DARPP-32 + calbindin 

colocalised cell 

Scale bars: A – H = 10 µm
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7.10 Discussion 

7.10.1 DARPP-32 in the Huntington’s Disease striatum in relation to striosome border 

integrity 

In HD mood cases the representation of DARPP-32 was extremely variable. DARPP-32 was 

relatively absent from striosomes in some mood cases, however identifies striosomes more 

noticeably in other mood cases. In the cases where DARPP-32 was present in higher amounts of 

immunoreactivity in the striosomes, similarly to results from the normal chapter (Chapter 5), in 

the caudate nucleus the striosome borders as identified by DARPP-32, calbindin and enkephalin 

remained fairly consistent with each other. The same concept is seen within the putamen and the 

ventral striatum. The variability of DARPP-32 within the striosomes, particularly in mood 

symptom HD, can possibly be explained by the variability of the disease. In particular, the absence 

of DARPP-32 from striosomes (indicating a ‘striosome-loss’) can be explained in the light of 

previous evidence from Tippett and colleagues (2007) showing that a striosome-loss via the use of 

the immunohistochemical markers such as GABAA receptors correlated with mood-specific 

symptoms. These included potential symptoms of depression, anxiety and obsessive compulsive 

tendencies (Tippett et al., 2007). DARPP-32 was not used as an immunohistochemical marker at 

the time of the previous study, and this finding reinforces the idea that DARPP-32 is particularly 

essential in limbic-associated roles within the basal ganglia circuitry.   

HD motor cases showed extensive disorganisation of the striosome/matrix compartmental 

structure within the striatum. DARPP-32 positive striosomes were apparent in the caudate 

nucleus, however could not be identified with ease in the putamen and the ventral striatum. 

Previous evidence has shown that the putamen is highly linked with the processing of motor 

information (Künzle, 1975). This suggests that due to the previous evidence, DARPP-32 is also 

associated with motor processing and motor circuitry within the basal ganglia. The findings from 

this study also suggest that the ventral striatum in HD motor cases shows a disorganization of 

DARPP-32 immunoreactivity. As the ventral striatum in particular is associated with the 

processing of limbic information (Gerfen et al., 1987a) these findings suggest that even in motor-

symptomatic HD cases, some level of mood dysfunction is present. From this, it is postulated that 

DARPP-32 is involved in both motor and limbic basal ganglia circuitry.  

Lastly, the HD mixed cases showed an unusual localisation of DARPP-32 within the striatum. A 

very noticeable striosome loss was evident throughout the striatum. This is supported by the 

staining of enkephalin on the adjacent striatal sections, showing that DARPP-32 negative and 

calbindin negative zones are matched with enkephalin negative zones. It is possible that the two 

cases shown here were from HD individuals that displayed extreme mood disturbances (HC79 
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and HC107). In particular, HC79 was identified in the Tippett study to show striosome loss. In 

this circumstance, this again corresponds with the Tippett et al study showing that striosome-loss 

is correlated with mood disturbances in HD individuals (Tippett et al., 2007).  

In the observed HD cases, a striosome core could not be easily identified with the DARPP-32 

staining pattern. In normal striatum, nigrostriatal dopaminergic innervation is typically directed 

towards the striosomal core (Prensa et al., 1999). Due to the absence of a striosomal core, this 

could mean that nigrostriatal information at the point of termination in the striatum is 

disorganized, or the SN itself suffers neurodegeneration, and therefore its ability to transmit 

information to the striatum is impaired. Within the HD SNc, high levels of glia are present (Waters 

et al., 1988), a decrease in cell number is observed, and both pigmented and non-pigmented cells 

suffer cell shrinkage (Oyanagi et al., 1989). This could explain why in this study a striosomal core 

region in HD striatum was not observed.  

 

7.10.2 Densitometric Analysis of DARPP-32 in the Huntington’s Disease Striatum 

The only statistically significant finding regarding integrated optical density (measure of marker 

expression) of DARPP-32 in HD striatum was when the total DARPP-32 HD integrated optical 

density in the putamen striosomes showed a significant loss to DARPP-32 integrated optical 

density in the control group. The division of the HD group into either symptom categories or HD 

grades did not further aid in ascertaining which specific HD group contributed towards the 

statistically significant value. This indicates that HD symptom categories and/or HD grades 

contributed towards a statistically significant difference between DARPP-32 integrated optical 

density between normal and HD putamen striosomes. There is ample evidence in previous studies 

to suggest that the dopaminergic system is altered and undergoes degeneration within HD, 

including a loss of up to 40% of dopaminergic neurons in the SNc (Oyanagi et al., 1989), a decrease 

in TH immunoreactivity within the SNc and striatum (Bédard et al., 2011), and a reduction in the 

dopamine transporter (DAT) (Suzuki et al., 2001). This shows that dopamine uptake is reduced in 

HD, and thus less amounts of the activated DARPP-32 form would be present in the HD striatum. 

In particular, as latero-caudal parts of the substantia nigra project towards the putamen (Carpenter 

and Peter, 1972) the topographical alterations of the SNc are reflected in the putamen striosomes 

and putamen matrix. While DARPP-32 was lost in the putamen striosomes and matrix within the 

HD motor group, these differences did not reach statistical significance. This could be due to the 

small n for each HD symptom group. Therefore, it would be erroneous to draw conclusions about 

the changes in the dopamine system in the motor symptom catergory of HD from this current 

study. 
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Previous evidence has shown that during the initial grading stages of HD, mRNA for D1 receptors 

is typically reduced, but increases slightly in accordance with HD progression (Augood et al., 

1997). It is thought that the decrease in dopamine receptors is either in response to a 

hyperdopaminergic state in HD, or that the loss of the receptors themselves may lead to an increase 

in dopamine release as a compensatory mechanism (Schwab et al., 2015). Impaired spatial 

memory in HD was correlated with increased activation of PKA (Giralt et al., 2011) which 

DARPP-32 could potentially be involved in, due to its interactions with D1 or D2 receptors. 

Furthermore, although there are a wide variety of psychiatric symptoms in HD, although so far 

depression is the only symptom shown to have links with disrupted/decreased dopamine 

transmission (Grace, 2016).  

 

7.10.3 Densitometric Analysis of calbindin in the Huntington’s Disease Striatum 

Our results show that the integrated optical density of calbindin in HD cases resembles levels seen 

in the normal (control) striatum, or is elevated, across all three symptom categories (mood, motor 

and mixed) and grades (Grade 1, 2, and 3). This pattern was fairly consistent across all striatal sub-

regions. There is substantial prior evidence showing that calbindin positive MSNs suffer 

degeneration within HD (Kiyama et al., 1990; Ferrante et al., 1991). Interestingly, macroscopic 

images of HD striatum (striosome loss/mood) from the Tippett et al article can suggest that 

calbindin immunoreactivity is particularly elevated in the matrix regions (Tippett et al., 2007). 

Furthermore, as the mixed cases present with clinical reports detailing extreme mood disturbances 

this could be a contributing factor towards elevated calbindin integrated optical density, 

particularly in the mixed symptom category. However, overall no absolute inference can be made 

to the alteration of calbindin in the HD striatum and its contribution to the progression of the 

disease.  

 

7.10.4 Densitometric Analysis of enkephalin in the Huntington’s Disease Striatum 

The results from this study showed no significant changes in enkephalin in the HD striatum, 

regardless of striatal sub-region and HD symptom category or HD grade. While a trend of 

increased enkephalin integrated optical density was observed within the ventral striatal patches 

and ventral striatal matrix in HD cases, due to the lack of statistical significance, these changes 

cannot be attributed with absolute certainty to disease progression. Previous studies by Emson and 

colleagues using high pressure liquid chromatography in post-mortem human striatum show 

negligible changes in enkephalin within the HD caudate nucleus and putamen, irrespective of 

grade, in comparison to normal caudate nucleus and putamen post-mortem tissue (Emson et al., 
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1980). Other immunohistochemical and enkephalin mRNA findings show particularly intense 

enkephalin immunoreactivity within the ventral striatum, across all HD gradings (Ferrante et al., 

1986), and suggest that the dorsomedial striatum (caudate nucleus and putamen) suffer the most 

loss of enkephalin. The interaction of the enkephalinergic system with the dopaminergic system 

also needs to be considered, as dopamine can inhibit striatal enkephalin (George and Kertesz, 

1986), and enkephalin can also influence striatal dopamine levels (Banghart et al., 2015). Previous 

studies have shown that the enkephalinergic system is disrupted in HD (Seizinger et al., 1986), but 

do not elaborate on which specific striatal regions show disruption.  

 

7.10.5 Densitometric Analysis of GABAA β2,3 within the Huntington’s Disease Striatum 

The findings in this study show that the GABAA β2’3 expression is reduced in all grades and 

symptom categories of HD across all striatal regions, except the ventral striatal patches and the 

ventral striatal matrix. The expression of the GABAA β2’3 subunits in HD striatum is thoroughly 

discussed in prior findings from Tippett and colleagues (2007). It has been shown that the marked 

loss of GABAA β2’3 subunits in dorsal striatal striosomes (matched with enkephalin loss in 

adjacent sections) is associated with patients expressing mood dysfunction. The findings from this 

study add a quantitative dimension to the work of Tippett and colleagues and suggest that some 

loss of the GABAA β2’3 subunits is present in caudate nucleus and putamen matrix regions of 

mood symptom HD patients, in addition to the confirmed striosome loss of the GABAA subunits. 

However, due to the lack of statistical significance in the current studies between normal and HD 

cases, it cannot be said with certainty that any changes observed correlate with the disease. 

Autoradiography work from Glass and colleagues has shown that GABAA receptor binding is 

reduced in early stage HD. This progresses to an almost total loss of receptors in late stage HD 

(Glass et al., 2000).  

There are many studies investigating the interactions of dopamine, GABA, and glutamate within 

the normal and aging basal ganglia (Cepeda and Levine, 1998; Surmeier et al., 2007), however 

these interactions are still being investigated within the field of HD. It has been previously 

mentioned that a hyperdopaminergic system may exist within the initial stages of HD (Schwab et 

al., 2015). These elevated dopamine levels (at the initial stages of HD) may coincide with elevated 

extracellular glutamate levels in HD, thus inducing excitotoxicity and the loss of striatal neurons 

(indirect pathway associated, enkephalin containing MSNs) (André et al., 2010) upon which the 

GABAA receptors are present. In the later stages of HD, continued abnormal dopamine 

modulation of glutamate transmission, leading to excessive glutamate, can thus consequentially 

lead to overactivation for the direct pathway MSNs (substance-p containing) and an increased 

release of GABA (André et al., 2010). In response, this can result in a decreased amount of GABAA 
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receptors to compensate for the excessive amounts of GABA, and/or degeneration of GABAA 

receptor containing direct pathway linked MSNs.  

 

7.10.6 DARPP-32 positive and calbindin positive MSN changes in the Huntington’s Disease 

Striatum according to Symptom Categories 

HD grade 2 cases were typically assessed for consistency and it is understood that grade centered 

variation will be present. DARPP-32 positive MSNs within the HD striatum were still present in 

moderate to high amounts in striosomes in the dorsal caudate nucleus, and some DARPP-32 

positive neurons were still scattered sparsely throughout the matrix regions. However, it was 

evident that DARPP-32 representation in the HD striatum is altered from the normal striatum 

(Chapter 5). It is interesting to note that DARPP-32 positive MSNs in the mood symptom HD 

caudate nucleus showed a dramatic loss of immunoreactivity and loss of identifiable dendrites, 

while DARPP-32 positive MSNs in the motor symptom HD caudate nucleus showed an extensive 

dendritic network, with dendrites often laden with spines. Prior evidence links activated DARPP-

32 to D1 receptors (Hemmings et al., 1984). Previous studies have shown the presence of D1 

receptors in matrix regions of the striatum (Levey et al., 1993). Thus, in conjunction with findings 

that DARPP-32 neurons are present in the matrix, one can extrapolate the findings of Levey’s 

work to data from this study. Thus, these matrix-centric dopaminoceptive, D1 receptor containing 

neurons receive input from the SNc, and project to GABAergic neurons in the SNr. The absence 

of DARPP-32 has previously been linked with psychological disturbances (Ishikawa et al., 2007). 

Thus based on the evidence of degenerated DARPP-32 MSNs in mood HD caudate nucleus, one 

can propose that although the majority of the caudate nucleus matrix is involved in associative 

functioning and reasoning (Ragsdale and Graybiel, 1981), DARPP-32 can hold emotional 

modulatory roles within the caudate nucleus.  

However, in mood symptom HD putamen, DARPP-32 levels were similar to that within a normal 

putamen (Chapter 5), while the motor symptom HD putamen showed low DARPP-32 

immunoreactivity throughout the neuropil of the putamen striosomes. DARPP-32 positive MSNs 

in the motor symptom HD putamen matrix showed extensive indicators of cellular degeneration, 

with poor definition of DARPP-32 immunoreactive cell soma, and no noticeable primary or 

secondary dendrites. Comparisons with sections from the same mood and motor cases stained 

with calbindin showed that while a similar reduction in calbindin immunoreactivity was present 

within the motor symptom HD putamen, calbindin positive MSNs did not show the same extent 

of degeneration as DARPP-32 positive MSNs.  
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It is proposed that as the putamen is geared toward processing of sensorimotor information 

(Parent, 1990), this particular region of the striatum is more susceptible to cell degeneration within 

the motor symptom category of HD. As dopamine is elevated in the HD striatum (Schwab et al., 

2015) inhibiting glutamate uptake causing toxicity and oxidative stress, this can coincide with the 

idea that neurons with bioenergetic defects are particularly susceptible to neurodegeneration (Jakel 

and Maragos, 2000). Thus, this suggests that in the motor symptom HD category, calbindin holds 

a potential neuroprotective role as a calcium buffer, in response to excitotoxicity (Huang et al., 

1995). This may explain why calbindin positive MSNs do not show the same extent of 

neurodegeneration as DARPP-32 positive MSNs in the motor symptom HD putamen.  

The mood and motor HD ventral striatum presented similarly in DARPP-32 staining, and 

similarly with calbindin stain. The matrix portions of the ventral striatal matrix were generally 

filled with either DARPP-32 positive or calbindin positive cells that show high amounts of 

immunoreactivity, with densely stained neuropil. The patches show edweakly stained DARPP-32 

or calbindin positive neuropil, with cell soma of low immunoreactivity. The cells did not appear 

as robust as those of the normal striatum. Furthermore, these findings were consistent with 

findings from the mixed symptom HD ventral striatum. It has previously been suggested that as 

HD in the striatum progresses in a dorsal to ventral fashion, the ventral (anterior) striatal portions 

do not show extensive degeneration. This is apparent even up to Vonsattel’s grade 3 HD (Vonsattel 

JP et al., 1985). This potentially suggests that there may be functional reasons as to why the dorsal 

striatum is more susceptible to degeneration than the ventral striatum. The dorsal striatum 

(caudate nucleus and putamen) receives input from the motor and sensory cortices (Parent, 1990), 

while the ventral striatum receives projections from the amygdala, hippocampus and the anterior 

cingulate cortex (Russchen et al., 1985). It has also been shown that the dorsal and ventral striatum 

hold different roles in the modulation of dopaminergic input from the striatum to the SNc (Steiner 

and Gerfen, 1996, 1998). This may suggest that there are potential protective mechanisms for cells 

within the ventral striatum in HD.  

 

7.10.7 The GABAA β2,3 Distribution on the MSN types within the Huntington’s Disease 

Striatum according to Symptom Categories 

Within the motor symptom category of HD, the three MSN types (Chapter 5) were still apparent 

although their integrity showed a disorganisation of the striatum. In the dorsal striatum (caudate 

nucleus and putamen) of motor HD cases the three MSN types all presented with variable levels 

of the GABAA β2,3 subunit. Interestingly, MSNs with more calbindin immunoreactivity also 

showed more GABAA β2,3 subunit, whereas DARPP-32 only cells generally showed little to no 

GABAA β2,3 subunit representation. These results were similar to those seen in the normal 
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striatum (Chapter 5).  The ventral striatum showed a lack of β2,3 subunits on MSNs, regardless of 

patch or matrix, within the motor symptom category. It has been suggested that GABAA receptor 

dysfunction may exacerbate HD symptoms (Cepeda et al., 2007) and this may be apparent in the 

motor HD striatum. While the ventral striatum itself is mostly associated with limbic processing, 

GABA is thought to play roles in mood-linked motor functions (Waldvogel et al., 1999). Thus, 

this may be why a lack of the GABAA β2,3 subunit is seen on MSNs within the motor symptom 

HD ventral striatum.  

Interestingly, MSNs from the mixed symptom HD caudate nucleus, putamen and ventral striatum 

presented with high proportions of the GABAA β2,3 subunit on the cell soma, provided that the 

MSNs were immunoreactive for calbindin. DARPP-32 only cells showed little to no GABAA β2,3 

subunit on the cell soma.  As two of the three mixed HD cases presented with stark striosome loss 

one can be more inclined to highlight the mood symptoms of these cases, in accordance with the 

work of Tippett et al (2007). The results from this section suggest that most GABAA receptors are 

more closely linked with calbindin, or calcium binding systems, rather than the dopaminergic 

system, or cells containing dopamine associated proteins such as DARPP-32. This does not extend 

to all GABAA receptors, as MSNs receive GABA from striatal interneurons, dopamine from the 

SNc, and glutamate from the cortex to ensure normal basal ganglia functioning. GABA content is 

proposed to be reduced within the striatum (Spokes, 1981). Under normal circumstances, GABA 

receptors would thus be activated, and nigrostriatal dopamine release would be inhibited (Paladini 

and Tepper, 1999). As discussed previously, excessive dopamine can lead to excitotoxicity and the 

loss of striatal neurons (André et al., 2010). Thus the possible loss of GABAA receptors can play 

ever increasing roles in the progression of HD, through the striatum and beyond. The prior 

discussion pertains to the nigrostriatal pathways, however how the transmission of dopamine to 

cells of the ventral striatum is affected through the mesolimbic pathway remains unexamined in 

HD. 

 

 

7.11 Conclusion 

As presented in Tippett et al (2007), HD can present anatomically and physically as a variable 

neurodegenerative disease. Both the mood HD cases and two of the mixed cases show striosome 

loss within the striatum, and this has been shown to be linked with mood disturbances. Both the 

immunohistochemical data and densitometric data (pertaining to DARPP-32) show reductions in 

DARPP-32 staining in the putamen. As the putamen has connections to the motor cortex, it can 

be ascertained that DARPP-32 is involved in the maintenance of motor circuitry, and is affected 
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in HD. Striosome cores are typically absent in HD, and may be reflective of SNc degeneration. 

The findings from this study also confirm the dorsoventral pattern of striatal degeneration in HD, 

as delineated with immunohistochemical markers of DARPP-32, calbindin, enkephalin and 

GABAA β2,3 subunits. Furthermore, although overall GABAA β2,3 representation on MSNs is 

reduced, it is proposed that as in Chapter 5, the more calbindin immunoreactivity that a single 

MSN possesses, the higher the likelihood that it will possess more GABAA β2,3 subunits on the 

cell soma.  
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Chapter 8  
General Discussion 
 

 

8.1 General Introduction  

This thesis has investigated the distribution of DARPP-32 in the post-mortem human striatum (using 

three separate antibodies) by western blotting and immunohistochemical methods. Using these 

probes, a unique and novel distribution of DARPP-32 was observed in the normal human striatum. 

A discovery of three different MSN types (DARPP-32 only positive, calbindin only positive, and 

DARPP-32 + calbindin colocalised) was made in the normal striatum. The distribution of the 

GABAA β2,3 subunits on these three cell types were also examined. From this, comparative studies 

were made in the Parkinson’s disease post-mortem human striatum and the Huntington’s disease 

post-mortem human striatum to normal cases. Thus, this study makes a new contribution towards 

elucidating and further developing current global understanding of the basal ganglia circuitry 

within the human brain, in both health and disease.  

The human striatum is a collection of nuclei, consisting of the caudate nucleus, the putamen, and 

the ventral striatum. Each of these regions receive different patterns of inputs from various cortical 

and subcortical areas, processing and integrating them into associative, sensorimotor and limbic 

categories of neural information. Furthermore, a striosome/patch and matrix organization exists 

within each region. The striosomes and matrix also have different neurochemical identities, adding 

a further layer of complexity to the striatum.  

Although the distribution of many different neuropeptides is understood within the human 

striatum, ranging from the dorsal to the ventral striatum (Graybiel and Ragsdale, 1978; Ferrante 

et al., 1986; Ferrante and Kowall, 1987; Prensa et al., 2003), the distribution of DARPP-32 

throughout the human striatum has never been studied in detail. A previous preliminary study 

utilising DARPP-32 in post-mortem human brain tissue assumed that as in the rat brain (Ouimet et 

al., 1998) DARPP-32 was an accurate marker for all MSNs in the human striatum. This thesis 

examines the assumption that DARPP-32 identifies all MSNs in the normal human striatum, and 

then progresses to make comparisons in the Parkinson’s disease (PD) and Huntington’s disease 

(HD) affected human striatum. 
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8.2 Implications of Findings 

8.2.1 Validation of Antibodies and DARPP-32 distribution in the Normal Human Striatum 

The distribution of DARPP-32 in post-mortem human striatal tissue was widely considered to be 

similar to the distribution in mouse striatal tissue (Ouimet et al., 1998; Guo et al., 2012). It was 

assumed that DARPP-32 would identify a large majority of MSNs (upwards of 90%) in post-mortem 

human striatum. The use of the mouse anti DARPP-32 antibody (Creative Diagnostics; CABT-

22918MH) and the goat anti DARPP-32 antibody (Santa Cruz; sc-31519) was validated in human 

tissue homogenates with western blots and compared with previous confirmed representations of 

DARPP-32 in western blots in animal studies. Immunohistochemical studies where the primary 

antibody was omitted from the procedure were also used in post-mortem human and rat striatal 

tissue to ensure that staining was not due to aberrant secondary antibody activity. Other 

immunohistochemical staining with DARPP-32, particularly in the human striatal tissue, was 

validated by a third established DARPP-32 antibody (DARPP-32 (19A3) Rabbit mAb, Cell 

Signalling Technology). The distribution of these three DARPP-32 antibodies in post-mortem 

human tissue appeared very similar, which further established that the mouse and goat anti 

DARPP-32 antibodies were specific to human tissue. The two DARPP-32 antibodies of choice 

were double labelled and consistently identified the same cells in post-mortem human striatal tissue, 

thus ensuring that the two antibodies could be used interchangeably throughout this study.  

Examination of DARPP-32 distribution in the normal human striatum by immunohistochemical 

methods revealed an unusual discovery; high DARPP-32 immunoreactivity was observed to be 

mainly localised amongst the cell soma and neuropil of the striosomes within the dorsal caudate 

nucleus and putamen. High DARPP-32 immunoreactivity is also seen amongst the ‘matrix’ 

regions of the ventral striatum. This observation was very different to what was expected, as 

DARPP-32 and calbindin almost show a synonymous distribution in the mouse and rat striatum. 

The striosomes in particular are strongly associated with processing of limbic information 

(Crittenden and Graybiel, 2011) and thus this may suggest that DARPP-32 may be involved in the 

processing of limbic information in the dorsal caudate nucleus and dorsal putamen. It was also 

observed that DARPP-32 was often highly concentrated in a ‘core’ within striosomes, suggesting 

that the cores of striosomes receive the bulk of nigrostriatal dopaminergic innervation (Prensa et 

al., 1999). 

Furthermore, double-labelling studies showed that there were three different MSN populations 

within the human striatum. These three different populations were: DARPP-32 only positive 

cells, calbindin only positive cells, and DARPP-32 + calbindin colocalised cells. The 

proportions of these three cell types were different in the striosomes and matrix of the dorsal 
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caudate nucleus, however overall DARPP-32 was more present in the striosomes. These findings 

imply that in the human striatum, neither DARPP-32 nor calbindin can be used as a single marker 

for all MSNs, but rather the use of the two neuropeptides together can identify different 

complementary MSN groups that together comprise the total MSN population. It is also proposed 

that the GABAA β2,3 subunits exist on all three types of MSNs; however, they are present in high 

amounts on calbindin only positive cells, in moderate amounts on DARPP-32 + calbindin 

colocalised cells, and in low amounts on DARPP-32 only cells (Figure 8.1A). This adds a further 

dimension to the findings of Waldvogel et al (1999). As the β2 and β3 subunits are presumed to 

play essential roles in the entity of a complete GABA receptor, this suggests that while the 

dopaminergic and GABAergic systems cooperate to ensure normal basal ganglia functioning, the 

two systems are not necessarily linked with each other in every single cell. 

DARPP-32 activation is dependent on the interaction of dopamine with D1 receptor. In rat striatal 

sections, D1 receptor agonists are reported to influence the calcium dependent release of GABA 

in MSNs in rat basal ganglia (Floran et al., 1990). In addition, whole cell voltage clamp studies in 

neurons from wild type and DARPP-32 knockout mice (upon application on D1 agonists) have 

shown that calcium currents were reduced by approximately 50% in striatal neurons in DARPP-

32 knockout mice (Fienberg et al., 1998). From this, one could infer that DARPP-32 (activated 

form and dependent on D1 receptor activation) and calcium current modulation can be potentially 

linked. This could be why some MSNs show colocalisations for both DARPP-32 and calbindin (a 

calcium binding protein). Furthermore, the activation of the D1 receptor is essential for long term 

potentiation (LTP) at corticostriatal synapses (Kerr and Wickens, 2001), and thus DARPP-32 may 

be implicated in this process. 

While MSNs that have high concentrations of calbindin also receive large numbers of cortical-

glutamatergic afferents (Fonnum et al., 1981), this is interesting to discuss in light of findings from 

the current study proposing that the MSNs with more calbindin also have higher levels of GABAA 

β2,3 subunits on the cell membranes. It is possible that GABA provides an inhibitory 

counterbalance more so on the cells that exhibit higher calbindin levels, than those that exhibit low 

levels of calbindin, or no calbindin at all.  

 

8.2.2 DARPP-32 Distribution in the Parkinson’s Disease Human Striatum 

Observations from the normal post-mortem human striatum were compared to the Parkinson’s 

disease (PD) human striatum. A significant loss of DARPP-32 immunoreactivity was found in the 

putamen matrix and striosomes of the PD human striatum. This is particularly interesting, as 

previous studies by Kish and colleagues have indicated that dopamine is lost in significant 
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measures in the post-mortem PD putamen (Bernheimer et al., 1973; Kish et al., 1988). Furthermore, 

while most of the MSNs in the PD putamen showed a decrease in DARPP-32 immunoreactivity, 

calbindin immunoreactivity was not lost to such a great degree amongst the same cells. This 

information, in conjunction with evidence that the putamen is directly implicated in the processing 

of motor information (Künzle, 1975) hints that DARPP-32 is at least partially involved in the 

motor circuitry of the basal ganglia. The signalling systems that occur downstream of dopamine 

transmission can also be affected in PD.  

The ability to identify striosomes using DARPP-32 was generally impaired in PD, however 

calbindin and enkephalin were still present within the striatum according to patterns seen in the 

normal striatum. Densitometric studies showed no changes in calbindin or the GABAA β2,3 

subunit distribution throughout the PD striatum in comparison to the normal striatum, whereas 

significant changes were observed regarding DARPP-32 and enkephalin in the putamen and the 

ventral striatum. The observed reduction of both DARPP-32 and enkephalin in the PD putamen 

could result from the interaction of both dopamine and enkephalin, as enkephalin is proposed to 

influence striatal dopamine levels (Banghart et al., 2015). Furthermore, a reduction in enkephalin 

expression within the putamen striosomes and ventral striatal matrix may be an anatomical 

representation of psychological symptoms associated with PD. Lastly, while the GABAA β2,3 

subunits are still present on MSNs, their overall levels are reduced in PD striatum (Figure 8.1B). 

This may mean that GABA signalling is also disrupted in PD.
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Figure 8.1 Summary schematic of GABAA β2,3 subunit distribution on the three MSN types in the 

normal striatum and Parkinson’s disease striatum 

A: The GABAA β2,3 subunit distribution is different on the DARPP-32 only (low GABAA β2,3 subunit 

distribution), DARPP-32 + calbindin colocalised cells (moderate GABAA β2,3 subunit distribution) 

and the calbindin only cells (high GABAA β2,3 subunit distribution). The caudate nucleus striosome 

is representative of striosomes throughout the striatum, and the caudate nucleus matrix is 

representative of all matrix regions in the normal striatum. 

B: GABAA β2,3 subunit distribution is reduced overall on the three MSN types in the Parkinson’s 

disease striatum. The DARPP-32 only cells and DARPP-32 + calbindin cells show reduced DARPP-32 

immunoreactivity overall. 
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8.2.3 DARPP-32 Distribution in the Huntington’s Disease Human Striatum 

In addition to the Vonsattel’s grading criteria in Huntington’s disease (HD), the categorization of 

the HD cases used in this study into mood, motor and mixed symptom categories has added 

another layer of complexity to the observations of DARPP-32 in the post-mortem HD human 

striatum. In mood symptom cases the immunoreactivity of DARPP-32, pertaining to the 

identification of striosome borders is decreased. This verifies and adds to previous evidence from 

Tippett and colleagues, stating that striosome loss is apparent in mood symptom cases (Tippett et 

al., 2007). This evidence suggests that DARPP-32 is involved in limbic-associated roles within 

basal ganglia circuitry. However, it is possible that DARPP-32 is not limited to limbic-associated 

processing, as the putamen in the motor symptom HD striatum also shows some loss of DARPP-

32. The qualitative observations from striatal sections stained with 3,3’-diaminobenzidine (DAB) 

are corroborated by the trend seen in the densitometric work, although the changes were calculated 

to not be statistically significant. This may suggest that DARPP-32 is involved in motor circuitry 

as well as limbic circuitry of the basal ganglia. The lack of a striosome core was consistently 

observed in the HD striatum. The striosome core is anatomically placed to receive nigrostriatal 

dopaminergic input (Prensa et al., 1999) and thus the lack of a striosome core may indicate 

degeneration of the projections from the substantia nigra pars compacta (SNc) in HD.  

In general, the qualitative and quantitative work outlined in this study corroborated previous work 

showing a dorsoventral pattern of neurodegeneration in the HD striatum, regardless of grading or 

symptom categorisation. Some cellular and dendritic changes were apparent, further supporting 

the results of Ferrante and colleagues (Ferrante et al., 1991). The staining of the three MSN types 

within the mood, motor and mixed symptom categories of the HD striatum highlighted the 

different expression patterns of the GABAA β2,3 subunits. As in the normal striatum, it appears 

that the higher the level of calbindin that a single MSN contains, the higher the likelihood that the 

GABAA β2,3 subunits will be present on the cell. However, it is evident that the overall amount of 

the subunits are reduced in HD, potentially contributing to altered GABA signalling within the 

HD striatum. 

Previous evidence from Ferrante and colleagues (1991) have suggested that cell changes in 

moderate grades of HD (Grade 2) tend to be proliferative, with twisting and recurving of dendrites 

and an increase in dendritic spines. However, late stage HD cases show degenerative cellular 

changes, including spine loss and more acute recurving angles of the dendrites. For densitometry 

work, the parameters set in this study did not account for recurving of dendrites and abberent 

dendritic spine growth. However, a way around this would be to run another metamorph journal 

assessing dendritic length and spine density. These data could then be assessed with integrated 

density for DARPP-32, calbindin enkephalin and the GABAA β2,3 subunits to examine potential 
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correlations between integrated density for each of these markers and MSN morphology changes 

in HD at different stages.  For the qualitative work, grade 2 cases were mostly utilised to account 

for these differences in the different stages of HD. 

It is interesting to speculate on the influence that dopamine has on the direct and indirect pathways 

of the HD affected striatum, the consequent roles of the D1 & D2 receptors, and DARPP-32. 

Indirect pathway associated MSNs (enkephalin positive, D2 receptor associated) are typically 

more susceptible to cell death in HD, particularly during the early stages (Menalled et al., 2000). 

However, direct pathway associated MSNs (substance P positive, D1 receptor associated) show 

cellular dysfunction in the initial stages of the disease, and succumb to degeneration in later stages 

of HD (Deng et al., 2004). By way of association, it is tempting to suggest that DARPP-32 is 

indicative of MSNs that express the D1 receptor, and are thus part of the direct pathway. This may 

suggest that DARPP-32 positive MSNs may suffer dysfunction in the early stages of HD, but may 

not suffer from neurodegeneration until the latter stages of the disease. However, further work 

needs to be done for this conclusion to be drawn. 

There is a vast variety of neuropathology occurring within the HD striatum, despite the disease 

being caused by a single gene, resulting in heterogenous pathologies within the disease (Wexler, 

2004). This is also reflective of the conflict in previous studies debating whether the striosomes or 

matrix suffer degeneration in the initial stages of the disease (Ferrante et al., 1987; Kiyama et al., 

1990; Hedreen and Folstein, 1995; Tippett et al., 2007). This study has gone some way to 

understanding the pathological changes in the HD striatum from a grading point and a 

symptomatology point, by the use of DARPP-32, calbindin, enkephalin and GABAA β2,3 

immunohistochemical staining within the HD striatum, and evaluating changes in the 

striosome/patch and matrix neurochemical compartments in the caudate nucleus, the putamen 

and the ventral striatum. Overall, GABAA β2,3 subunits are reduced on the remaining MSNs 

within the HD striatum, and it is postulated that the putamen in motor symptomatic HD cases 

shows a substantial reduction in DARPP-32 and calbindin immunoreactivity (Figure 8.2A). While 

there is an overall reduction of GABAA β2,3 subunits on the three MSN types in mood/mixed 

symptom HD cases (Figure 8.2B), no strong symptom specific loss of DARPP-32 or calbindin 

immunoreactivity was noted in either  the caudate nucleus, the putamen or the ventral striatum.
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Figure 8.2 Summary schematic of GABAA β2,3 subunit distribution on the three MSN types In the 

Huntington’s disease striatum 

A: The GABAA β2,3 subunit distribution on the three MSN types in the motor symptom Huntington’s 

disease striatum is reduced overall from the representation in the normal striatum (Figure 8.1). The 

cells in the putamen show reduced DARPP-32 and calbindin immunoreactivity. 

B: The GABAA β2,3 subunit distribution on the three MSN types in the mood/mixed symptom 

Huntington’s disease striatum is reduced from the normal striatum (Figure 2.1).
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8.3 Technical Considerations 

When undertaking densitometric work, one needs to consider the use of DAB for evaluation of 

neuropeptide density. Within this study, staining of the sections was carried out using standard 

immunohistochemical protocols with DAB, producing brown reaction products residing where 

the protein of interest was distributed throughout the striatum. Experiments were conducted in a 

consistent manner with consistent reagents and DAB exposure time optimised to each antibody. 

Threshold settings on journal programmes used throughout the study were optimised on a select 

range of images from different cases, to eliminate unwanted identification of background stain. In 

particular, the use of Metamorph® analysis software for images has the advantage of being a fully 

automated system, eliminating observer bias and reducing the potential for biological variation. 

However, in a more technical aspect, it does need to be acknowledged that DAB scatters light 

rather than absorb it, and thus DAB staining does not follow the Beer-Lambert law (Haub and 

Meckel, 2015). Thus, the intensity of the DAB stain does not necessarily hold direct relations with 

the true amount of reaction product, and by association the amount of neuropeptide. Nonetheless 

the use of DAB integrated optical density can reliably detect changes in intensity of staining when 

diseased tissue is compared with control (normal) tissue when all parameters are kept the same.  

An alternative to measuring intensity with DAB is measuring the intensity of fluorescence stain, 

as this protocol does not rely on an enzymatic reaction that produces a time-dependent brown 

reaction product. However, there are other potential disadvantages to be aware of, such as image 

exposure time, the number of exposures, and the ability of the fluorescent stain to fade over time. 

An advantage of this technique is the ability to identify double or triple colocalised cellular markers 

and/or receptors rather than a single label, thus giving the researcher a more in-depth view of the 

neurochemical systems. 

A large variability in densitometric data was often observed in this study, particularly regarding 

the HD work. This often led to large standard deviations, reducing the potential to draw 

conclusions regarding statistically significant differences between normal and diseased groups. It 

is acknowledged that a contributing factor to the observed variability would be the small n for each 

group. Ideally, these factors would be corrected for by increasing the number of diseased cases in 

each group. The limitations of working with human tissue are the high pathological variability 

(particularly within a disease group) and low numbers of cases. The differences within cases in 

disease groups can result in a large number of factors which when combined can be referred to the 

‘agonal state’ or integrity of the tissue (Sian-Hülsmann et al., 2018). These factors include the state 

of health of the brain at the time of death, whether the person suffered anoxia, poor blood 

circulation, as well as medication that the individual received and environmental factors. These 

factors together culminate to produce biological variation in human brain tissue. 
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8.4 Future Directions 

The discovery of the three separate types of MSNs opens up a variety of potential future directions 

of investigation, particularly in the area of neurodegenerative diseases. Firstly, in the normal post-

mortem human striatum, it would be interesting to evaluate the distribution of the remaining 

GABAA subunits on MSNs in the striosomes and matrix, in conjunction with the GABAA β2,3 

subunits. This avenue of research would also need to consider the three separate MSN populations 

(DARPP-32 only positive, calbindin only positive, and DARPP-32 + calbindin colocalised) into 

consideration.  

Parkinson’s disease (PD) results in the loss of dopamine projections from the SNc to the striatum, 

and this study shows a statistically significant loss of the overall DARPP-32 immunoreactivity in 

the PD putamen, but relatively minor alterations to the calbindin immunoreactivity. Results from 

previous studies by Ito and colleagues show no marked change in calbindin positive MSNs in PD 

striatal tissue (Ito et al., 1992). Future characterisation of MSNs in PD could focus on calbindin 

positive MSNs, versus the amount of DARPP-32 positive MSNs within the post-mortem human 

PD striatum. This could be carried out by stereological methods. For further analysis, proportions 

of the three MSN populations in PD, accounting for striosomes and matrix differences, could be 

investigated. While the qualitative portion of this study shows that overall the GABAA β2,3 

subunits are reduced on MSNs in PD human striatum, the application of quantitative methods to 

this field would greatly add increased accuracy of how MSNs are affected in PD. In addition, co-

labelling studies with D1 and D2 receptors, and the GABAA α1 subunit, could provide more clues 

on how the dopamine and GABA signalling systems are disrupted in PD, in conjunction to the 

direct and indirect circuits. Co-labelling studies with α-synuclein aggregates within the three 

separate MSN populations are also a potential research avenue. RNA-Seq analysis would be 

highly useful within the striosome and matrix regions, particularly more so in Parkinson’s disease 

with a focus on the putamen. In order to extract the cells from striosome and matrix regions of the 

striatum, laser-capture microdissection could be used on cryostat cut striatal sections. This 

technique has recently been optimised on post-mortem human cerebellar tissue (Martuscello et al., 

2019). The captured tissue can then be used for RNA and/or DNA analysis. It would be 

particularly interesting to examine the DNA signatures on DARPP-32 only cells, calbindin only 

cells, and DARPP-32 + calbindin colocalised cells in normal and PD matrix. 

In HD, work has already been done evaluating DARPP-32 positive MSN degeneration in post-

mortem human striatum (Guo et al., 2012), however the Guo study did not take striosome and 

matrix differences into account. Thus, it would be interesting to evaluate DARPP-32 loss in the 

HD striatum with these parameters, accounting for the clinical symptomatology of mood, motor 

and mixed categories, with the help of stereological methods. Quantitative methods applied to the 
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assessment of the three separate MSN types using immunofluoroescent staining would enable 

scientists to ascertain if one MSN group is more susceptible to neurodegeneration than the rest, 

and as in PD, potentially providing clues if the dopamine signalling system, or calcium signalling 

system is first affected in HD. Quantitative assessments of the GABAA receptor subunits, and D1 

or D2 receptors on the different MSN types are warranted in post-mortem HD human tissue, and 

as in the case of PD, would require the use of high resolution imaging. Co-labelling studies with 

mutant huntingtin aggregates within the three separate MSN populations are also a potential 

research avenue in HD. This could be particularly interesting, as there is some evidence to suggest 

that the presence of aggregates rather than diffuse mutant huntingtin may contribute to cell survival 

in HD (Arrasate et al., 2004). The RNA-Seq techniques mentioned previously are also applicable 

in HD. 

 

 

8.5 Final Remarks 

The striatum is a complex region integrating associative, sensorimotor, and limbic neuronal 

information. It is a region known for its complexity in connections and its variability in 

neurochemical compartments. It is also a great source of interest in Huntington’s disease (HD) as 

it is the area of severe neurodegeneration in this disease. Although most cells within the striatum 

are medium spiny neurons (MSNs), it was thought that these neurons were not all identical in 

neurochemical identity, and that some were aligned with direct motor circuitry, while others were 

more aligned with the indirect motor pathway. Furthermore, the traditional MSN marker of choice 

(calbindin) identified MSNs in the matrix neurochemical regions but showed low 

immunoreactivity in the striosomes. The major contribution of this thesis is the further chemical 

neuroanatomical characterisation and elucidation of the different types of MSNs in the normal 

and diseased human striatum.  

This study provides additional information to show that MSNs do not consist of one single 

population identical in neurochemistry, but rather consist of at least three different subtypes. These 

subtypes may have their neurochemical identity altered differentially in diseased states. This 

information may be of major significance in developing future therapies for diseases which affect 

the human striatum. Thus the interventions may need to be modified depending on area of the 

striatum, and even cell type targeted for treatment. This is particularly relevant for HD, as the 

striatum is an area that shows extreme neuronal degeneration and is a target site for intervention 

therapies.  
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Furthermore, the findings from this thesis show it is possible that the three MSN types have 

different GABA receptor subunit profiles. These findings add another layer of complexity to the 

current knowledge of basal ganglia circuitry. Steps have been undertaken to examine how these 

cellular and receptor parameters have been changed in Parkinson’s disease (PD) and HD, and 

show that cellular neurochemical identity and receptor subunit representation are altered 

throughout the diseased striatum. Thus, this thesis contributes towards further understanding of 

the neuropathology in neurodegenerative diseases, and provides a further dimension on 

understanding the extraordinary complexity of the human striatum.  
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Appendix 
 

Table A. P-values for DARPP-32, calbindin, enkephalin, and GABAA β2,3 Integrated Optical Density 

comparisons between control and HD symptom groups using Steel with control. 

 DARPP-32 Integrated Optical Density Control Vs HD Symptom Categories  
 CN Striosome  CN Matrix Put 

Striosome 
Put Matrix VS Patch VS Matrix  

Control Vs 
Mood  

0.8854 0.8854 0.5745 0.4681 0.9722 0.9713 

Control Vs 
Motor 

0.1883 0.3265 0.0989 0.0982 0.4106 0.1883 

Control Vs 
Mixed  

0.9842 1.0 0.1883 0.9839 0.8956 0.9842 

 Calbindin Integrated Optical Density Control Vs HD Symptom Categories  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Mood  

0.9943 1.0 1.0 0.9943 0.7435 0.1708 

Control Vs 
Motor 

0.9839 0.5089 0.7123 0.9839 0.9842 1.0 

Control Vs 
Mixed  

0.0982 0.5089 0.4677 0.5089 0.1883 0.0989 

 Enkephalin Integrated Optical Density Control Vs HD Symptom Categories  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Mood  

0.7548 1.0 0.8766 0.7548 0.9713 0.7435 

Control Vs 
Motor 

1.0 1.0 0.8913 0.8913 0.5121 0.5121 

Control Vs 
Mixed  

0.9839 0.9839 0.9839 0.8913 0.8929 1.0 

 GABAA β2,3 Integrated Optical Density Control Vs HD Symptom Categories  
 CN Striosome  CN Matrix Put 

Striosome 
Put Matrix VS Patch VS Matrix  

Control Vs 
Mood  

0.6117 0.7435 0.4738 0.7599 0.9713 0.9713 

Control Vs 
Motor 

0.9839 0.9842 0.9956 0.9956 1.0 1.0 

Control Vs 
Mixed  

0.9839 0.9842 0.9844 0.9844 1.0 0.9842 
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Table B. DARPP-32 Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with symptom categories 

DARPP-32 + CN Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 461.073 120.111 53.72 311.9 610.21 
Mood 4 301.459 215.657 107.83 -41.7 644.62 
Motor 3 276.576 105.875 61.13 13.6 539.58 
Mixed  3 383.167 137.196 79.21 42.4 723.98 
DARPP-32 + CN Matrix Integrated Optical Density Control vs HD Symptom Categories 
Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 409.706 116.64 52.16 264.9 554.53 
Mood 4 257.868 224.381 112.19 -99.265.7 614.91 
Motor 3 259.273 77.938 45 65.7 452.88 
Mixed  3 369.953 235.711 136.09 -215.6 955.49 
DARPP-32 + Put Striosome Integrated Optical Density Control vs HD Symptom Categories 
Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 457.609 85.042 38.032 352.02 563.2 
Mood 4 331.463 153.455 76.727 87.28 575.64 
Motor 3 146.577 25.788 14.889 82.52 210.64 
Mixed  3 308.855 64.043 36.975 149.76 467.95 
DARPP-32 + Put Matrix Integrated Optical Density Control vs HD Symptom Categories 
Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 400.343 95.481 42.701 281.8 518.9 
Mood 5 230.594 186.014 83.188 -0.3728 461.56 
Motor 3 158.631 44.778 25.852 47.4 269.87 
Mixed  3 364.774 96.77 55.87 124.4 605.16 
DARPP-32 + VS Patch Integrated Optical Density Control vs HD Symptom Categories 
Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 451.441 134.799 60.284 284.1 618.82 
Mood 4 472.074 69.377 34.688 361.7 582.47 
Motor 2 326.163 56.217 39.752 -178.9 831.25 
Mixed  3 507.49 108.576 62.687 237.8 777.21 
DARPP-32 + VS Matrix Integrated Optical Density Control vs HD Symptom Categories 
Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 
Control 5 538.487 107.135 47.912 405.5 671.51 
Mood 4 522.098 73.082 36.541 405.8 638.39 
Motor 3 345.016 143.056 82.593 -10.4 700.39 
Mixed  3 592.891 130.638 75.424 268.4 917.41 

 

 

 

 

 



 

319 
 

Table C. Calbindin Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with symptom categories 

Calbindin + CN Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 342.949 88.1914 39.44 233.44 452.45 

Mood 5 380.041 51.3617 22.97 316.27 443.81 

Motor 3 362.571 31.8727 18.402 283.4 441.75 

Mixed  3 445.318 13.9525 8.055 410.66 479.98 

Calbindin + CN Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 384.387 93.2958 41.723 268.54 500.23 

Mood 5 396.442 64.63 28.903 316.19 476.69 

Motor 3 345.865 25.73 14.855 281.95 409.78 

Mixed  3 456.634 38.0483 21.967 362.12 551.15 

Calbindin + Put Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 4 321.318 71.159 35.58 208.09 434.55 

Mood 5 317.724 91.598 40.964 203.99 431.46 

Motor 3 268.601 56.4967 32.618 128.26 408.95 

Mixed  3 383.381 51.08 29.493 256.48 510.28 

Calbindin + Put Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 355.566 69.075 30.891 269.8 441.33 

Mood 5 357.502 114.434 51.176 215.41 499.59 

Motor 3 309.589 61.29 35.386 157.34 461.84 

Mixed  3 409.877 24.295 14.027 349.53 470.23 

Calbindin + VS Patch Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 399.801 83.5131 37.348 296.11 503.5 

Mood 4 455.484 43.6051 21.803 386.1 524.87 

Motor 3 422.48 60.1231 34.712 273.13 571.83 

Mixed  3 485.959 15.345 8.859 447.84 524.08 

Calbindin + VS Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 428.068 71.5975 32.019 339.17 516.97 

Mood 4 505.577 30.1176 15.059 457.65 553.5 

Motor 3 439.659 27.2669 15.743 371.92 507.39 

Mixed  3 553.889 15.6802 9.053 514.94 592.84 
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Table D. Enkephalin Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with symptom categories 

Enkephalin + CN Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 343.144 103.129 46.121 215.09 471.2 

Mood 5 295.337 111.986 50.082 156.29 434.39 

Motor 3 347.429 47.997 27.711 228.2 466.66 

Mixed  3 302.582 7.278 4.202 284.5 320.66 

Enkephalin + CN Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 301.58 90.284 40.376 189.48 413.68 

Mood 5 286.458 100.867 45.109 161.22 411.7 

Motor 3 348.369 22.42 12.945 292.67 404.06 

Mixed  3 314.289 1.522 0.879 310.51 318.07 

Enkephalin + Put Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 316.137 83.89 37.518 211.97 420.3 

Mood 5 272.828 91.797 41.053 158.85 386.81 

Motor 3 343.413 39.6744 22.906 244.86 441.97 

Mixed  3 308.038 39.0979 22.573 210.91 405.16 

Enkephalin + Put Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 313.83 92.5314 41.381 198.94 428.72 

Mood 5 265.12 98.7277 44.152 142.53 387.71 

Motor 3 329.77 39.9084 23.041 230.63 428.91 

Mixed  3 328.339 41.4895 23.954 225.27 431.4 

Enkephalin + VS Patch Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 363.981 123.19 55.092 211.02 516.94 

Mood 4 408.198 24.2 12.1 369.69 446.71 

Motor 3 459.038 18.494 10.678 413.1 504.98 

Mixed  3 346.371 27.379 15.807 278.36 414.38 

Enkephalin + VS Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 392.863 110.239 49.3 255.98 529.74 

Mood 4 465.644 22.984 11.492 429.07 502.22 

Motor 3 500.387 58.257 33.635 355.67 645.11 

Mixed  3 422.688 22.855 13.195 365.91 479.46 
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Table E. GABAA β2’3 Integrated Optical Density statistics of Huntington’s Disease caudate nucleus 

striosomes, caudate nucleus matrix and putamen striosomes with symptom categories 

GABAA β2’3 + CN Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 333.056 162.546 72.693 131.23 534.88 

Mood 5 206.227 93.322 41.735 90.35 322.1 

Motor 3 325.007 9.533 5.504 301.33 348.69 

Mixed  3 288.919 32.081 18.522 209.23 368.61 

GABAA β2’3 + CN Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 323.141 173.463 77.575 107.76 538.52 

Mood 4 197.225 82.303 41.152 66.26 328.19 

Motor 3 290.921 57.902 33.43 147.08 434.76 

Mixed  3 273.697 96.912 55.952 32.95 514.44 

GABAA β2’3 + Put Striosome Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 363.786 126.106 56.396 207.2 520.37 

Mood 5 248.739 84.17 37.642 144.2 353.25 

Motor 2 305.633 51.665 36.532 -158.6 769.82 

Mixed  3 299.519 34.292 19.799 214.3 384.71 

GABAA β2’3 + Put Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 355.924 153.193 68.51 165.7 546.14 

Mood 5 235.084 64.505 28.848 155 315.18 

Motor 2 294.254 59.544 42.104 -240.7 829.24 

Mixed  3 320.263 68.051 39.289 151.2 489.31 

GABAA β2’3 + VS Patch Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 287.179 184.747 82.622 57.78 516.57 

Mood 4 281.431 100.122 50.061 122.12 440.75 

Motor 3 351.016 67.632 39.048 183.01 519.02 

Mixed  3 322.546 70.112 40.479 148.38 496.71 

GABAA β2’3 + VS Matrix Integrated Optical Density Control vs HD Symptom Categories 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 319.937 169.605 75.85 109.34 530.53 

Mood 4 311.238 63.73 31.865 209.83 412.65 

Motor 3 351.228 89.054 51.415 130.01 572.45 

Mixed  3 400.423 93.916 54.222 167.12 633.72 
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Table F. P-values for DARPP-32, calbindin, enkephalin, and GABAA β2,3 Integrated Optical Density 

comparisons between control and HD grades using Steel with control. 

 DARPP-32 Integrated Optical Density Control Vs HD Pathological Grades  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Grade 1  

0.9378 0.7675 0.9332 1.0 0.9332 0.9908 

Control Vs 
Grade 2 

0.6881 0.6881 0.2786 0.0919 0.9378 0.2786 

Control Vs 
Grade 3 

0.2559 0.5327 0.0919 0.6881 1.0 0.9831 

 Calbindin Integrated Optical Density Control Vs HD Pathological Grades  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Grade 1  

0.8078 0.6315 0.8133 0.4431 0.6315 0.2786 

Control Vs 
Grade 2 

0.9831 0.9282 0.9728 1 0.9908 1 

Control Vs 
Grade 3 

0.5327 0.9993 1 0.9993 0.5327 0.2559 

 Enkephalin Integrated Optical Density Control Vs HD Pathological Grades  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Grade 1  

0.9908 0.9908 1.0 0.9993 1 0.9908 

Control Vs 
Grade 2 

0.9831 0.9993 1.0 0.9993 0.6315 0.8078 

Control Vs 
Grade 3 

0.9282 0.9831 1.0 0.9993 1 0.9282 

 GABAA β2,3 Integrated Optical Density Control Vs HD Pathological Grades  

 CN Striosome  CN Matrix Put 
Striosome 

Put Matrix VS Patch VS Matrix  

Control Vs 
Grade 1  

0.9332 0.9908 0.9908 0.9908 1 1 

Control Vs 
Grade 2 

0.8268 0.8078 0.4431 0.8078 0.9908 0.9908 

Control Vs 
Grade 3 

0.9831 0.9831 0.9831 0.9831 1 0.9993 
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Table G. DARPP-32 Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with disease grades 

DARPP-32 + CN Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 461.073 120.111 53.715 311.9 610.21 

Grade 1 2 477.63 54.342 38.426 -10.6 965.88 

Grade 2 4 340.952 148.795 74.397 104.2 577.72 

Grade 3 4 216.5 135.3 67.65 1.2 431.79 

DARPP-32 + CN Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 409.706 116.64 52.163 264.9 554.53 

Grade 1 2 508.337 50.605 35.783 53.7 963 

Grade 2 4 260.902 174.205 87.103 -16.3 538.1 

Grade 3 4 214.717 168.766 84.383 -53.8 483.26 

DARPP-32 + Put Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 457.609 85.042 38.032 352 563.2 

Grade 1 3 377.655 165.431 95.512 -33.3 788.61 

Grade 2 3 206.545 125.249 72.313 -104.6 517.68 

Grade 3 4 234.886 50.425 25.213 154.6 315.12 

DARPP-32 + Put Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 400.343 95.481 42.701 281.79 518.9 

Grade 1 3 390.657 113.728 65.661 108.14 673.17 

Grade 2 4 126.297 72.549 36.275 10.86 241.74 

Grade 3 4 261.506 147.015 73.507 27.57 495.44 

DARPP-32 + VS Patch Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 451.441 134.799 60.284 284.1 618.8 

Grade 1 3 509.025 120.126 69.355 210.6 807.4 

Grade 2 2 378.278 129.919 91.867 -789 1545.6 

Grade 3 4 444.865 75.561 37.78 324.6 565.1 

DARPP-32 + VS Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 538.487 107.135 47.912 405.5 671.51 

Grade 1 3 577.341 145.316 83.898 216.4 938.33 

Grade 2 3 348.735 148.841 85.934 -21 718.48 

Grade 3 4 530.971 68.358 34.179 422.2 639.74 
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Table H. Calbindin Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with disease grades 

Calbindin + CN Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 342.949 88.1914 39.44 233.44 452.45 

Grade 1 3 410.23 76.2278 44.01 220.87 599.59 

Grade 2 4 361.089 26.502 13.251 318.92 403.26 

Grade 3 4 412.207 39.3024 19.651 349.67 474.75 

Calbindin + CN Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 384.387 93.2958 41.723 268.54 500.23 

Grade 1 3 454.742 48.8818 28.222 333.31 576.17 

Grade 2 4 370.11 43.0503 21.525 301.61 438.61 

Grade 3 4 386.261 72.4506 36.225 270.98 501.55 

Calbindin + Put Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 4 321.318 71.159 35.58 208.09 434.55 

Grade 1 3 380.45 75.3237 43.488 193.34 567.56 

Grade 2 4 282.403 77.7409 38.87 158.7 406.11 

Grade 3 4 318.401 79.7103 39.855 191.56 445.24 

Calbindin + Put Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 355.566 69.0748 30.891 269.8 441.33 

Grade 1 3 442.302 51.8004 29.907 313.62 570.98 

Grade 2 4 332.568 74.3098 37.155 214.32 450.81 

Grade 3 4 322.182 91.6653 45.833 176.32 468.04 

Calbindin + VS Patch Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 399.801 83.5131 37.348 296.11 503.5 

Grade 1 3 467.815 56.0112 32.338 328.68 606.95 

Grade 2 3 424.656 61.0897 35.27 272.9 576.41 

Grade 3 4 467.46 24.7615 12.381 428.06 506.86 

Calbindin + VS Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 428.068 71.5975 32.019 339.17 516.97 

Grade 1 3 525.273 52.5362 30.332 394.77 655.78 

Grade 2 3 453.211 46.7403 26.986 337.1 569.32 

Grade 3 4 516.875 40.6081 20.304 452.26 581.49 
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Table I. Enkephalin Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with disease grades. 

Enkephalin + CN Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 343.144 103.129 46.121 215.09 471.2 

Grade 1 3 332.683 33.166 19.148 250.29 415.07 

Grade 2 4 316.243 133.841 66.921 103.27 529.21 

Grade 3 4 290.923 20.199 10.099 258.78 323.06 

Enkephalin + CN Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 301.58 90.284 40.376 189.48 413.68 

Grade 1 3 332.565 44.037 25.425 223.17 441.96 

Grade 2 4 294.888 112.963 56.481 115.14 474.64 

Grade 3 4 310.754 38.059 19.029 250.19 371.31 

Enkephalin + Put Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 316.137 83.894 37.518 211.97 420.3 

Grade 1 3 307.35 15.916 9.189 267.81 346.89 

Grade 2 4 293.994 120.1 60.05 102.89 485.1 

Grade 3 4 305.117 41.881 20.941 238.48 371.76 

Enkephalin + Put Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 313.83 92.531 41.381 198.94 428.72 

Grade 1 3 340.433 52.338 30.217 210.42 470.45 

Grade 2 4 264.845 113.92 56.96 83.57 446.12 

Grade 3 4 304.811 28.377 14.189 259.66 349.97 

Enkephalin + VS Patch Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 363.981 123.19 55.092 211.02 516.94 

Grade 1 3 374.501 54.534 31.485 239.03 509.97 

Grade 2 3 442.98 10.995 6.348 415.67 470.29 

Grade 3 4 399.144 56.595 28.297 309.09 489.2 

Enkephalin + VS Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 392.863 110.239 49.3 255.98 529.74 

Grade 1 3 437.578 35.962 20.762 348.24 526.91 

Grade 2 3 476.421 22.414 12.94 420.74 532.1 

Grade 3 4 472.451 63.473 31.736 371.45 573.45 
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Table J. GABAA β2,3 Integrated Optical Density statistics of Huntington’s Disease striatal regions 

with disease grades 

GABAA β2’3 + CN Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 333.056 162.546 72.693 131.23 534.88 

Grade 1 3 250.868 86.769 50.096 35.32 466.41 

Grade 2 4 245.853 121.741 60.871 52.14 439.57 

Grade 3 4 284.224 35.6 17.8 227.58 340.87 

GABAA β2’3 + CN Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 323.141 173.463 77.575 107.8 538.52 

Grade 1 3 269.294 109.439 63.185 -2.6 541.16 

Grade 2 3 216.706 96.838 55.909 -23.9 457.26 

Grade 3  4 256.189 73.836 36.918 138.7 373.68 

GABAA β2’3 + Put Striosome Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 363.786 126.106 56.396 207.2 520.37 

Grade 1 3 307.578 34.903 20.151 220.87 394.28 

Grade 2 3 197.807 65.864 38.027 34.19 361.42 

Grade 3  4 309.342 34.632 17.316 254.24 364.45 

GABAA β2’3 + Put Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 355.924 153.193 68.51 165.71 546.14 

Grade 1 3 316.823 85.242 49.215 105.07 528.58 

Grade 2 3 210.237 55.378 31.972 72.67 347.8 

Grade 3  4 285.884 42.17 21.085 218.78 352.99 

GABAA β2’3 + VS Patch Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 287.179 184.747 82.622 57.8 516.57 

Grade 1 3 300.637 139.255 80.399 -45.3 646.57 

Grade 2 3 315.021 15.437 8.912 276.7 353.37 

Grade 3  4 324.86 76.057 38.029 203.8 445.88 

GABAA β2’3 + VS Matrix Integrated Optical Density Control vs HD Pathological Grades 

Level Number Mean  Std Dev Std Err Mean Lower 95% Upper 95% 

Control 5 319.937 169.605 75.85 109.3 530.53 

Grade 1 3 352.011 141.748 81.838 -0.1094 704.13 

Grade 2 3 320.764 43.665 25.21 212.3 429.23 

Grade 3  4 370.395 60.799 30.4 273.6 467.14 
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