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ABSTRACT 

Huntington’s disease (HD) is a neurodegenerative genetic disorder caused by an expansion of the 

CAG repeat tract in the HTT gene, leading to a triad of motor, cognitive and psychiatric symptoms. 

N-methyl-D-aspartate-type glutamate receptors (NMDARs) that underlie excitatory synaptic 

transmission and plasticity were previously shown to be upregulated at extrasynaptic locations in HD. 

While activity of synaptic NMDARs promotes neuronal survival, activation of extrasynaptic NMDARs 

(ex-NMDARs) triggers cell death signalling pathways. Therefore, ex-NMDARs are currently thought to 

drive HD neurodegeneration. 

The first aim of this thesis was to determine whether the distribution of α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) or NMDA receptors is altered at synapses in a cellular model 

of HD. Subsequently, we sought to determine whether synapse-associated protein 97 (SAP97) is a 

causative agent of HD synaptic dysfunction, as the β isoform was shown to direct glutamate receptors 

to extrasynaptic locations. Finally, we aimed to specifically target α- and βSAP97 isoforms in order to 

rescue normal receptor distribution in HD model neurons. 

A combination of super-resolution imaging and whole-cell patch-clamp electrophysiology techniques 

allowed us to determine that in HD model neurons expressing the mutant HTT gene, NMDAR 

distribution is shifted towards extrasynaptic sites, whereas AMPARs are largely unaltered. Endogenous 

SAP97 expression was unaffected both in the model neurons and in the YAC128 HD mouse model 

striatum. An overall increase in SAP97 expression could be detected in the YAC128 hippocampus, 

however, as it was not specific to βSAP97, this isoform is unlikely to be a part of the HD 

pathomechanism. Intriguingly, overexpression of either SAP97 isoform was found to maintain the 

normal NMDAR distribution in HD model neurons and prevent NMDAR drift to extrasynaptic sites. 

Together, the data presented in this thesis suggest that the number of ex-NMDARs is indeed 

elevated in mutant HTT expressing neurons. Furthermore, although βSAP97 does not appear to play a 

role in HD pathomechanism, both α and β isoforms of SAP97 were identified in this thesis as potential 

therapeutic targets for HD. In conclusion, our results add to the evidence for synaptic dysfunction in HD 

neurons and provide new clues towards designing an effective HD therapy. 

 

 

 



iv 
 

  



v 
 

ACKNOWLEDGEMENTS 

First of all, I would like to acknowledge that this thesis would not be possible if it had not been for 

my supervisor, Associate Professor Johanna Montgomery, whom I am grateful to for giving me the 

opportunity to embark on a PhD at the University of Auckland, in a field that prior to commencing the 

programme I had very limited experience in. During these few years I was able to acquire theoretical 

and practical knowledge in neurophysiology and gain confidence as a scientist. Thank you, Johanna, for 

deciding to include me in your team as well as for your guidance and invaluable advice that you 

provided me with throughout my time as a PhD candidate. 

I would like to wholeheartedly thank the members of the Synaptic Function Research Group, 

particularly: Dr Chantelle Fourie, for always being ready to help me with experimental design, data 

analysis, lots of valuable remarks about my results and for never-ending conversations about science 

and life; Dr Lucy Goodman, for the help with key imaging experiments and the time she contributed to 

teaching me image analysis; Yukti Vyas, for being a good friend and for her contribution to proofreading 

this thesis; Dr Kevin Lee, for his help in electrophysiology experiments and intriguing conversations on 

scientific research and beyond. Additionally, I would like to acknowledge the rest of our research group 

as well as other members of the Centre for Brain Research and Department of Physiology, who also 

provided me with help and advice.  

I must express my deep gratitude to my mother Liliana Ambroziak for always doing whatever is in 

her power to support me at every single step I have decided to take in my life. Mamo, dziękuję Ci za to, 

że mnie wspierasz na każdym etapie mojego życia i niezależnie od tego, gdzie jestem. Moreover,  

I would like to thank my partner, Clare Jiyeon You, for her continued support, encouragement, and for 

not falling asleep when I talk about my research. Jiyeon, your presence has made the recent years so 

much easier and so much more enjoyable. 

Finally, I would like to thank the Auckland Medical Research Foundation for providing the funding 

which allowed me to undertake the research described in this thesis, as well as for enabling me to 

attend the Australian Course in Advanced Neuroscience and present my scientific results at the Society 

for Neuroscience 2016 annual meeting. 

  



vi 
 

  



vii 
 

 

 

 

 

 

 

 

‘ Omnes enim trahimur et ducimur ad cognitionis et scientiae cupiditatem, 

in qua excellere pulchrum putamus,  

labi autem, errare, nescire, decipi et malum et turpe ducimus. ‘ 

- Marcus Tullius Cicero, De Officiis 

  



viii 
 



ix 
 

TABLE OF CONTENTS 

ABSTRACT ······················································································································································· III 

ACKNOWLEDGEMENTS ····································································································································· V 

LIST OF FIGURES ············································································································································ XIII 

LIST OF TABLES ···············································································································································XV 

LIST OF ABBREVIATIONS ······························································································································ XVII 

CHAPTER ONE: GENERAL INTRODUCTION ··································································································· 1 

1.1. HUNTINGTON’S DISEASE - HISTORICAL OUTLINE AND GENETICS ····································································· 1 

1.2. HD NEUROPATHOLOGY AND ASSOCIATED SYMPTOMS ················································································ 3 

1.2.1. Animal models of HD ..................................................................................................................... 9 

1.3. THE STRUCTURE AND ROLE OF HUNTINGTIN ···························································································· 14 

1.4. CHEMICAL SYNAPSES IN THE CNS ········································································································· 18 

1.4.1. Presynaptic active zone ............................................................................................................... 20 

1.4.2. Postsynaptic density .................................................................................................................... 22 
1.4.2.1. AMPA receptors ······································································································································ 26 
1.4.2.2. NMDA receptors ····································································································································· 29 

1.5. GLUTAMATE EXCITOTOXICITY ·············································································································· 34 

1.5.1. Synaptic versus extrasynaptic NMDA receptors .......................................................................... 36 

1.5.2. HD pathomechanism involves glutamate excitotoxicity .............................................................. 42 

1.6. SAP97 AS A SYNAPSE REGULATOR ······································································································· 47 

1.6.1. The structure of SAP97 ................................................................................................................ 49 

1.6.2. The function of SAP97 .................................................................................................................. 50 
1.6.2.1. SAP97 isoforms regulate the localisation of glutamate receptors ·························································· 53 

1.7. THESIS AIMS ···································································································································· 59 

1.7.1. Aim #1 .......................................................................................................................................... 59 

1.7.2. Aim #2 .......................................................................................................................................... 59 

1.7.3. Aim #3 .......................................................................................................................................... 59 

CHAPTER TWO: METHODS ························································································································· 61 

2.1. NEURONAL CULTURES ························································································································ 61 

2.1.1. Dissociated Hippocampal Cultures .............................................................................................. 61 

2.1.2. Dissociated cortico-striatal co-cultures........................................................................................ 62 

2.2. EXPRESSION VECTORS ························································································································ 63 

2.2.1. Subcloning ................................................................................................................................... 65 
2.2.1.1. Primer design and gene amplification ···································································································· 65 
2.2.1.2. Insert DNA preparation ··························································································································· 65 
2.2.1.3. Vector DNA preparation ························································································································· 69 
2.2.1.4. Ligation and colony PCR ·························································································································· 69 

2.2.2. Transformation ............................................................................................................................ 71 

2.2.3. Plasmid DNA Minipreparation ..................................................................................................... 72 

2.2.4. Gel electrophoresis ...................................................................................................................... 73 

2.2.5. Plasmid DNA Maxipreparation .................................................................................................... 73 

2.2.6. Glycerol stocks ............................................................................................................................. 74 

2.3. HIPPOCAMPAL CULTURE TRANSFECTION ································································································ 74 

2.4. IMMUNOCYTOCHEMISTRY ·················································································································· 75 

2.4.1. Primary antibody labelling ........................................................................................................... 75 
2.4.1.1. Surface labelling of endogenous receptors ····························································································· 76 



x 
 

2.4.1.2. Live-cell surface labelling ························································································································ 77 
2.4.2. Secondary antibody labelling ....................................................................................................... 77 

2.5. EPIFLUORESCENT IMAGING ················································································································· 78 

2.5.1. Epifluorescence image acquisition ............................................................................................... 78 

2.5.2. Epifluorescence image analysis ................................................................................................... 79 

2.6. SUPER-RESOLUTION IMAGING ············································································································· 84 

2.6.1. Sample preparation for dSTORM imaging ................................................................................... 89 

2.6.2. dSTORM image acquisition .......................................................................................................... 89 

2.6.3. Analysis of super-resolution images ............................................................................................ 90 

2.7. WHOLE-CELL PATCH CLAMP RECORDINGS ······························································································ 93 

2.7.1. Miniature excitatory postsynaptic currents ................................................................................. 94 

2.7.2. Paired whole-cell patch-clamp recordings ................................................................................... 94 

2.7.3. Exogenous NMDA application ..................................................................................................... 95 

2.7.4. Analysis of electrophysiology data .............................................................................................. 95 

2.8. WESTERN BLOTTING ·························································································································· 97 

2.8.1. Protein extraction ........................................................................................................................ 97 

2.8.2. Protein concentration assay ........................................................................................................ 97 

2.8.3. Sample preparation ..................................................................................................................... 98 

2.8.4. Polyacrylamide gel electrophoresis (SDS-PAGE) .......................................................................... 98 

2.8.5. Protein transfer ............................................................................................................................ 98 

2.8.6. Protein labelling ........................................................................................................................... 98 

2.8.7. Protein band analysis ................................................................................................................... 99 

CHAPTER THREE: SYNAPTIC ALTERATIONS IN A CELLULAR MODEL OF HUNTINGTON’S DISEASE ············ 101 

3.1. INTRODUCTION ······························································································································ 101 

3.2. AIMS ············································································································································ 105 

3.3. RESULTS ······································································································································· 106 

3.3.1. Changes in GluN1 surface expression in mHtt expressing hippocampal neurons ..................... 106 

3.3.2. Changes in GluA1 surface expression in mHtt expressing hippocampal neurons ...................... 108 

3.3.3. Changes in GluN1 surface expression in mHtt expressing striatal neurons ............................... 110 

3.3.4. Excitatory synapse density in mutant huntingtin expressing hippocampal neurons ................. 112 

3.4. DISCUSSION ··································································································································· 115 

3.4.1. The surface expression of NMDARs is altered in mHtt expressing neurons ............................... 115 

3.4.2. Alterations in the surface expression of AMPARs in mHtt expressing neurons ......................... 118 

3.4.3. Changes in excitatory synaptic markers in a cellular model of HD ............................................ 119 

3.5. CONCLUSIONS ································································································································ 120 

CHAPTER FOUR: THE ROLE OF SAP97 IN HD PATHOGENESIS ································································· 121 

4.1. INTRODUCTION ······························································································································ 121 

4.2. AIMS ············································································································································ 124 

4.3. RESULTS ······································································································································· 125 

4.3.1. βSAP97 is unaltered in hippocampal neurons expressing mutant huntingtin ........................... 125 

4.3.2. SAP97 expression is altered in the YAC128 hippocampus, but not the striatum ....................... 125 

4.4. DISCUSSION ··································································································································· 131 

4.4.1. SAP97 expression changes in HD models ................................................................................... 131 

4.5. CONCLUSION ································································································································· 134 

CHAPTER FIVE: SUPER-RESOLUTION IMAGING OF GLUTAMATE RECEPTORS IN A CELLULAR HD MODEL · 135 

5.1. INTRODUCTION ······························································································································ 135 

5.2. AIMS ············································································································································ 139 

5.3. RESULTS ······································································································································· 140 



xi 
 

5.3.1. Super-resolution imaging of GluN1 in a cellular model of HD ................................................... 140 

5.3.2. Super-resolution imaging of GluA1 in a cellular model of HD ................................................... 141 

5.3.3. Regulation of synaptic GluN1 pools with SAP97 isoforms ......................................................... 144 

5.4. DISCUSSION ··································································································································· 149 

5.4.1. Distribution of NMDARs in mHtt expressing neurons is shifted towards extrasynaptic sites .... 149 

5.4.2. Perisynaptic AMPARs are decreased in mHtt expressing neurons ............................................. 151 

5.4.3. α and βSAP97 prevent the NMDAR shift to extrasynaptic sites in HD model neurons .............. 152 

5.5. CONCLUSION ································································································································· 156 

CHAPTER SIX: ELECTROPHYSIOLOGICAL VALIDATION OF FUNCTIONAL GLUTAMATE RECEPTOR CHANGES IN 

A CELLULAR MODEL OF HD ··························································································································· 157 

6.1. INTRODUCTION ······························································································································ 157 

6.2. AIMS ············································································································································ 159 

6.3. RESULTS ······································································································································· 160 

6.3.1. Measurements of AMPAR-mediated currents in a cellular model of HD ................................... 160 

6.3.2. Measurements of synaptic and total NMDAR-mediated currents in HD model neurons .......... 162 

6.3.3. Influence of SAP97 isoform overexpression on evoked AMPAR-mediated currents in HD model 

neurons ...................................................................................................................................... 165 

6.3.4. Influence of N-terminal SAP97 isoform overexpression on syn-NMDAR-mediated currents in HD 

model neurons ........................................................................................................................... 167 

6.4. DISCUSSION ··································································································································· 170 

6.4.1. Synaptic AMPAR-mediated currents are unaltered in mHtt expressing neurons ...................... 170 

6.4.2. Extrasynaptic NMDARs are upregulated in the cellular HD model ............................................ 172 

6.4.3. βSAP97 increases the probability of higher amplitude synaptic AMPAR-mediated currents in a 

cellular model of HD .................................................................................................................. 173 

6.4.4. SAP97 isoform overexpression prevents the decrease in syn-NMDARs in mHtt expressing 

neurons...................................................................................................................................... 176 

6.5. CONCLUSION ································································································································· 178 

CHAPTER SEVEN: GENERAL DISCUSSION ································································································· 179 

7.1. GLUTAMATE RECEPTORS IN HD – WHAT HAVE WE LEARNT FROM THE LABORATORY MODELS? ······················· 179 

7.1.1. AMPA receptors and HD ............................................................................................................ 179 

7.1.2. NMDA receptors and HD ........................................................................................................... 181 

7.2. SAP97 AND RECEPTOR LOCALISATION IN HD ······················································································· 182 

7.3. OUTLOOK: FUTURE DIRECTIONS FOR HD RESEARCH ··············································································· 187 

7.4. SUMMARY ····································································································································· 188 

REFERENCES ················································································································································· 189 

 

 



xii 

  



xiii 

LIST OF FIGURES 

Figure 1.1. The HTT gene. ....................................................................................................................................... 3 

Figure 1.2. Molecular organisation of the pre- and postsynaptic terminals at excitatory synapses. ................... 27 

Figure 1.3. The consequences of synaptic vs extrasynaptic NMDA receptor activation. ..................................... 40 

Figure 1.4. Synaptic pathomechanism of Huntington’s disease based on animal model studies. ....................... 48 

Figure 1.5. The structure of SAP97 protein. .......................................................................................................... 50 

Figure 2.1. pBWN vector map. .............................................................................................................................. 64 

Figure 2.2. pBWN expression system. ................................................................................................................... 64 

Figure 2.3. Maps illustrating features of the pFU-rSAP97-EG plasmid (top) and pmCherry-N2 vector (bottom), 

used for subcloning of SAP97 isoform-encoding genes. ....................................................................................... 67 

Figure 2.4. Summary of experimental procedure used for subcloning of α/βSAP97 genes from the eGFP-

containing to mCherry-containing backbone. ....................................................................................................... 68 

Figure 2.5. Agarose gel containing SAP97 PCR products. ..................................................................................... 70 

Figure 2.6. Agarose gel containing the target vector used for subcloning. .......................................................... 70 

Figure 2.7. Plasmid maps illustrating the features of the αSAP97-mCherry-N2 and βSAP97-mCherry-N2. ......... 72 

Figure 2.8. Labelling of endogenous GluN1 (A) and GluA1 (B) receptors with MAP2 staining used as the control 

of cell membrane permeabilisation. ..................................................................................................................... 77 

Figure 2.9. Multichannel labelling of an example neuron. ................................................................................... 81 

Figure 2.10. Image analysis steps applied to create a dendritic mask. ................................................................. 82 

Figure 2.11. Image analysis steps. ......................................................................................................................... 83 

Figure 2.12. A variation of the Jablonski diagram showing different states that fluorescent molecules transition 

between during dSTORM imaging. ........................................................................................................................ 86 

Figure 2.13. Schematic diagram of the dSTORM setup used in this thesis. .......................................................... 87 

Figure 2.14. Spectral separation of the photon output from the two far-red fluorescent dyes. ......................... 88 

Figure 2.15. Creating a dendritic mask for the dSTORM image colocalisation analysis........................................ 92 

Figure 2.16. Electrophysiological paired whole-cell recordings. ........................................................................... 96 

Figure 2.17. Protein band analysis in ImageJ. ..................................................................................................... 100 

Figure 3.1. Primary dissociated hippocampal neurons transfected with pBWN-eGFP, pBWN-25Q or pBWN-97Q 

DNA constructs. ................................................................................................................................................... 107 

Figure 3.2. Comparison of GluN1/synapsin 1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. ................................................................................................. 109 

Figure 3.3. Comparison of GluA1/synapsin 1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. ................................................................................................. 111 

Figure 3.4. Comparison of GluN1/synapsin 1 puncta densities and mean intensities in striatal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. ................................................................................................. 113 

Figure 3.5. Comparison of Homer/VGlut1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. ................................................................................................. 114 



xiv 

Figure 4.1. Comparison of βSAP97/synapsin 1 puncta densities and mean intensities between hippocampal 

neurons expressing pBWN97Q, 25Q and eGFP plasmid DNAs. .......................................................................... 126 

Figure 4.2. Western blots showing bands representing SAP97 isoforms, DARPP32 and beta-actin proteins. ... 128 

Figure 4.3. SAP97 expression levels in YAC128/wild-type mouse hippocampus and striatum. ......................... 129 

Figure 4.4. Putative αSAP97 expression levels in YAC128 mutant/wild-type mouse hippocampus and striatum.

 ............................................................................................................................................................................. 130 

Figure 5.1. Super-resolution imaging of Flag-GluN1 in a cellular model of HD................................................... 142 

Figure 5.2. Super-resolution imaging of GluA1 in a cellular model of HD........................................................... 143 

Figure 5.3. Representative epifluorescent images of neurons overexpressing SAP97 isoforms fused with 

mCherry fluorescent protein. .............................................................................................................................. 145 

Figure 5.4. Super-resolution imaging of Flag-GluN1 in a cellular HD model neurons co-transfected with SAP97 

isoforms. .............................................................................................................................................................. 147 

Figure 5.5. Synaptic, perisynaptic and extrasynaptic distributions of Flag-GluN1 in HD model and control 

neurons overexpressing α/βSAP97. .................................................................................................................... 148 

Figure 6.1. Analysis of AMPAR-mediated mEPSCs in neurons expressing eGFP, 25Q Htt or 97Q Htt plasmid 

DNAs. ................................................................................................................................................................... 161 

Figure 6.2. Comparison of synaptic AMPAR-mediated EPSC peak current amplitudes between neurons 

expressing eGFP, 25Q Htt or 97Q Htt plasmid DNAs. ......................................................................................... 163 

Figure 6.3. Comparison of synaptic and total surface NMDAR-mediated current amplitudes between neurons 

expressing eGFP, 25Q Htt or 97Q Htt plasmid DNAs. ......................................................................................... 164 

Figure 6.4. Exemplary traces of evoked AMPAR EPSCs in eGFP, 25Q and 97Q cells overexpressing either the 

α or β isoform of SAP97. ..................................................................................................................................... 166 

Figure 6.5. Comparison of synaptic AMPAR-mediated current amplitudes between α/βSAP97 overexpressing 

eGFP, 25Q Htt and 97Q Htt neurons. .................................................................................................................. 168 

Figure 6.6. Comparison of syn-NMDAR-mediated current amplitudes in eGFP, 25Q and 97Q neurons 

overexpressing N-terminal SAP97 isoforms. ....................................................................................................... 169 

Figure 7.1. A model of SAP97-mediated regulation of NMDAR distribution in HD synapses. ............................ 186 

  



xv 

LIST OF TABLES 

Table 2.1. List of plasmids used in this thesis. ...................................................................................................... 66 

Table 2.2. List of primers used for subcloning and sequencing of SAP97 isoforms. ............................................. 68 

Table 2.3. PCR programme used to amplify DNA fragments coding for SAP97 isoforms. .................................... 68 

Table 2.4. Primary antibodies used for immunocytochemistry. ........................................................................... 76 

Table 2.5. Secondary antibodies used for immunocytochemistry. ....................................................................... 78 

Table 2.6. Primary and secondary antibodies used in western blotting experiments. ....................................... 100 

Table 7.1. Summary of AMPA receptor-related changes identified in a cellular HD model relative to control 

neurons. .............................................................................................................................................................. 180 

Table 7.2. Summary of NMDA receptor-related changes identified in a cellular HD model relative to control 

neurons ............................................................................................................................................................... 182 

Table 7.3. Summary of the effects of α/β SAP97 isoform overexpression. ........................................................ 184 

 

  



xvi 

  



xvii 

LIST OF ABBREVIATIONS

ABD agonist-binding domain 

AKAP A-kinase anchor protein 

AMPA/AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid/AMPA receptor 

BAD Bcl-2-associated death promoter protein 

BDNF brain-derived neurotrophic factor 

CaM Ca2+/calmodulin 

CaMKII/CaMKIV calcium/calmodulin-dependent kinase II/IV 

CASK calcium/calmodulin-dependent serine protein kinase 3 

CaV voltage-gated calcium channel 

CAZ cytomatrix at the active zone 

CBP CREB-binding protein 

CN caudate nucleus 

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione 

CNS central nervous system 

CRE/CREB cAMP response element/CRE binding protein 

CTD C-terminal domain 

DIV day in vitro 

Dlg1/hDlg Disc-large 1/human Dlg1 

(d)STORM (direct) stochastic optical reconstruction microscopy 

EAAT excitatory amino acid transporter 

eGFP enhanced green fluorescent protein 

EM electron microscopy 

EPSC excitatory postsynaptic current 

ER endoplasmic reticulum 

ERK extracellular signal-regulated kinase 

Ex-NMDAR extrasynaptic NMDAR 

FOXO forkhead box O transcription factor 

GABA γ-aminobutyric acid 

GLT-1 glutamate transporter 1 

GlyR glycine receptor 

GPi/GPe internal/external globus pallidus 

GUK guanylate kinase domain 

HD Huntington’s disease 

HIP14 huntingtin-interacting protein 14 

Htt huntingtin protein 

HTT/Htt human/murine huntingtin gene 

Jacob juxtasynaptic attractor of caldendrin on dendritic boutons 

JHD Juvenile Huntington’s disease 

JNK c-Jun N-terminal kinase 

Kir inwardly rectifying potassium channel 

Kv voltage-gated potassium channel 

LTD/LTP long-term depression/potentiation 

MAGUK membrane-associated guanylate kinase 

MAP2 microtubule-associated protein 2 

mEPSC miniature excitatory postsynaptic current 

mGluR metabotropic glutamate receptor 

mHtt mutant huntingtin protein 

MRI magnetic resonance imaging 

MSN medium spiny neuron 

NMDA/NMDAR N-methyl-D-aspartic acid/NMDA receptor 

nNOS neuronal nitric oxide synthase 

Nrxn/Nlgn neurexin/neuroligin 

NTD N-terminal domain 

PALM photo-activated localisation microscopy 

PAT palmitoyl-acyl transferase 

PKA/PKC protein kinase A/protein kinase C 

polyQ polyglutamine sequence 

PP1 protein phosphatase 1 

PQCS protein quality control system 

pr probability of release 

PSD postsynaptic density 

PSD-95 postsynaptic density 95 kDa 

PTP permeability transition pore 

QA quinolinic acid 

Rhes Ras homolog enriched in striatum 

RIM/RIM-BP Rab3-interacting molecule/RIM-binding protein 

SAP102 synapse-associated protein of 102 kDa 

SAP97 synapse-associated protein of 97 kDa 

SH3 Src homology 3 domain 

SN/SNr substantia nigra/SN pars reticulata 

SNARE soluble N-ethylmaleimide-sensitive factor attachment 
protein receptor 

STED stimulated emission depletion microscopy 

STEP striatal-enriched protein tyrosine phosphatase 

SV synaptic vesicle 

Syn-NMDAR synaptic NMDAR 

TARP transmembrane AMPAR regulatory protein 

TBOA DL-threo-β-benzyloxyaspartic acid 

TMD transmembrane domain 

UPS ubiquitin proteasome system 

VGlut1 vesicular glutamate transporter 1 

wtHtt wild-type huntingtin protein  

YAC128 yeast artificial chromosome-based transgenic mouse 
model of HD expressing full-length human HTT gene including 
128 CAG repeat tract 

  



xviii 

  



1 

CHAPTER ONE: GENERAL INTRODUCTION 

1.1. Huntington’s disease - historical outline and genetics  

Huntington’s disease (HD, MIM#143100), also called Huntington’s chorea, is a progressive, familial 

and fatal neurodegenerative condition with an autosomal-dominant pattern of inheritance that equally 

affects men and women. Its phenotypic features include progressive motor abnormalities, e.g. 

involuntary movements and lack of coordination, as well as intellectual deterioration accompanied by 

psychiatric symptoms, of which severe depression and tendency to suicide are prominent. The onset of 

HD is usually in adulthood, between the ages of 30 and 50, followed by 15 to 20 years of disease 

progression (Huntington, 1872; Novak & Tabrizi, 2010; OMIM, NCBI; Wexler, 2012). Although HD has 

been observed at least since the 17th century, it has been officially recognized and differentiated from 

other conditions only after the publication of “On chorea”, which was the first complete and most 

detailed clinical recount of the disease published in 1872 by then-22-year-old medical doctor practicing 

in East Hampton, New York in the United States, George Huntington (1850-1916) (Lanska, 2000; van der 

Weiden, 1989). Although other scholars studied and attempted to describe the disease before (Lund, 

1860; Lyon, 1863; Waters, 1842), it was Huntington’s work that drew the attention of medical society 

and led to the eponymous designation of the condition (Huber, 1887). “On chorea” sparked over a 

century-long search for the genetic factor responsible for this debilitating disorder. 

The world’s biggest population of HD patients has been found in the Venezuelan state of Zulia, on 

the west coast of the Lake Maracaibo (Avila-Girón, 1973; Negrette, 1962). As this population, 

numbering about 15,000 individuals today, originated with a single founder in the early 1800s (Wexler 

et al., 2004), it was suggestive that all the afflicted individuals carry the same genetic defect. 

Establishing this was extremely important for future scientific developments in HD research. DNA 

samples collected from the Maracaibo population made it possible to discover in 1983 via linkage 

analysis that HD is associated with a polymorphic genetic marker located at the telomeric end of the 

short arm of chromosome 4, or 4p16.3 (Gusella et al., 1983). The research group led by James Gusella 

applied restriction fragment length polymorphism, a technique developed just a couple of years earlier, 

to prove the genetic linkage between HD symptoms and the particular region in the human genome. 

Moreover, it was found that there are no apparent phenotypic differences between people 

heterozygous and homozygous for the HD mutation, suggesting a complete dominance (Wexler et al., 

1985; Wexler et al., 1987). Huntington’s disease was the first disease to be mapped to a specific human 

chromosome and this discovery contributed to the launching of the Human Genome Project in 1990. 
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Despite the groundbreaking discovery, it was not known at the time if the mutation was confined to 

a gene or a non-coding region. It was only ten years later, when the genetic nature of the HD-associated 

mutation was finally identified by the Huntington's Disease Collaborative Research Group (HDCRG), a 

consortium comprised of 6 research groups and 58 scientists altogether. The identified and sequenced 

gene, originally called IT15 (for Interesting Transcript 15), contained a region consisting of 21 

trinucleotide (CAG) repeats in the open reading frame of exon 1. Subsequently, it has been found that 

in other healthy individuals the number of repeats varied from 6 up to 35, whereas individuals affected 

with HD had 40 repeats or more (Figure 1.1). This observation led researchers to the conclusion that a 

dynamic mutation in IT15 gene, today known as HTT or the Huntingtin/HD gene, is the direct cause of 

the disease (HDCRG, 1993). The whole HTT locus spans ~180 kbp and contains 67 exons coding for a 

~350 kDa protein product (HDCRG, 1993). 

The dynamic nature of the mutation is responsible for the effect of anticipation observed in HD 

(Trottier et al., 1994). The number of repeats above 28 is considered unstable; the asymptomatic range 

is between 28 and 35, also called the intermediate or high-normal range, and is prone to instabilities 

during DNA replication, which include not only expansions, but also contractions and occur more often 

during spermatogenesis than oogenesis – alleles present in females are usually stable (Kremer et al., 

1995; Nahhas et al., 2005). Stability of the CAG repeat tract in the female germline is the reason why 

the anticipation of symptoms occurs mainly in the cases of paternal inheritance (Ridley et al., 1988), 

however, in some instances expansions can also occur in the maternal lineage (Nahhas et al., 2005). 

Nevertheless, cases where the HD mutation occurs de novo are rare, and the probability of such an 

event has been estimated to be up to 1/951 for males who are high-normal allele carriers (Hendricks et 

al., 2009). 35 CAG repeats is considered the borderline, above which the disease will occur, although 

studies on large cohorts of subjects revealed that not 100% of individuals with 36-39 repeats show 

apparent clinical manifestations of HD, suggesting reduced penetrance in this repeat range (McNeil et 

al., 1997; Rubinsztein et al., 1996). Thus, only ≥40 repeats implicate 100% penetrance (HDCRG, 1993; 

Novak & Tabrizi, 2010). In cases where the number of the repeats exceeds 60, the first symptoms 

appear before the age of 20. This juvenile form of HD (JHD) constitutes around 5% of all cases (Quarrell 

et al., 2012). In cases where the CAG repeats are between 80 and 100, the onset is below the age of 10, 

with the earliest reported at 2 years of age, and the disease progresses the most rapidly (Morton et al., 

2001; Wexler, 2012). The longest CAG tract identified to date in human subjects consisted of 250 

repeats (Nance et al., 1999). Nevertheless, the number of repeats accounts only for about 60% of the 

age variation at disease onset, and other factors, including genetic background and environment, do 

play a significant role (Walker, 2007; Wexler et al., 2004). 
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Figure 1.1. The HTT gene. 

Schematic representation showing the genomic location of the human HTT gene with its CAG repeat tract-

containing exon 1 and the influence of the CAG repeat number on the phenotype. 

General worldwide prevalence of HD has been estimated to be 2.71 per 100,000 (Pringsheim et al., 

2012). It is highest in Caucasian populations, with 5-10 cases per every 100,000 individuals (Pringsheim 

et al., 2012; Rawlins et al., 2016). In multiple Asian countries prevalence appears to be much lower, <1 

case per 100,000 (Hayden, 1981; Pringsheim et al., 2012; Rawlins et al., 2016). Low prevalence has also 

been reported for the African populations, although this might be due to under-ascertainment owing to 

limited healthcare supply in these communities (Hayden, 1981; Rawlins et al., 2016). To this day, there 

is no cure for HD and no drugs able to slow down the disease progression are available. Current 

treatments are only targeted to alleviate motor and psychiatric symptoms and to improve the overall 

quality of life (Handley et al., 2006). 

1.2. HD neuropathology and associated symptoms 

HD is characterized by a triad of symptoms that include motor impairments, cognitive decline and 

psychiatric disturbances (Bohanna et al., 2008; Henley et al., 2009). Motor symptoms in HD can be 

divided into (1) added involuntary movements, i.e. chorea and (2) impaired voluntary movements that 

include rigidity, bradykinesia, dystonia and loss of postural reflexes. Although motor components are 

the most pronounced in the clinical picture of HD, psychiatric and cognitive symptoms also occur and 

subtle personality and cognition changes begin very early in the disease course, years before the 

beginning of chorea (Lawrence et al., 1998; Paulsen et al., 2008). Depression is a frequent early 
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symptom among patients and is considered a part of the disease rather than merely occurring as a 

response to diagnosis (Folstein & Folstein, 1983; Pflanz et al., 1991). Other psychiatric symptoms 

include or may include: obsessive-compulsive disorders (Beglinger et al., 2007; Scicutella, 2000), anxiety, 

irritability, apathy, aggression (Paulsen et al., 2006), hyposexuality (Fedoroff et al., 1994) and psychosis 

(Tsuang et al., 2000). Some of the psychiatric factors can further worsen choreatic movements (Novak 

& Tabrizi, 2010). Dementia was a principal neuropsychiatric hallmark of HD described by George 

Huntington appearing at early stage of the disease (Neylan, 2003). This involves impairments of 

complex processes e.g. working (short-term) memory, planning, organising thoughts, attention and 

communication. Additionally, visuospatial perceptual distortions, learning difficulties and impulsivity 

have been observed in HD patients (Lemiere et al., 2004; Novak & Tabrizi, 2010). In a small proportion 

hypomania or mania are also present (Folstein & Folstein, 1983; Mendez, 1994). Sleep disturbances and 

severe weight loss is often observed at advanced stages of the disease (Aziz et al., 2008). The latter may 

be, at least in part, due to the swallowing difficulties (dysphagia) that are often seen in patients. Last 

but not least, oculomotor dysfunction and motor speech difficulties (dysarthria) are also present in the 

clinical picture (Novak & Tabrizi, 2010). However, HD neurodegeneration develops well before the first 

apparent symptoms and, to varying extent, involves the entire human brain. Different clinical 

components have been ascribed to the degeneration of different regions in the central nervous system 

(CNS). At advanced stages, the disease results in 25-30% loss of the total brain weight (Sharp & Ross, 

1996). 

The main hallmark of HD neuropathology is characterised by a bilateral and symmetrical loss of 

medium spiny neurons (MSNs), inhibitory GABAergic neurons residing in the caudate nucleus (CN) and 

putamen. MSN loss is usually accompanied by reactive astroglyosis in these brain regions (Vonsattel & 

DiFiglia, 1998). The CN and putamen are structures that both form the corpus striatum, also called the 

neostriatum or, more specifically, the dorsal striatum. The striatum is involved in the refinement and 

control of motor movements and by integration of sensorimotor, cognitive, and emotional information 

contributes to decision-making (Balleine et al., 2007). In the late stages of HD, a decrease of 

approximately 60% occurs in total striatal volume, 57% in the caudate nucleus and 64% in the putamen 

(de la Monte et al., 1988). The striatum is a subcortical structure, part of the basal ganglia, that receives 

extensive glutamatergic input from the cerebral cortex and thalamus onto the MSNs and projects, via 

the same neuronal type, further to other basal structures (Purves et al., 2001). Its shrinkage can be 

detected using magnetic resonance imaging (MRI) 10 years before the predicted date of onset (Aylward 

et al., 1996).  

Medium spiny neurons are projection neurons that constitute 95% of the striatum, with the rest 

(5%) being interneurons that include (1) large aspiny cholinergic neurons, (2) large aspiny parvalbumin-
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expressing GABAergic neurons, (3) medium sized GABAergic neurons expressing somatostatin, 

neuropeptide Y, NADPH diaphorase and nitric oxide synthase and (4) medium sized aspiny GABAergic 

neurons expressing calretinin (Kawaguchi et al., 1995; Kubota et al., 1993). MSNs are divided into two 

major subpopulations depending on which part of the motor circuit pathway they are involved in: direct 

(striatonigral) or indirect (striatopallidal) (Albin et al., 1989). MSNs of the direct pathway synapse 

monosynaptically onto the neurons in the internal segment of the globus pallidus (GPi) or substantia 

nigra pars reticulata (SNr), express neuropeptides substance P and dynorphin as well as D1-type 

dopamine receptors. MSNs involved in the indirect pathway project polysynaptically onto the external 

part of the globus pallidus (GPe), express a peptide enkephalin and D2-type dopamine receptors (Smith 

et al., 1998; Yager et al., 2015). These two neuronal populations play different roles in movement 

control and, interestingly, the MSNs involved in the indirect pathway are earlier and to a greater extent 

affected during HD progression compared to those of the direct pathway (Deng et al., 2004; Reiner et 

al., 1988; Richfield et al., 1995; Sapp et al., 1995). The reason for greater resilience of neurons of the 

direct pathway is unknown, however, some plausible explanations have been proposed, including 

different glutamate receptor subunit composition (Calabresi et al., 1998; Chen et al., 1996; Zeron et al., 

2002), Ca2+ buffering (Figueredo-Cardenas et al., 1998) and differential expression of superoxide 

dismutase (Medina et al., 1996). MSN degeneration was found to develop in a very organized, chrono-

spatial fashion, moving in dorso-ventral, caudo-rostral and medio-lateral directions simultaneously (Rub 

et al., 2016; Vonsattel et al., 1985). On the other hand, striatal interneurons, especially cholinergic, 

calretinergic and somatostatinergic, have been found largely unaffected even at late stages of HD 

(Cicchetti et al., 2000; Ferrante et al., 1987; Ferrante et al., 1985). Loss of the medium spiny neurons in 

the striatum causes the majority of motor symptoms of the disease. MSNs of the indirect pathway are 

responsible for the inhibition of voluntary movements, thus the loss of these cells results in the 

characteristics for early HD stages, hyperkinesia and choreaform movements, as well as motor 

impersistence, dystonia, impaired gait, clumsiness, lack of coordination and difficulties with speaking 

and swallowing (Albin et al., 1989; Alexander & Crutcher, 1990; Berardelli et al., 1999; Walker, 2007). 

Direct pathway MSNs are normally involved in the initiation of the voluntary movements and so their 

death, at later HD stages, is associated with hypokinesia and parkinsonian symptoms that include 

rigidity and bradykinesia (Albin et al., 1989; Alexander & Crutcher, 1990; Berardelli et al., 1999; 

Crossman, 1987; Deng et al., 2004; Walker, 2007). 

Vonsattel and colleagues developed a grading system (grades 0-4) that is widely used to assess the 

neuropathological severity of HD (Vonsattel et al., 1985). It is based on the macro- and microscopic 

criteria related to the striatal morphology, describes the chronological and topographical striatal 

degeneration, and is closely correlated with the clinical picture. Vonsattel’s Grade 0 represents the 

presymptomatic HD stage, with no evident gross atrophy and few microscopic abnormalities in the 
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widest part (head) of the caudate nucleus, including up to 40% cell loss in this region, but no signs of 

reactive gliosis (Reiner et al., 2011; Vonsattel et al., 2008; Vonsattel et al., 1985). At grade 1 the brain 

may still appear normal upon macroscopic examination, however, the neuronal loss of around 50% in 

the head of the caudate can be detected. Grade 1 also involves cell loss and gliosis in the narrowest 

part (tail) of the caudate and the dorsal aspect of the putamen (Reiner et al., 2011; Vonsattel et al., 

2008; Vonsattel et al., 1985). Grade 2 shows more apparent gross atrophy in the striatum with enlarged 

lateral ventricles, however, the convex ventricular profile of the caudate is still retained. Neuronal loss 

and gliosis are the most prominent in the dorsal-medial part of the caudate nucleus and putamen, with 

the lateral part of the striatum being relatively preserved up to grade 2 (Reiner et al., 2011; Vonsattel et 

al., 2008; Vonsattel et al., 1985). In grade 3, striatal atrophy is more advanced and the ventricular 

profile of the head of the caudate nucleus becomes flat and parallel to the internal capsule. Neuronal 

loss and gliosis in the caudate nucleus and putamen are even more pronounced, showing a 

medial>ventral and rostral>caudal topographic gradient (Reiner et al., 2011; Vonsattel et al., 2008; 

Vonsattel et al., 1985). Finally, in grade 4 striatal atrophy is the most severe, with a concave ventricular 

profile of the head of the caudate and medial aspect of the internal capsule. Neuronal loss is 

macroscopically apparent, as it reaches 95% in the whole striatum (Reiner et al., 2011; Vonsattel et al., 

2008; Vonsattel et al., 1985). In terms of the motor symptoms only, the disease starts with mild and 

uncharacteristic motor impairments that include clumsiness, jerkiness, tremor and problems with 

balance. Choreatic movements, the defining symptom of HD, develop gradually during early 

symptomatic stages of the disease and first appear only in discreet body regions. As the disease 

progresses, involuntary choreatic movements become more generalized and interfere with the 

voluntary ones. In the advanced HD stage the symptom of chorea may plateau or can be replaced by 

other motor abnormalities, e.g. rigidity accompanied by bradykinesia, ataxia, dystonia, dysphagia or 

dysarthria (Margolis & Ross, 2003; Rub et al., 2016; Vonsattel et al., 2008). 

Although striatal neurodegeneration is considered the pathological hallmark of HD, atrophy of the 

cerebral cortex is also significant and involves layer-specific cell loss and thinning in various cortical 

regions (Halliday et al., 1998; Vonsattel et al., 2008). The cell loss in the cortical areas, which amounts 

to approximately 30% overall, is thought to be responsible for the psychiatric, neuropsychological and 

cognitive symptoms of HD. Cortical neurodegeneration progresses slower than that in the striatum and 

is the most pronounced in layers III, V and VI and is visible from grade 2 onwards. Similar to the 

striatum, it appears to be selective towards the pyramidal projection neurons, while interneurons are 

relatively spared (Macdonald & Halliday, 2002) and was shown to be region-specific, as primary motor 

cortex and posterior cingulate gyrus display the most pronounced neuronal loss at late stages of HD 

(Macdonald & Halliday, 2002; Thu et al., 2010). However, significant thinning in some areas of the 

prefrontal, parietal, temporal and occipital cortices have been found in presymptomatic HD brain tissue 
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and may be accountable for the early non-motor symptoms and mood disturbances (Rosas et al., 2005; 

Selemon et al., 2004; Sotrel et al., 1993; Wolf et al., 2007). Neurodegeneration is not confined to the 

neocortex, as abnormalities in allocortical areas have also been identified, with the entorhinal cortex as 

a notable example (Braak & Braak, 1992). Since it constitutes a major input to the hippocampus, its 

decline is a possible link to the memory deficits seen in advanced HD (Reiner et al., 2011). Neuronal loss 

in the cortex is associated with the loss of cortical input to the striatum. For this reason, a view that 

choreatic symptoms arise from the decline of cortico-striatal connections is emerging in recent years 

(Rub et al., 2016; Shepherd, 2013). 

By Vonsattel’s grade 3, tissue shrinkage, neuronal loss and astrogliosis are also observed in the 

thalamus (Vonsattel et al., 2008), reaching a 2-fold reduction in cell number in the centromedian and 

parafascicular nuclei at late HD stages (Heinsen et al., 1996). The area of the centromedian nucleus is 

anatomically linked to the striatum and it contributes to the integration of sensorimotor signals and 

processing of motor information. Moreover, the parafascicular nucleus is associated with the cortical 

frontal eye fields and it has been found to be important for the oculomotor, emotional and cognitive 

functions (Heinsen et al., 1996; Jones, 1985). Another thalamic region, the mediodorsal nucleus, has 

been shown to have reduced volume by 15% in late disease stages, which probably further contributes 

to the cognitive, psychiatric as well as amnestic symptoms, as this nucleus is an integral part of the 

limbic and associative circuits (Heinsen et al., 1999; Rub et al., 2015). Some psychiatric and mood 

symptoms may also arise from the degeneration of amygdala, whose volume loss in HD has also been 

reported (Douaud et al., 2006; Kipps et al., 2007; Rosas et al., 2003). 

Some motor symptoms that appear during HD progression, including dysarthria, impairment of fine 

motor skills, ataxia and instability of posture, falls and muscle hypotonia point to widespread 

abnormalities in the cerebellum. Indeed, atrophy of the cerebellum, volumetric reductions as well as 

some degree of Purkinje cell loss can be observed in HD-affected brain tissue from grade 2 onwards 

(Rub et al., 2013). While the Purkinje cell layer has been found affected, the most prominently in the 

fastigial but also globose, eboliform and dentate nuclei, other cell layers of the cerebellar cortex have 

been found to remain unremarkable (Rub et al., 2013; Rub et al., 2016). 

The globus pallidus (GP), the region receiving GABAergic input from the striatal MSNs, shows 

atrophy in HD and its neuronal populations decrease by 40% in grade 3 and 50% in grade 4 (Halliday et 

al., 1998; Lange et al., 1976). The external segment, GPe, is more vulnerable with greater atrophy and 

astrogliosis compared to GPi (Lange et al., 1976). Although GP volume loss cannot be detected in 

presymptomatic subjects, its shrinkage was found to immediately precede the appearance of motor 
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symptoms (Aylward et al., 1996). The degree of contribution of pallidal degeneration is uncertain, 

however, it may play a role in the development of akinesia and rigidity (Reiner et al., 2011).  

Some non-motor HD symptoms, including severe weight loss, sleep disturbances, circadian rhythm 

changes, muscle atrophy and hypometabolism, have been linked to the neuropathological changes in 

the hypothalamus (Aziz et al., 2008; Morton et al., 2005; Petersen & Bjorkqvist, 2006). Hypothalamic 

atrophy can be seen already in the premanifest stage of the disease (Kassubek et al., 2004; Soneson et 

al., 2010). Among many nuclei of the hypothalamus, the lateral tuberal nucleus seems to be affected 

the most prominently, with up to 90% loss of somatostatinergic neurons and gliosis in grade 3 and 4 HD 

brain tissue (Kremer et al., 1990; Timmers et al., 1996). Orexinergic neurons in the lateral hypothalamus, 

i.e. the cells responsible for the regulation of wakefulness, arousal and appetite (Davis et al., 2011), 

undergo ~30% loss in HD (Petersen et al., 2005). Oxytocin and vasopressin producing neurons also 

degenerate in late disease stages and their numbers were shown to drop by 45% and 24% respectively 

(Gabery et al., 2010). 

Dopaminergic neurons in the substantia nigra, both SNr and pars compacta (SNc), have been shown 

to undergo degeneration in HD (Douaud et al., 2006; Oyanagi et al., 1989; Yohrling et al., 2003). Loss of 

dopaminergic input to the striatum may contribute to akinesia (Reiner et al., 2011). A wide range of 

oculomotor symptoms have also been reported in HD, often in the early or even presymptomatic stages 

of the disease (Lasker & Zee, 1997). Early in the disease progression these symptoms include problems 

with initiation of voluntary saccades and steady fixation maintenance, suggesting an inability to 

suppress the saccadic eye movement (Leigh et al., 1983). As the disease advances, additional symptoms 

may appear, i.e. slowing and hypometria of saccades, reduced range of voluntary eye movements and 

abnormalities in eye-head coordination (Leigh et al., 1983; Zangemeister & Mueller-Jensen, 1985). One 

possible explanation for the early oculomotor symptoms in HD posits the loss of tonic inhibition 

provided by SNr and frontal eye fields in the frontal lobe onto the superior colliculus - the final relay 

station from where the rapid eye movement commands are sent to the brainstem. Phasic inhibition 

upon the superior colliculus also exists and is sent from the frontal lobe via caudate nucleus. As CN 

degeneration progresses such inhibition may be lost, further contributing to the loss of voluntary 

saccade control (Hikosaka et al., 1989; Lasker & Zee, 1997; Leigh et al., 1983). Degeneration of the 

tegmental pontine reticular nucleus in the brainstem, where 30% volume loss has been reported, may 

also contribute to the saccadic defects in HD, as this region participates in involuntary eye movement 

control (Koeppen, 1989). 

Evidence for neuronal loss and reactive gliosis in the hippocampus also exists in neuropathological 

studies of HD (Giralt et al., 2011; Vonsattel & DiFiglia, 1998). Overall hippocampal shrinkage by 9% has 
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been demonstrated in patients at early disease stages (Rosas et al., 2003) and as much as 20% in 

patients with choreatic symptoms (de la Monte et al., 1988). Most significant cell density changes have 

been observed in the CA1 region, where the reduction can reach 35% (Spargo et al., 1993). Relative 

resilience to neurodegeneration of other hippocampal regions, especially dentate gyrus, is puzzling in 

the light of documented deterioration of the pyramidal neurons of entorhinal cortex. 

Degeneration and gliosis in HD have also been found in the white matter tracts and have been linked 

to the cognitive deficits of HD (Rosas et al., 2010; Rosas et al., 2006). Changes in the white matter, 

especially in the corpus callosum and internal capsule, can be detected with MRI more than 10 years 

prior to the start of HD symptoms (Rosas et al., 2006). At symptomatic disease stages, the white matter 

loss has been measured to amount to ~30% (de la Monte et al., 1988). The loss of myelinated axonal 

fibers correlates with the loss of cortical grey matter, and both the white matter and cortical neuronal 

loss have been found to be strongly correlated with dementia and depression (Rosas et al., 2006). 

An integral pathological feature of HD is the formation of intracellular inclusions, also termed 

aggregates, which can be visualised by immunohistochemical staining and are composed of the protein 

product of the mutant HTT gene (Becher et al., 1998; DiFiglia et al., 1997; Gutekunst et al., 1999; 

Waldvogel et al., 2015). Inclusions can be found in both neurons and glia (Shin et al., 2005). Neuropil 

inclusions are much more common than nuclear ones and can be formed even before the onset of 

clinical symptoms (Gutekunst et al., 1999). Protein aggregates are the most prominent in the cortex, 

especially in layers V and VI, and at lower density in the striatum (both CN and putamen), SN 

(predominantly SNc), hypothalamus, thalamus, and brainstem. In rare cases, the inclusions are found in 

the GP, hippocampus and cerebellum (Gutekunst et al., 1999). The frequency of cortical nuclear 

inclusions has been found to increase in the JHD cases (Maat-Schieman et al., 1999). It’s a subject of 

debate whether the aggregates are themselves pathogenic and it was previously hypothesised that 

they might interfere with neuronal function (DiFiglia et al., 1997; Gutekunst et al., 1999; Kuemmerle et 

al., 1999; Sapp et al., 1999). However, in many studies, the presence of inclusions did not correlate well 

with neuronal loss (Gutekunst et al., 1999; Kuemmerle et al., 1999; Saudou et al., 1998). In addition, 

more recent findings suggest that inclusion formation may be protective for neurons (Arrasate et al., 

2004; Kitamura et al., 2006; Mukai et al., 2005; Ratovitski et al., 2009). 

1.2.1. Animal models of HD 

Post mortem human brain tissue, although indispensable for studying the disease-induced brain 

pathology, usually represents the end-point of the disease and thus is rarely used to investigate the 

neural changes that occur with disease progression or to examine disease mechanisms. In order to 

study pathomechanism, the use of animals in research is vital. Animal models are only useful if they 
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mimic the disease symptoms and if these symptoms result from pathology resembling that observed in 

humans. All the animal models employed in HD studies display some degree of disruption of striatal 

connections and resulting motor impairments. Earlier HD studies used environmental models, where 

animals were administered toxins, most commonly 3-nitropropionic, malonic, quinolinic (QA) and kainic 

acids, which induce neurodegenerative processes. The first two trigger striatal MSN death by acting on 

the succinate dehydrogenase, an enzyme of the tricarboxylic acid cycle, and reduce adenosine 

triphosphate production in the mitochondria (Alston et al., 1977; Beal et al., 1993; Coles et al., 1979). 

The latter two compounds induce cell death by overactivating N-methyl-D-aspartic acid and kainate/α-

amino-3-hydroxy-5-methyl-4 isoxazolepropionic acid receptors respectively (Beal et al., 1986; Coyle & 

Schwarcz, 1976; Foster et al., 1984). The use of QA has its basis in the finding that in the striatum of 

deceased HD patients, there is an increase in 3-hydroxyanthranilic acid oxygenase, the enzyme involved 

in tryptophane metabolism and responsible for the conversion of kynurenine to QA (Schwarcz et al., 

1988). Later experiments that showed upregulation of Htt gene expression in mice upon the 

administration of QA, and that wild-type Htt expression can protect neuronal cells from QA toxicity, 

linked this toxin with HD pathogenesis (Leavitt et al., 2006; Tatter et al., 1995). Although the toxin-

induced HD models replicate some of the motor and cognitive changes, their mechanism of action is 

likely to be different to the actual HD pathogenesis, as there is no expression of mutant HTT involved 

(Ramaswamy et al., 2007). The discovery of the HD causative mutation opened a new range of 

prospects enabling the generation of genetic HD models. Although rodents are the most commonly 

used animals for disease modelling, other organisms also proved to be useful in HD research. There are 

two main categories of HD animal models: transgenic, that express full-length or a portion of the 

human HTT gene due to its insertion in a random place in the genome, and knock-in models, that 

contain the human HTT mutation inserted in the locus of the animal HTT homologue. The advantage of 

the transgenic approach is that the researcher can control the gene expression by varying the gene 

promoter region. In the knock-in animals, on the other hand, the gene’s expression remains under 

physiological control. To date, a number of transgenic and knock-in HD models have been created. 

The first transgenic mouse HD models, R6/1 and R6/2 mice, were created 3 years after the discovery 

of the HD mutation (Mangiarini et al., 1996). They contain a single 1.9 kb fragment from the 5’ end of 

the human HTT gene, encompassing only the 1st exon followed by ~116 and ~144 CAG repeats 

respectively, and expressed under the human HTT promoter (Mangiarini et al., 1996). Both animals 

exhibit time-dependent motor and cognitive abnormalities, striatal atrophy and MSN loss as well as 

cellular inclusions throughout the brain (Lione et al., 1999; Naver et al., 2003; Stack et al., 2005; Sun et 

al., 2002; van Dellen et al., 2000). Due to their milder phenotype, their striatal pathology onset in the 

5th month of life, and the expression of the human gene at ~30% of the endogenous Htt (Mangiarini et 

al., 1996), the R6/1 model is far less commonly used experimentally compared to the R6/2 model. R6/2 
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mice express 144-150 CAG repeats and the mutant gene at 75% of the endogenous Htt (Mangiarini et 

al., 1996). They display an aggressive behavioural phenotype, usually developing HD symptoms 

between 9th and 11th week of life and surviving up to 14 weeks (Mangiarini et al., 1996). At 

approximately 3 months of age significant striatal atrophy is observed and is followed by decreases in 

body weight, motor performance, hyperkinesis, balance impairment and dystonia (Luesse et al., 2001; 

Stack et al., 2005). Striatal atrophy also coincides with >50% reduction in the number of enkephalin-

expressing MSNs, but with no loss of substance P-expressing neurons (Sun et al., 2002). Other brain 

regions displaying cell loss in the R6/2 model include the cingulate cortex, cerebellum and 

hypothalamus (Petersen et al., 2005; Turmaine et al., 2000). As it is in human HD patients, R6/2 animals 

develop cognitive symptoms before the motor symptoms. In the 4th week of life they begin showing 

learning and spatial deficits (Lione et al., 1999). 

The N171-82Q is another mouse model expressing the N-terminal fragment of human HTT 

gene cDNA (Schilling et al., 1999). However, the HTT fragment is larger compared to the R6 mice, as it 

encompasses the first 171 amino-acids of the protein product and contains 82 CAG repeats (Schilling et 

al., 1999). In contrast to the previously described animals, which express the human HTT fragment in all 

cells of the body, in the N171-82Q the transgene is under the murine prion promoter and is expressed 

exclusively in neuronal cells in the brain (Schilling et al., 1999). Due to its late-onset symptoms, this 

model is useful for testing presymptomatic therapies (Ramaswamy et al., 2007). The motor symptoms 

begin in the 3rd month of life and include tremor, hypokinesia and abnormal gait (McBride et al., 2006). 

At 14 weeks, N171-82Q mice display cognitive symptoms that include working and reference memory 

deficits (Ramaswamy et al., 2004). Striatal degeneration is evident at 16 weeks of age, where 25% of 

neurons undergo cell death, and it coincides with the appearance of cellular aggregates in the cortex, 

striatum and hippocampus (McBride et al., 2006; Schilling et al., 1999). In order to investigate the gene 

fragment size required to induce the HD neuronal deficits, N118-82Q and N586-82Q models have been 

generated, expressing a smaller and larger HTT fragment compared to the N171-82Q respectively 

(Tebbenkamp et al., 2011a; Tebbenkamp et al., 2011b). They both display motor impairments, severe 

weight loss and premature death (Tebbenkamp et al., 2011a; Tebbenkamp et al., 2011b). However, the 

N586-82Q model, expressing caspase-6-derived HTT fragment, exhibits a delayed and milder phenotype 

than N171-82Q (Tebbenkamp et al., 2011a; Waldron-Roby et al., 2012). The findings that shorter HTT 

fragments induce more severe phenotypes has been proposed to be owing to skipping by these 

fragments the protein-processing mechanisms which normally delay the pathomechanism in animals 

expressing longer or full-length HTT sequences (Figiel et al., 2012). 

The yeast artificial chromosome (YAC) vector system was used to generate mice expressing the full-

length human HTT gene (Hodgson et al., 1999; Slow et al., 2003). The first YAC-based HD mice created 
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express HTT under the control of its natural human promoter and contain either 72 or 128 CAG repeats 

(Hodgson et al., 1999; Slow et al., 2003). These two models live longer than the R6 and N171-82Q 

transgenics (Hodgson et al., 1999; Mangiarini et al., 1996; Schilling et al., 1999; Slow et al., 2003) which 

makes them more suitable for long-term studies. While YAC72 animals rarely show the presence of 

aggregates, in YAC128 mice the MSN inclusions appear at 18 months of age (Hodgson et al., 1999; Slow 

et al., 2003). Both animal strains remain asymptomatic until the 3rd month, when they begin displaying 

hyperkinesis and motor abnormalities that progress over time (Hodgson et al., 1999; Slow et al., 2003). 

During the 6th month, hyperkinesis converts into hypokinesis and, at 12 months of age, the decrease in 

body weight is evident as it drops to about 50% (Hodgson et al., 1999; Slow et al., 2003). These animals 

also show progressive neuronal loss, especially in the lateral striatum (Hodgson et al., 1999; Slow et al., 

2003). In addition, in YAC128 mice the cognitive functions begin to deteriorate during the 9th month of 

their lives (Van Raamsdonk et al., 2005). The “shortstop” is another HD mouse model based on the YAC 

vector. It expresses human HTT spanning the 1st and 2nd exons of the gene and carries 120 CAG repeats. 

Surprisingly, these animals show widespread cellular inclusions but no neuronal degeneration or 

neurological symptoms (Slow et al., 2005). 

The Tet/HD94 is a double transgenic murine HD model conditionally expressing the 94 CAG repeat-

containing mutant HTT gene under the control of the CaMKII promoter in a tetracycline-repressible and 

forebrain-selective manner (Yamamoto et al., 2000). Tet/HD94 mice display decreased striatal volume 

accompanied by reactive gliosis, but cellular changes are also seen in the cortex (Yamamoto et al., 

2000). Interestingly, the transgene expression can be turned off with in these animals, by oral 

administration of doxycycline, resulting in mutant HTT silencing and recovery of motor symptoms both 

at early and late stages of the disease (Diaz-Hernandez et al., 2005; Martin-Aparicio et al., 2001). 

Bacterial artificial chromosomes (BAC) were used to create the BACHD mice (Gray et al., 2008). They 

contain the entire 170kb human HTT locus with 97 CAA/CAG alternating repeats that are stable across 

generations (Gray et al., 2008). The BACHD model exhibits late-onset progressive motor deficits and 

neuronal loss selectively in the striatum and cortex (Gray et al., 2008). At 12 to 18 months of age, these 

animals develop intracellular cortical inclusions and, to a lesser extent, aggregates in the striatum (Gray 

et al., 2008). The BACHD model has been recently modified by Molero and colleagues to include the 

tamoxifen-inducible Cre recombinase (CRE) driver system (Molero et al., 2016). The resulting 

BACHD:CAG-CreERT2 mice display the same symptoms as the BACHD animals, with the exception that the 

transgene expression can be ablated (Molero et al., 2016). In contrast to the Tet/HD94 model however, 

termination of the transgene expression at postnatal day 21, after the developmental period, does not 

prevent HD symptoms, and these mice display striatal neurodegeneration, impaired motor 
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coordination, altered cortico-striatal functional connectivity as well as altered synaptic properties of the 

striatal neurons (Molero et al., 2016). 

HdhQ92 and HdhQ111 were the first knock-in mouse models, where exon 1 of the murine Htt gene 

has been replaced with the human HTT exon 1 containing 92 and 111 CAG repeats respectively 

(Wheeler et al., 1999). These animals have much subtler symptoms compared to the transgenic models 

and exhibit later onset of HD symptoms (Brooks et al., 2012a; Trueman et al., 2009; Wheeler et al., 

1999; Wheeler et al., 2000). Despite no striatal cell loss in either of these mouse lines, striatal gliosis is 

present but almost exclusively in the homozygous animals (Brooks et al., 2012a; Trueman et al., 2009). 

The HdhQ111 exhibits gait abnormalities only after 24 months of life (Wheeler et al., 1999; Wheeler et 

al., 2000). However, around the 4th month of life some cognitive changes, e.g. learning deficits, can be 

detected (Brooks et al., 2012a). Moreover, CAG tract instability is present with the subsequent 

generations carrying a larger number of CAG repeats (Wheeler et al., 1999). 

CAG71, CAG94 and CAG140 are knock-in mice with a mild phenotype that is slightly accelerated in 

the CAG140 model (Levine et al., 1999; Menalled et al., 2003; Menalled et al., 2002b). These animals 

exhibit slight hypoactivity as early as in the 2nd month of their life and overt motor impairments, 

including abnormal gait, balance and coordination, at 12 months (Levine et al., 1999; Menalled et al., 

2003; Menalled et al., 2002b). Non-motor symptoms, e.g. increased anxiety and learning deficits, are 

also present (Menalled & Chesselet, 2002a; Menalled et al., 2003; Menalled et al., 2002b). Upon 

neuropathological examination, a reduction in striatal volume and the loss of MSNs is observed (Hickey 

et al., 2008; Menalled et al., 2003). Moreover, in the CAG140 model, cellular aggregates in the striatum, 

cortex, hippocampus and cerebellum appear at 2 months of age and their density increases as the 

animals age (Rising et al., 2011). 

The Hdh(CAG)150 is a HD knock-in mouse line with 150 CAG repeats inserted into pure mouse Htt 

gene sequence (Lin et al., 2001). At 4 months of age, the motor deficits, e.g. hypoactivity or gait 

abnormalities, become apparent in these animals (Lin et al., 2001). Longitudinal studies revealed that 

cognitive deterioration is also present (Brooks et al., 2012b). At 14 months, striatal gliosis and increased 

intracellular aggregates are visible in the brain (Bayram-Weston et al., 2012; Heng et al., 2007). The 

more recently created knock-in HdhQ200 mouse contains 200 CAG repeats and exhibits a similar, but 

accelerated phenotype (Heng et al., 2010). 

Hu97/18 are the first mice in which the endogenous Htt genes were completely removed and 

replaced with full-length human HTT alleles under the control of human promoters (Southwell et al., 

2013). These “humanised” mice are heterozygous for the human mutation, as only one allele contains 

the extended CAG tract (97 CAG) (Southwell et al., 2013). At 2 months of age, these animals show 
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motor and learning deficits; additional cognitive symptoms, i.e. spatial and object recognition memory 

decline, are visible at later ages (Southwell et al., 2013). By the 12th month their cortical and striatal 

tissue volume is decreased (Southwell et al., 2013). 

Transgenic mouse models contain more than two copies of the Htt/HTT gene and thus the 

expression level is much higher compared to physiological conditions. However, this allows for the 

intensification and acceleration of the disease symptoms. From a genetic point of view, knock-in 

models are superior to the transgenic ones, as they express only 2 copies of the Htt gene controlled by 

their endogenous expression system, and the gene is only modified to contain the human mutation 

(Ramaswamy et al., 2007). These models, however, very often display mild late-onset manifestations of 

HD and only few demonstrate advanced neuronal loss. With regards to studying the disease 

mechanisms, R6/2 and YAC128 mouse models have proved to be the most commonly used and the 

majority of current knowledge on HD pathomechanism comes from these animals (see Chapter 1.5.2). 

Other animal species have also been used to model HD and they include rats (von Horsten et al., 2003), 

Caenorhabditis elegans (Brignull et al., 2006), Drosophila melanogaster (Lewis & Smith, 2016), Danio 

rerio (Das & Rajanikant, 2014), rhesus macaque (Yang et al., 2008a), miniature pig (Yang et al., 2010) 

and sheep (Jacobsen et al., 2010). 

1.3. The structure and role of huntingtin 

The HTT gene is highly conserved and its orthologues can be found in nearly 200 different species 

(NCBI; Gene ID: 3064). HTT is translated into a ~350 kDa protein product, termed huntingtin (Htt), 

which has no sequence homology with any other known protein (HDCRG, 1993). Htt is present 

everywhere in the human body, although the highest expression is observed in the brain and testes 

(Walker, 2007). At the cellular level, Htt is present both in the nucleus and cytoplasm, and is associated 

with multiple organelles (DiFiglia et al., 1995; Hilditch-Maguire et al., 2000; Hoffner et al., 2002; Kegel  

et al., 2002; Velier et al., 1998). The protein has been also detected in human saliva where it is a 

potential biomarker for anticipating HD onset and monitoring symptom development (Thomas et al., 

2016). 

Wild-type huntingtin (wtHtt) contains approximately 3,144 amino acids, with the polyglutamine 

(polyQ) tract (coded by the CAG repeats) located between amino acids 18-35 (Cattaneo et al., 2005). 

The precise role of the polyglutamine stretch is not clear, however, it may serve a role as a substrate for 

a “polar zipper”, a 3-dimentional structure formed by the binding of several polyQ sequences via 

hydrogen bonds (Perutz, 1995). This suggests that Htt binds to other polyQ stretch-containing proteins 

– presumably transcription factors (Perutz, 1995). The polyQ sequence is followed by a proline-rich 

stretch which has been shown to contribute to the protein’s solubility by enhancing Htt SUMOylation at 
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Lys6, Lys9 and Lys15 (Steffan et al., 2004). These three lysine residues can also undergo ubiquitination, 

and SUMOylation and ubiquitination processes compete between each other at these sites (Steffan et 

al., 2004). Further along the protein sequence are so-called HEAT repeats, ~40-amino-acid-long 

sequences occurring approximately 37 times in Htt and serving a protein-protein interaction role 

(Andrade & Bork, 1995; Takano & Gusella, 2002). The presence of Htt in both the nucleus and 

cytoplasm suggests that this protein is able to travel between these two cellular compartments. Indeed, 

the C-terminus of Htt has been found to contain a highly conserved nuclear export signal as well as a 

nuclear localisation signal-like sequence, allowing it to shuttle in and out of the nucleus (Xia et al., 2003). 

This finding is reinforced by another study that showed an interaction between Htt and the 

translocated promoter region – a protein associated with the nuclear pore complex (Cornett et al., 

2005). Another of the Htt interactors is huntingtin-interacting protein 14 (HIP14), a palmitoyl 

transferase (PAT) responsible for palmitoylation of multiple protein targets in neurons (Huang et al., 

2004; Kalchman et al., 1996; Singaraja et al., 2002). Htt protein was shown to require palmitoylation at 

Cys214 by HIP14, as substitution of this amino acid from Cys to Ser prevented the palmitoylation and 

led to protein aggregation and toxicity in neuronal cultures (Yanai et al., 2006). Other post-translational 

modifications of Htt include phosphorylation and acetylation. Phosphorylation of Ser421 by Akt kinase 

was the first one to be reported (Humbert et al., 2002) and has been found to be important for 

huntingtin’s role in axonal transport (Colin et al., 2008; Zala et al., 2008). The physiological roles of 

other phosphorylation sites identified to date, Ser434, Ser1181, Ser1201, Thr3, Ser13, Ser16 and Ser116 

are yet to be determined. Nevertheless, phosphorylation of huntingtin, especially its mutant version, 

has been shown to prevent the polyglutamine-expansion-mediated toxicity (Aiken et al., 2009; Anne et 

al., 2007; Gu et al., 2009; Havel et al., 2011; Mishra et al., 2012; Warby et al., 2005; Watkin et al., 2014). 

Acetylation of Htt occurs at Lys444 and has been found to facilitate Htt trafficking into autophagosomes 

and enhance its clearance by macroautophagy (Jeong et al., 2009). 

Although its exact function is still to be elucidated, wtHtt has been shown to interact with over 100 

proteins and has been suggested to play a key role in early development, as it interacts with proteins 

responsible for the formation and orientation of the mitotic spindle (Godin et al., 2010). It is unlikely 

however, that wtHtt is involved in cell differentiation processes themselves, as embryonic stem cells 

with complete HTT knockout develop into mature neurons in vitro (Metzler et al., 1999). Nevertheless, 

it has been demonstrated that mice nullizygous for the murine equivalent of the huntingtin gene, Hdh-

/-, die early during embryonic development, before gastrulation (Duyao et al., 1995; Nasir et al., 1995; 

Zeitlin et al., 1995). Interestingly, human mutant huntingtin (mHtt) can perform the normal 

developmental role, as a knock-in of human gene containing up to 72 CAG repeats into mice nullizygous 

for the indigenous Htt rescued their embryonic lethal phenotype (Leavitt et al., 2001). Moreover, HD 

patients carrying homozygous mutations of the HTT develop normally (Wexler et al., 1987). A single 
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copy of the gene is also sufficient for carrying out the developmental role and mice with one copy of Htt 

are indistinguishable from wild-types at birth (Zeitlin et al., 1995). However, these mice were later 

shown to develop neurodegeneration in the basal ganglia in adulthood (O'Kusky et al., 1999), 

suggesting a role of huntingtin in the post-embryonic neuronal survival. A single copy of HTT is also 

sufficient for human development, as deletion of a part of the short arm of chromosome 4, which 

effectively inactivates one copy of the HTT gene, is not lethal and people born with such microdeletion 

do not develop symptoms of HD (Ambrose et al., 1994). However, less than 50% of Htt dosage causes 

embryonic malformations of the CNS in mice (White et al., 1997), suggesting that at least 50% Htt 

expression is necessary for successful neurogenesis.  

Apart from neurogenesis and promoting neuronal survival, wtHtt has been shown to have anti-

apoptotic properties. In an in vitro study, where striatal derived cells were exposed to an array of death 

stimuli, cells with additional wtHtt expression were more resistant to apoptosis (Rigamonti et al., 2000). 

This is due to wtHtt acting on the death effector pathway by inhibiting pro-caspase 9 processing 

(Rigamonti et al., 2000; Rigamonti et al., 2001). The anti-apoptotic role of wtHtt has also been shown in 

vivo (Leavitt et al., 2006). Moreover, Htt is involved in gene transcription. A notable example of such a 

role is regulation of the expression of brain derived neurotrophic factor (BDNF), a neurotrophin 

important for the function of cortico-striatal synapses and MSNs (Fusco et al., 2003; Nakao et al., 1995). 

As most BDNF is produced in the cortex, BDNF has to be co-released with neurotransmitters from the 

cortical axon terminals onto striatal neurons (Altar et al., 1997; Baquet et al., 2004). wtHtt, but not 

mHtt, has been demonstrated to increase the transcription of BDNF mRNA both in vitro and in vivo 

(Zuccato et al., 2001; Zuccato et al., 2003). Another role of wtHtt, but not mHtt, is the facilitation of 

vesicular transport of BDNF along microtubules and axonal trafficking of mitochondria (Gauthier et al., 

2004; Trushina et al., 2004). Finally, huntingtin is involved in the control of synaptic transmission and it 

has been shown to interact with multiple cytoskeletal and synaptic vesicle proteins taking part in the 

synaptic vesicle cycle at nerve terminals (Smith et al., 2005). Postsynaptic density protein 95 (PSD-95), a 

scaffolding protein that binds and anchors glutamate receptors at synapses, is yet another interactor of 

wtHtt (Sun et al., 2001). Multiple mechanisms have been proposed to explain how mHtt causes 

neurodegeneration. Despite the prosurvival role of the protein, it is believed that toxic gain of function, 

rather than reduced level of huntingtin, is responsible for the clinical manifestations in HD (MacDonald 

& Gusella, 1996). 

When the polyglutamine tract is over 35Q long, it impairs protein folding and forms cellular 

aggregates or inclusion bodies that can be both nuclear and cytoplasmic (Davies et al., 1997; Gutekunst 

et al., 1999). Cellular protein aggregates, under normal conditions, undergo degradation in 

proteasomes; in HD, however, the maintenance of degradation processes might be exhausting for 
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neurons due to continuous aggregate formation (Waelter et al., 2001). Additionally, the ubiquitin 

proteasome system (UPS) has been shown to be impaired in HD (Bennett et al., 2005; Ortega et al., 

2010), while autophagy-mediated aggregate degradation occurs predominantly in the cytoplasm, 

allowing for inclusion formation in the nucleus (Iwata et al., 2005). The hallmarks of cellular aging, 

which include compromised integrity of nuclear envelope, impaired nucleocytoplasmic trafficking and 

DNA double strand break accumulation, appear to be accelerated by the aggregates of expanded 

huntingtin (Gasset-Rosa et al., 2017). 

HD aggregates do not consist exclusively of mHtt, but they sequester multiple wild-type proteins, 

mostly wtHtt interacting proteins, such as transcription factors or elements of the UPS (Suhr et al., 

2001). This may be one of the mechanisms that leads to the disruption of cellular processes and 

eventually causes cell death (Arrasate & Finkbeiner, 2012). However, other studies have reported that 

many huntingtin protein interactors are not simply depleted by sequestration and are, in fact, impaired 

before the formation of inclusion bodies, suggesting a general proteotoxic effect of the HD mutation 

(Bennett et al., 2005; Schaffar et al., 2004; Yu et al., 2002). Several lines of evidence suggest that there 

is no correlation between inclusion body formation and cell death; a notable example is the striatum 

where aggregation occurs more often in interneurons which generally do not degenerate, in contrast to 

MSNs (Kuemmerle et al., 1999; Saudou et al., 1998). The current hypothesis posits that it is the diffuse 

forms of mHtt, i.e. its monomers or oligomers, that are the most toxic, and inclusion body formation 

may be a form of cellular adaptation mechanism developed to decrease that toxic effect (Arrasate et al., 

2004). For this reason, some post-translational modifications of Htt that normally keep the protein 

soluble, e.g. SUMOylation, if applied to mHtt increase its toxicity (Steffan et al., 2004). On the other 

hand, the inclusion bodies in HD have been found to be ubiquitinated, implying that this modification 

promotes aggregation processes (Bennett et al., 2007). 

Huntingtin contains multiple sites that are recognised by different classes of proteases - caspases, 

calpains and aspartic proteases - and is cleaved generating a broad range of N-terminal fragments 

(Lunkes et al., 2002). mHtt has been demonstrated to be cleaved by calpains in a polyQ stretch length-

dependent manner, where longer stretches render the protein more sensitive to cleavage (Gafni & 

Ellerby, 2002). Protease degradation of mHtt is thought to enhance the aggregation processes and it 

affects the localisation of aggregate formation (Lunkes et al., 2002). Studies on transgenic HD mouse 

models indicate however, that shorter N-terminal fragments of expanded Htt cause more severe 

phenotypes (Mangiarini et al., 1996; Schilling et al., 1999; Tanaka et al., 2006). Thus, the production of 

small N-terminal mHtt fragments by proteases is now thought to play a key role in the pathogenesis of 

HD, as inhibition of protease activity has been demonstrated to reduce the toxicity and slow down the 

disease progression (Hackam et al., 1998; Ona et al., 1999; Wellington et al., 2000). Moreover, 
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expression of the caspase-6-resistant version of mHtt prevents striatal degeneration in mice (Graham et 

al., 2006). In addition, specific fragment properties are likely to determine their toxicity; fragments 

resulting from the cleavage of expanded huntingtin at amino acid positions 167 and 568 currently seem 

to be of particular importance for HD pathogenesis (Graham et al., 2006; Ratovitski et al., 2009; Slow et 

al., 2005). Soluble toxic fragments of mHtt lead to neurodegeneration driven by altered interactions 

with its protein partners. One putative mechanism entails mHtt rendering neurons more vulnerable to 

excitotoxicity by increasing the number of glutamate receptors on the cell surface (Sun et al., 2001). 

Sun and colleagues have shown that wtHtt binds and sequesters PSD-95 via polyQ tract of the former 

and SH3 domain of the latter protein (Sun et al., 2001). The elongated polyglutamine stretch disrupts 

this interaction allowing for more glutamate receptors to be inserted into the postsynaptic membrane 

(Sun et al., 2001). Chapter 1.5.2 discusses the role of mHtt in HD pathogenesis in more detail. 

1.4. Chemical synapses in the CNS 

Synapses are specialized points of communication located between neurons and composed of a 

presynaptic terminal, formed by the axon of a presynaptic neuron, and a postsynaptic site, formed by 

the membrane of a postsynaptic cell. The synaptic cleft, a 20-50 nm wide space, separates these two 

membrane specialisations (Schikorski & Stevens, 1997). Excitatory synapses, one of the two main 

classes of synapses in the brain, most commonly occur on tiny protrusions of cellular membrane 

termed synaptic boutons (presynaptic site) and dendritic spines (postsynaptic site) (Bourne & Harris, 

2008). Inhibitory synapses do not form on dendritic spines and instead occur on dendritic shafts, the 

cell soma or the axon initial segment (Benson & Cohen, 1996). These two synapse types use different 

kinds of neurotransmitters, synaptic receptors, as well as differ in their organisation and molecular 

composition. Synapses in the brain respond to stimuli coming from the environment and control the 

body’s movements, and synaptic changes are thought to underlie complex processes, including learning 

and memory formation (Bliss & Collingridge, 1993; Bliss & Gardner-Medwin, 1973). However, neurons 

do not act alone to fulfil these complex tasks, as glial cells participate in the control of neuronal activity, 

synaptic transmission and are integral modulatory elements in the CNS (Araque et al., 1999). Due to 

their intimate involvement in regulating neuronal function, the term tripartite synapse has been 

formulated (Araque et al., 1999). In this thesis, the focus will be on central chemical excitatory synapses. 

Pre- and postsynaptic membranes of the synapse must be precisely apposed across the cleft to 

ensure neuronal communication. Transmembrane adhesion proteins play a major role in aligning the 

two synaptic terminals - these are membrane-anchored molecules whose extracellular domains directly 

interact in order to hold the membranes of two cells together (Dalva et al., 2007). For some proteins 

adhesion is their primary role; for other proteins, e.g. receptors and ligands that interact with each 

other transsynaptically for the purpose of signal transmission, adhesion is a secondary role (Dalva et al., 
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2007). Neurexins (nrxns) and neuroligins (nlgns) are the best characterised synaptic cell-adhesion 

molecules to date (Dean & Dresbach, 2006). This pair of molecules functions by binding to one another 

within the synaptic cleft and by interacting with intracellular scaffolding proteins via their intracellular 

segments (Dean & Dresbach, 2006). Neurexins are present on the presynaptic side and are encoded by 

three genes (NRXN1–3) that give rise to α- and β-neurexins (Missler & Sudhof, 1998). These can be 

divided further due to a variety of splice variants (Missler & Sudhof, 1998). Despite their sequence 

homology, the roles of α-nrxns and β-nrxns are not entirely redundant and the lists of their ligands do 

not overlap completely (Missler et al., 1998; Zhang et al., 2005a). Postsynaptic neuroligins were 

originally identified as interactors of β-neurexins, binding to their extracellular domain via the 

cholinesterase-like adhesion molecule domain in a Ca2+-dependent fashion (Ichtchenko et al., 1996; 

Nguyen & Sudhof, 1997). Five nlgn genes have been identified in humans (NLGN1, 2, 3, 4X, 4Y) (Bolliger 

et al., 2001). Different variants of nrxns and nlgns can be found at different types of synapses, both 

excitatory and inhibitory, where they control synapse formation, maturation, modulate synaptic 

transmission and the expression of synaptic plasticity (Levinson & El-Husseini, 2007). Other common 

pairs of adhesion molecules include ephrins and ephrin receptors, and synaptic cell adhesion molecules 

(SynCAMs) and cadherins (Shapiro et al., 2007). One example of adhesion molecule pair for whom 

adhesion is not the primary purpose of interaction is leukocyte common antigen-related (LAR), a 

receptor protein tyrosine phosphatase, and its ligand netrin-G ligand-3 (NGL-3); LAR-NGL-3 

transsynaptic interaction has been shown to regulate the formation of excitatory synapses (Woo et al., 

2009). 

The majority of excitatory synapses use L-glutamate as the principal neurotransmitter. Glutamate is 

synthesized by neurons from glutamine or 2-oxoglutarate, using mitochondrial enzymes glutaminase or 

transaminase respectively (Hertz, 2013). Glutamine is the primary substrate for glutamate synthesis and 

is supplied by the surrounding glia (Martinez-Hernandez et al., 1977). 2-oxoglutaran is a Krebs cycle 

intermediate and therefore comes from the glucose metabolism (Peng et al., 1993). Once glutamate is 

synthesised, it is packaged into synaptic vesicles (SVs); once released from the presynaptic terminal into 

the synaptic cleft, glutamate is absorbed by the glial cells via excitatory amino acid transporters (EAATs), 

then transformed into glutamine and delivered to the neuron again, closing the so-called glutamate-

glutamine cycle (Bak et al., 2006; Martinez-Hernandez et al., 1977). Glutamate is recognised by a variety 

of receptors present on the postsynaptic membrane, including N-methyl-D-aspartate (NMDA), α-amino-

3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and kainic acid receptors as well as seven 

members of the metabotropic glutamate receptor (mGluR) family (Palmada & Centelles, 1998). 
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1.4.1. Presynaptic active zone 

The presynaptic terminal, also called the presynaptic bouton, contains a neurotransmitter release 

site termed the active zone, whose role is to translate electrical signals into chemical ones. Once a 

presynaptic cell is depolarised and an action potential arrives at the presynaptic terminal, the 

depolarisation wave opens presynaptic voltage-gated Ca2+ channels (specifically CaV2 channel family) 

and the influx of Ca2+ triggers the release of neurotransmitter-filled SVs into the synaptic cleft 

(Kisilevsky & Zamponi, 2008; Zhai & Bellen, 2004). SVs are approximately 40 nm in diameter (Takamori 

et al., 2006) and an average presynaptic terminal contains ~200 vesicles, as measured in the rat 

hippocampus (Schikorski & Stevens, 1997). However, most of the SVs are stored in the axonal 

cytoplasm and normally only ~10 vesicles are bound to the presynaptic membrane (Schikorski & 

Stevens, 1997, 2001). The SV cycle is a complex process composed of several stages: firstly, empty 

vesicles are filled with neurotransmitters via active transport using an electrochemical gradient that is 

established by the proton (H+) pump activity (Wolosker et al., 1996). This electrochemical gradient 

drives specialised vesicular neurotransmitter transporters, e.g. VGlut in the case of glutamate, that are 

responsible for translocating the neurotransmitters into the vesicle’s lumen (Takamori et al., 

2000). Neurotransmitter-loaded vesicles are positioned (docked) over the cytomatrix at the active zone 

(CAZ) - a 50 nm diameter pyramid-shaped proteinaceous mesh (Phillips et al., 2001). Subsequent vesicle 

priming involves preparation of the vesicle for fusion with the presynaptic membrane so that it can be 

readily available for exocytosis in response to calcium influx (Sudhof, 2004). Ca2+, after entering into the 

presynaptic terminal, binds to one of the SV-associated protein termed synaptotagmin (Brose et al., 

1992). Synaptotagmin stimulates the fusion of the vesicle with the presynaptic membrane at the active 

zone via interaction with syntaxin - a component of the soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) complex (Chapman et al., 1995). The SNARE complex is a protein 

complex composed of vesicle-associated membrane protein (VAMP or synaptobrevin), syntaxin and 

synaptosome-associated protein 25 (SNAP25), forming a core of the protein machinery required for the 

fusion between the vesicle and presynaptic membrane (Sollner et al., 1993). After membrane fusion, 

emptied vesicles are coated by clathrin and undergo endocytosis at the perisynaptic zone, an area 

surrounding the release sites (Brodin & Shupliakov, 2006). Following endocytosis, SVs can be 

replenished with neurotransmitters again (Barker et al., 1972). 

The composition of presynaptic boutons has been intensely studied over recent years, and a variety 

of proteins have been identified as being associated with the presynaptic machinery. They include 

proteins involved in SV fusion (e.g. SNARE components), cytoskeletal proteins (actin, tubulin, myosin, 

spectrin, and β-catenin), presynaptic scaffolding proteins (CASK, Mint, SAP97, Velis), CaV2 channels (N-, 

P/Q- and R-type) and aforementioned cell adhesion molecules (Gundelfinger & tom Dieck, 2000; 
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Schoch & Gundelfinger, 2006). From the proteins forming the core of the active zone only few have 

been studied functionally: Rab3-interacting molecule (RIM), Munc13, RIM-binding protein (RIM-BP), α-

liprin, ELKS (or Rab6-interacting protein), Bassoon and Piccolo. These proteins form one scaffolding 

protein complex at the active zone that is responsible for regulation of the SV release, recycling and 

various forms of presynaptic plasticity (Schoch & Gundelfinger, 2006; Sudhof, 2012). Interestingly, 

proteins forming the SNARE complex, that participate in the SV fusion and exocytosis, are not 

particularly abundant in the CAZ but are deployed all over the plasma membrane (Sudhof, 2012). RIM 

proteins have been shown to be essential for the docking and priming of SVs, the recruitment of CaVs 

to the active zone, and short-term and long-term presynaptic plasticity (Castillo et al., 2002; Gracheva 

et al., 2008; Koushika et al., 2001; Schoch et al., 2002). The N-terminal domain of RIMs binds the 

isoforms of Munc13, proteins critical for enabling vesicle exocytosis by SNAREs and mediating short-

term plasticity (Basu et al., 2005; Brose et al., 1995). Central protein-protein interaction domains of RIM 

were shown to bind to N- and P/Q-type Ca2+ channels as well as ELKS (Kaeser et al., 2011; Ohtsuka et al., 

2002). Despite multiple studies with various animal models, the role of ELKS remains unclear. 

Nevertheless, it is thought to regulate the pool of vesicles available for exocytosis (Kaeser et al., 2009; 

Sudhof, 2012). RIM and RIM-BP proteins, apart from interacting directly with one another, both bind to 

the C-terminal tails of CaVs, forming tripartite complexes (Kaeser et al., 2011; Liu et al., 2011). α-liprins 

are required for the active zone formation and recruitment of SVs, and they were shown to directly 

bind RIM, ELKS, CASK as well as LAR, thus acting as a link between synaptic cell adhesion and CAZ 

protein complexes (Dai et al., 2006; Kaufmann et al., 2002). Piccolo and Bassoon are the largest 

identified and structurally related presynaptic proteins, whose major function is to guide the SVs from 

the cytosol and their clustering at the presynaptic active zone (Hallermann et al., 2010; Mukherjee et al., 

2010). Other proteins that have similar functions to Piccolo and Bassoon are synapsins, as one of their 

functions is tethering SVs to the actin cytoskeleton (Cesca et al., 2010). Calmodulin-associated 

serine/threonine kinase (CASK) is a scaffolding protein present in both pre- and postsynaptic terminals 

(Atasoy et al., 2007; Hsueh et al., 1998). CASK forms a stoichiometric complex with Mint and Velis, 

other presynaptic scaffolds, and this complex is thought to provide a link between the synaptic 

adhesion molecules, neurexins and SynCAMs with the core active zone components (Butz et al., 1998). 

A schematic diagram of the presynaptic terminal is shown in Figure 1.2. 

Synaptic plasticity is the ability of synapses to undergo activity-dependent functional and structural 

modifications in order to strengthen or weaken the connections between neurons (Citri & Malenka, 

2008). There are two main types of synaptic plasticity which differ by the timescale on which they act – 

short-term and long-term plasticity. Short-term presynaptic plasticity is associated with the amount of 

the SVs readily available for release from the presynaptic terminal in response to an action potential – 

also termed release probability (pr) (de Castillo & Katz, 1954). Short-term plasticity acts on the 
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timescale from tens of milliseconds to minutes and involves either enhancement of presynaptic 

function (e.g. neural facilitation) or short-term depression (Zucker & Regehr, 2002). Synaptic 

enhancement occurs due to an increase in pr and, as it is in case of neural facilitation, its mechanism 

involves an increase in residual Ca2+ concentration at the presynaptic terminal (Zucker, 1974). Short-

term depression, on the other hand, occurs due to a temporary depletion of SVs (Fisher et al., 1997; 

Zucker & Regehr, 2002). Furthermore, synapses also have a low pr even without an action potential 

occurring, which may lead to spontaneous exocytosis of a small number of SVs. Such events underlie 

the phenomenon of miniature excitatory post synaptic currents (mEPSC) (Katz & Miledi, 1969). 

1.4.2. Postsynaptic density 

The postsynaptic side of an excitatory synapse is located on the dendritic spine. The shape of a spine 

varies depending on the developmental stage and synapse type. Immature spines, termed filipodia, are 

long and thin in shape, while most mature spines have a mushroom shape with a bulky spine head 

connected to a dendritic shaft with a constricted spine neck (Fiala et al., 1998). Moreover, dendritic 

spines are plastic structures and their size can increase or decrease, as a synaptic plasticity mechanism, 

in a matter of minutes (Dailey & Smith, 1996; Matsuzaki et al., 2004). The surface of a spine head 

membrane, occupying about 15% of the surface area, contains a postsynaptic membrane’s 

proteinaceous specialisation termed the postsynaptic density (PSD) (Harris et al., 1992; Sorra & Harris, 

2000). The PSD is disk-shaped with a diameter of 300-400 nm and a thickness of 30-60 nm that appears 

as an electron-dense thickening on electron micrographs (Carlin et al., 1980; Gray, 1959). It is supported 

by the actin cytoskeleton and its size depends on the size of a dendritic spine and the number of 

neurotransmitter receptors it contains (Kasai et al., 2003; Siekevitz, 1985). Biochemical isolation of PSDs 

and subsequent protein separation via gel electrophoresis combined with peptide sequencing were 

utilised initially to identify the protein composition of the PSD (Walsh & Kuruc, 1992). Subsequent 

development of mass spectrometry allowed researchers to unravel more protein components. This has 

led to identification of an average set of 460 unique proteins forming a PSD, where each of these 

proteins may be present in hundreds or even thousands of copies (Collins et al., 2006). The molecular 

mass of a regular PSD has been estimated to be approximately 1.1GDa (Chen et al., 2005). The 

complete protein composition of a PSD, however, it still to be elucidated, especially as it is not identical 

across different cell types, brain regions and developmental stages (Cheng et al., 2006; Swulius et al., 

2010). 

One of the first identified PSD components was the post-synaptic protein 95 kDa (PSD-95), followed 

by post-synaptic density protein 93 kDa (PSD-93), synapse-associated protein 97 kDa (SAP97) and 

synapse-associated protein 102 kDa (SAP102) (Walsh & Kuruc, 1992). PSD-95, PSD-93, SAP97 and 

SAP102 belong to a larger group of membrane-associated guanylate kinases (MAGUKs) (Montgomery et 
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al., 2004). MAGUKs are highly conserved multidomain scaffolding molecules playing a pivotal role in 

trafficking and surface expression of synaptic receptors (Montgomery et al., 2004). All MAGUKs are 

characterized by a guanylate kinase (GUK) domain at their C-terminus which normally catalyses 

phosphorylation of guanosine monophosphate to guanosine diphosphate. Although the GUK domain is 

enzymatically inactive in these proteins, it serves as a protein-protein interaction domain (Olsen & 

Bredt, 2003). Following the GUK domain all MAGUKs contain an Src homology 3 (SH3) domain, used for 

protein-protein interactions, or WW motif containing two Trp residues (McGee et al., 2001; 

Montgomery et al., 2004; Tavares et al., 2001). Further along the consensus amino acid sequence are 

three closely neighbouring PDZ domains that are responsible for binding other protein partners (e.g. 

glutamate receptors) or are used for homo-/heterodimerisation (Brenman et al., 1996).  

To date, the most thoroughly studied MAGUK is PSD-95, also known as SAP90, an important 

organiser of multiple protein components within the post-synapse, binding both signal transducers and 

membrane proteins and present on average in ~300 copies per PSD (Cheng et al., 2006; Funke et al., 

2005; Sugiyama et al., 2005). PSD-95’s N-terminal Cys3 and Cys5 undergo palmitoylation that regulates 

the protein’s synaptic targeting and withdrawal and is critical for PSD-95 clustering of AMPA receptors 

at excitatory synapses (El-Husseini Ael et al., 2002; Topinka & Bredt, 1998). Palmitoylation of PSD-95 

occurs first in the soma and targets the protein to the perinuclear membrane (El-Husseini Ael et al., 

2002). After being transported to the postsynaptic membrane, maintenance of PSD-95 at the PSD 

requires ongoing activation-dependent palmitoylation, as blockage of palmitoylation has been shown to 

disperse synaptic clusters of PSD-95 (El-Husseini Ael et al., 2002). By analogy, decreased synaptic 

activity causes depalmitoylation of PSD-95 and its diffusion from the PSD (El-Husseini Ael et al., 2002). 

The first two PDZ domains (PDZ1 and PDZ2) bind the C-termini of GluN2 (both GluN2A and GluN2B) 

subunits of NMDARs (Niethammer et al., 1996). By binding to the NMDAR subunits, PSD-95 participates 

in the assembly of NMDA receptor-associated protein complexes. Thus, apart from just anchoring the 

receptors at the post-synaptic membrane, PSD-95 mediates the signal transduction form the receptors 

to downstream molecules (Sheng & Kim, 2011).  

PSD-95 also plays a role in synaptic transmission and plasticity by binding and recruiting stargazin, a 

protein responsible for surface deployment and function of AMPARs (Chen et al., 2000). Interestingly, 

the number of both NMDA and AMPA receptors in the PSD is about 20 times lower than that of PSD-95 

(Cheng et al., 2006). The data also suggests that PSD-95, when integrated into the PSD, serves as a “slot” 

that binds AMPARs as they enter and exit synapses (Opazo et al., 2012). The development of super-

resolution light microscopy techniques allowed for the observation that AMPARs and palmitoylated 

PSD-95 within the PSDs are clustered in so-called nanodomains, nanoscale areas apposed to the sites of 

neurotransmitter release (Fukata et al., 2013; Nair et al., 2013). According to the results obtained by 
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Chen and colleagues, AMPAR clusters are separated from the NMDAR clusters in the PSD (Chen et al., 

2008). In addition, in NMDAR nanodomains the receptors form complexes with PSD-95 at a 1:2 ratio, 

whereas at AMPAR nanodomains each PSD-95 is associated with only one receptor molecule (Chen et 

al., 2008). Overexpression of PSD-95 has been shown to increase AMPA receptor transmission in 

hippocampal brain slices and occlude long-term potentiation (LTP), a form of synaptic plasticity 

characterized by long-term activity-dependent increases in synaptic strength (Stein et al., 2003). 

Conversely, disruption of normal PSD-95 expression is associated with impairment of long-term 

depression (LTD), the opposite of LTP (Xu et al., 2008). Another important role of PSD-95 is binding to 

synaptic cell adhesion molecules, of which the most notable examples are neuroligins, and which bind 

to the PDZ3 domain of PSD-95 (Ichtchenko et al., 1996; Irie et al., 1997). Therefore, PSD-95 takes part in 

stabilizing and maintaining the physical synaptic connexions. 

Other synaptic scaffolding protein families include ProSAP/Shank family (Shank1, Shank2 and 

Shank3; together ~150 molecules per PSD), GKAP family (SAPAP1, SAPAP2, SAPAP3 and SAPAP4; ~150 

molecules per PSD), Homer family (Homer1, Homer2 and Homer3; ~60 molecules per PSD) and less 

abundant scaffolds such as insulin receptor substrate protein 53 kDa (IRSp53), AKAP79/150, GRIP family 

(encoded by two genes) and PICK1 protein (Sheng & Kim, 2011). In general, MAGUKs bind to GKAP 

proteins via the C-terminus of their GUK domain, which in turn interact through their C-terminus with 

the PDZ domain of Shank proteins and these interact with Homer proteins (Kim et al., 1997). 

Interestingly, irrespective of the PSD size the stoichiometry between these proteins is retained, 

suggesting that they form a master scaffolding protein platform (Sugiyama et al., 2005). Moreover, 

different scaffolding proteins bind to a different, although partially overlapping set of interactors and 

they have redundant functions in neuronal cells. Some scaffolding proteins may even compensate for 

the absence of others, at least partially, as genetic knock-out of PSD-95 has been shown to have no 

major effect on the neuronal survival and basal activity in the hippocampal CA1 region (Migaud et al., 

1998). 

LTP and LTD, two major forms of long-term synaptic plasticity, are thought to underlie memory and 

learning and were originally observed in the hippocampus (Bliss & Collingridge, 1993; Bliss & Gardner-

Medwin, 1973; Bliss & Lomo, 1973). Both NMDA and AMPA receptors are necessary to induce and 

express these forms of synaptic plasticity. NMDARs act as molecular “coincidence detectors” of the 

presence of both neurotransmitter glutamate and membrane depolarisation, and trigger the 

recruitment of AMPARs into the postsynaptic membrane (Kauer et al., 1988; Malenka & Nicoll, 1999; 

Mayer et al., 1984). Such activity-dependent incorporation or removal of AMPARs at the postsynaptic 

membrane underlies LTP and LTD (Bredt & Nicoll, 2003). The recruitment of receptors into the synaptic 

membrane during LTP depends on their interaction with synaptic scaffolding proteins (Jeyifous et al., 
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2016; Montgomery et al., 2004; Piserchio et al., 2002; Sans et al., 2001; Shi et al., 2001). 

Aforementioned PSD-95 is an important example of such a synapse organiser, stabilising glutamate 

receptors at the presynaptic membrane. Another example of such protein is SAP97; just like PSD-95, 

SAP97 binds through its protein interaction domains to AMPARs, NMDARs and regulatory proteins (Cai 

et al., 2002; Gardoni et al., 2003; Wu et al., 2000). Unlike PSD-95 however, SAP97 binds directly to the 

GluA1 subunit of AMPARs, without the help of adaptor protein stargazin (Cai et al., 2002; Fukata et al., 

2005; Leonard et al., 1998). Both PSD-95 and SAP97 have different N-terminal splice variants. The 

palmitoylated cysteine doublet, Cys3 and Cys5, at the N-terminus gives rise to the α isoform, and the 

L27 domain-containing N-terminus makes the β isoform (Schluter et al., 2006). While α is the main 

isoform of PSD-95, β appears to be the predominant form of SAP97 (Schluter et al., 2006; Waites et al., 

2009). The structure and role of SAP97 protein is discussed further in Chapter 1.6. 

Calcium/calmodulin-dependent kinase II (CaMKII) is the most abundant protein in the PSD, as it is 

present in about 5,600 copies (Cheng et al., 2006). It exists in four isoforms (α, β, ϒ and δ) and regulates 

multiple processes at the synapse, including neurotransmitter synthesis, neurotransmitter release and 

modulation of the activity of synaptic ion channels (Yamauchi, 2005). CaMKII is activated by the 

Ca2+/calmodulin (CaM) complex that forms upon calcium influx through NMDA receptors (Burger et al., 

1983; Yang et al., 1999). In the presence of CaM, CaMKII becomes activated via autophosphorylation 

(Hanson et al., 1994). Active CaMKII enhances AMPAR delivery into the PSD and therefore is important 

for the induction of LTP (Hayashi et al., 2000). As a kinase, CaMKII phosphorylates multiple molecule 

targets, which include motor proteins, cytoskeletal proteins (e.g. activity-regulated cytoskeleton-

associated protein [Arc]) scaffold and adaptor proteins (PSD-95, SAP97), enzymes as well as receptor 

and ion channel proteins (AMPARs, NMDARs, voltage-gated potassium channels [Kv]) (Yamauchi, 2005). 

Thus, CaMKII is a key player in the regulation of synaptic function. Additionally, CaMKIIα is responsible 

for protein turnover at the synapse, as it acts as a scaffold for the UPS components in dendritic spines 

(Bingol et al., 2010). 

Small monomeric GTPases are another group of regulatory proteins highly represented in the PSD 

and encompass multiple protein families: Ras, Rho, Rap, Rac, Ral, and Arf. They are hydrolase enzymes 

and regulate a variety of synaptic processes, e.g. plasticity-dependent receptor trafficking (Ras and Rap) 

(Zhu et al., 2002) or actin cytoskeleton remodelling and dendritic spine morphogenesis (Rac and Rho) 

(Tada & Sheng, 2006). Small GTPases are active when they are bound to GTP and adopt an inactive, 

GDP-bound conformation after hydrolysis (Bos et al., 2007). Due to their slow activity, however, the 

hydrolysis is normally facilitated by other abundant proteins of the PSD, GTPase activating proteins 

(GAPs). A GAP protein that activates Ras GTPases, termed SynGAP, is present in average PSD in about 

360 copies (Bos et al., 2007; Cheng et al., 2006). Guanine nucleotide exchange factors (GEFs) on the 
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other hand, induce the release of GDP by GTPases so it can be replaced by GTP. Thus, activation of 

GAPs inactivates the small GTPases and activation of GEFs activates them (Bos et al., 2007). 

The PSD is a highly organised structure supported by F-actin filaments, where the protein 

components are arranged in a laminar fashion in the axial plane (Figure 1.2). The extracellular side of 

the PSD contains lipid rafts and protein complexes that include receptors and adhesion molecules, and 

appear as 5-15 nm diameter granular patches on an electron micrograph (Chen et al., 2008). The 

cytoplasmic C-terminus of AMPA receptors has been shown to protrude 10-15 nm into the cytosol 

(Chen et al., 2008). On the cytoplasmic side, 15–17 nm from the postsynaptic membrane, are located 

PDZ domains of MAGUK proteins, appearing as evenly distributed filaments oriented perpendicular to 

the postsynaptic membrane (Chen et al., 2008; Petersen et al., 2003; Valtschanoff & Weinberg, 2001). 

GKAP, CaMKII, Shank and Homer proteins are located 24-26 nm from the membrane (Chen et al., 2008; 

Dani et al., 2010). Homer, together with Shank proteins, form a mesh-like structure in the PSD, which 

constitutes a platform upon which the MAGUKs and ion channels are located (Hayashi et al., 2009). In 

this structure, which is parallel to the postsynaptic membrane, Homer proteins exist in a tetrameric 

form, where two parallel Homer dimers bind to each via their C-terimini (Hayashi et al., 2006). Shank3 

itself is able to multimerise, forming a sheet-like structures, and this process is dependent on Zn2+ ions 

(Baron et al., 2006; Frederickson et al., 2005; Naisbitt et al., 1999). As zinc is often co-released together 

with glutamate from the presynaptic terminals, and can enter the postsynaptic cells via ion channels 

(AMPA, NMDA, CaVs), it is suggestive that changes in synaptic transmission have an impact on the 

structure of the PSD (Baron et al., 2006; Grabrucker et al., 2011). Looking on the postsynaptic 

membrane from the top, NMDA receptors are found mostly in the centre and AMPARs are distributed 

less centrally (Kharazia & Weinberg, 1997; Tarusawa et al., 2009). This is consistent with the concept 

that NMDARs are expressed constitutively and it is the AMPARs’ number and distribution that change 

upon strengthening or weakening of synaptic contact (Cognet et al., 2006). 

1.4.2.1. AMPA receptors 

AMPA receptors derive their name from their selective agonist, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid that mimics the effects of glutamate (Honore et al., 1982). AMPARs are the 

most common receptors in the CNS mediating basal synaptic transmission. They are responsible for the 

fast communication at excitatory synapses and are permeable to sodium, potassium and, depending on 

subunit composition, calcium ions (Colquhoun et al., 1992; Isaac et al., 2007). AMPARs are expressed 

not only in neurons, but also glia and have a relatively fast turnover time (10-48 hours) (Archibald et al., 

1998; Wisden & Seeburg, 1993). Four different subunits, GluA1–4, that are encoded by separate genes, 

named GRIA1-4, contribute to the formation of heterotetrameric receptors (Dingledine et al., 1999; 

Mayer & Armstrong, 2004). While GluA4 subunit-containing AMPARs are expressed predominantly  
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Figure 1.2. Molecular organisation of the pre- and postsynaptic terminals at excitatory synapses. 

Diagram representing the simplified structure of synapses depicting major proteins of the CAZ and the PSD. 

Proteins interacting with each other, whether directly or indirectly, are portrayed by their direct contact, although 

not all possible interactions are depicted. The relative numbers of the proteins on the diagram do not correlate 

precisely with their relative abundance at synaptic terminals. The presynaptic terminal contains proteins that 

control the synaptic recruitment of SVs, their fusion with the presynaptic membrane and release of their contents. 

Glutamate transporters mediate the loading of glutamate (Glu) into SVs in a H
+
-dependent manner. Upon action 

potential arrival, Ca
2+

 flows into the presynapse through the voltage-gated calcium channels (CAVs) and induces 

the association of SVs with the release machinery. The pre- and postsynaptic membranes are aligned with each 

other by the virtue of adhesion protein interactions. At the PSD, ionotropic glutamate receptors are associated 

with the members of MAGUK protein family. These in turn, are localised on the scaffolding platform that is further 

supported by the actin cytoskeleton. The function of multiple protein components is regulated by ubiquitous 

kinases. Metabotropic glutamate receptors, in contrast to ionotropic ones, are not located at the centre of the 

PSD but on the synapse periphery. The details on specific protein interactions are outlined in the text. 
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during brain development, in adult synapses most AMPARs consist of two GluA1/GluA2 or GluA2/GluA3 

dimers (Lu et al., 2009; Zhu et al., 2000). The assembly of AMPARs, consisting of two dimerisation steps, 

takes place mainly in the endoplasmic reticulum (ER) (Sukumaran et al., 2012). Tetrameric channels 

then pass through the Golgi apparatus, where they undergo posttranslational editing, and are 

incorporated into the cell membrane, where they are stored and can diffuse laterally (Greger & Esteban, 

2007). Activity-dependent routes of translation and assembly also exists and involves local dendritic ER 

as well as dendritic Golgi outposts, providing an additional source of AMPARs (Jeyifous et al., 2009) 

(Hanus & Ehlers, 2008). The N-terminus of each AMPAR subunit protrudes into the synaptic cleft, while 

the C-terminus interacts with the scaffolding proteins inside the PSD and undergoes post-translational 

modifications (Daw et al., 2000; Henley et al., 2011). In between, there are three transmembrane 

domains and one re-entrant loop-forming domain (Nakagawa et al., 2005). Each of the AMPAR subunits 

has two extracellular segments: the binding site for glutamate, formed by the extracellular N-terminal 

tail, and the extracellular loop between 3rd and 4th transmembrane domains (Mayer & Armstrong, 2004). 

All of the AMPAR subunit mRNAs may additionally undergo alternative splicing in the ligand binding 

domain, giving rise to the “flip” and “flop” variants (Pei et al., 2009; Sommer et al., 1990). Thus, 

AMPARs are assemblies of four subunits that may have different flip and flop isoforms. Such 

modification contributes to the functional diversity of AMPAR-mediated synaptic transmission arising 

from different kinetic properties. AMPA receptors containing all flop subunits generally exhibit a faster 

desensitisation rate and slower recovery from desensitisation compared to receptors containing only 

flip subunit isoforms (Lambolez et al., 1996; Mosbacher et al., 1994; Sommer et al., 1990). The GluA1 

subunit is an exception in this regard, as it desensitises with an identical rate regardless of the isoform 

(Mosbacher et al., 1994; Quirk et al., 2004). Flip/flop isoforms have been shown to be differentially 

expressed depending on neuron type and developmental stage (Monyer et al., 1991). 

The subunit composition of an AMPAR determines its properties, including not only desensitisation 

kinetics, but also ion permeability and trafficking (Henley et al., 2011). GluA1-containing AMPARs are 

dominant in activity-dependent recruitment to synapses. This process is mediated by phosphorylation 

of GluA1 by CaMKII and interaction with synaptic PDZ domain-containing proteins (Wei et al., 2010). 

CaMKII-mediated phosphorylation of transmembrane AMPAR regulatory proteins (TARPs) facilitates 

this interaction. One example of a TARP is stargazin, whose phosphorylation increases its affinity to 

binding PSD- 95 and results in recruitment and retention, or synaptic trapping, of GluA1–GluA2 AMPARs 

at synapses during the induction of LTP (Bats et al., 2007; Opazo et al., 2012). Activity-dependent 

endocytosis and LTD, on the other hand, is governed by the interactions of GluA2 subunit (Shi et al., 

2001). GluA2-coding mRNA undergoes editing processes resulting in 607Gln>Arg substitution, which 

renders the channel pore impermeable to Ca2+ ions. As this edited version of GluA2 is present in over 
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99% of all AMPARs, they are normally permeable only to sodium and potassium (Sommer et al., 1991; 

Verdoorn et al., 1991). Since only <1% of all GluA2 subunits are translated from unedited mRNA, the 

great majority of AMPARs that are Ca2+-permeable do not contain GluA2 (Kawahara et al., 2003). Ca2+-

permeable AMPARs show higher single-channel conductance and inward rectification, as opposed to 

Ca2+-impermeable AMPARs, and are preferentially expressed during LTP induction. During LTP 

maintenance, however, they are replaced by GluA2-containing channels (Isaac et al., 2007). Transient 

expression of Ca2+-permeable AMPARs enhances Ca2+ entry into the postsynaptic terminal and causes 

an increase in spine size via activation of small GTPases Rac that mediate the reconstruction of actin 

filaments (Fortin et al., 2010). Although AMPARs outnumber other receptors at excitatory synapses, 

their membrane expression is dependent on the Ca2+ entry that is predominantly mediated by NMDA 

receptor channels (Malenka & Bear, 2004). 

1.4.2.2. NMDA receptors 

NMDA receptors are pharmacologically distinguished from AMPA and kainate receptors by their 

selective sensitivity to N-methyl-D-aspartate, a synthetic agonist discovered in the early 1960s (Curtis & 

Watkins, 1961, 1963), even before L-glutamate was classified as a neurotransmitter in the CNS. Apart 

from being present in central neurons, NMDARs are also expressed by other cell types, including 

oligodendrocytes, osteoclasts and lymphocytes, where their function is yet to be determined 

(Karadottir et al., 2005; Szczesniak et al., 2005; Tuneva et al., 2003). NMDARs are composed of four 

subunits, forming a channel pore that is highly permeable to calcium, potassium and sodium ions. 

Although their kinetics are slower than AMPARs, NMDARs have higher affinity for glutamate (Clements 

et al., 1992). To date, seven NMDA receptor subunits have been identified, GluN1, four GluN2 subunits 

(GluN2A–GluN2D) and two GluN3 subuints (GluN3A, GluN3B), each subunit encoded by its own gene 

(Cull-Candy & Leszkiewicz, 2004). The protein structure of the receptor is arranged in layers: the N-

terminal domain (NTD), agonist binding domain (ABD) and transmembrane domain (TMD) (Lee et al., 

2014; Paoletti et al., 2013). The top clam-shell-shaped NTD participates in subunit assembly and 

allosteric regulation. At the bottom, there is the TMD, with three membrane-spanning segments (M1, 

M3, M4) and one re-entrant loop (M2) that together form the selective channel pore. In between, there 

is the ABD, formed by the N-terminal part localised close to the cell membrane (S1) together with 

another extracellular fragment located between the M3 and M4 segments (S2) (Lee et al., 2014; 

Paoletti et al., 2013). Each subunit also contains an intracellular C-terminus that undergoes 

posttranslational modifications and is involved in receptor trafficking, coupling to signalling molecules 

and binding to synaptic scaffolds (Mayer, 2011a; Niethammer et al., 1996). Different GluN subunits 

have been shown to bind different PSD scaffolding proteins due to the existence of alternative variants 
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of PDZ-binding motifs, possibly contributing to the control of receptor localisation in the postsynaptic 

membrane (Sans et al., 2000). 

GluN1, the obligatory subunit present in every NMDAR, is alternatively spliced, mostly in its 

C-terminal region, giving rise to eight different isoforms: GluN1-1a–GluN1-4a and GluN1-1b–GluN1-4b 

(Horak & Wenthold, 2009). GluN1-b subunits possess an additional N1 cassette in their extracellular 

region affecting the receptor’s pharmacological properties (Rumbaugh et al., 2000). Although each 

NMDAR contains two GluN1 subunits, GluN1-a and GluN1-b variants seem to be mutually exclusive 

(Sheng et al., 1994). GluN1-2 subunits are the most widely expressed variants across the brain; in 

contrast, GluN1-1 expression is restricted to the rostral brain areas, GluN1-4 to caudal parts and 

GluN1-3 are the weakest expressed variants (Monyer et al., 1994; Monyer et al., 1991; Watanabe et al., 

1992).  

Although GluN2 subunits are not obligatory, they are the most important determinants of the 

NMDA receptor function. During prenatal development, only GluN2B and GluN2D subunits are 

detectable in the brain (Monyer et al., 1994; Sheng et al., 1994). The expression of GluN2A and GluN2C 

starts at the onset of postnatal life, initially in the hippocampus (GluN2A) and cerebellum (GluN2C) 

(Akazawa et al., 1994; Monyer et al., 1994; Sheng et al., 1994). Expression of most subunits peaks 

during postnatal development of the CNS and then declines during adulthood (Monyer et al., 1994). An 

exception from this rule is GluN2C subunit, which is highly expressed in the cerebellar granule cells 

throughout adulthood (Monyer et al., 1994). GluN2A and GluN2B subunits tend to display pathway-

specific expression. For example, at cortical synapses involved in short-range intracortical pathways, 

GluN2B has been found to be a predominant subunit; on the other hand, at cortical synapses formed by 

long-range callosal inputs GluN2A-containing NMDARs dominate (Kumar & Huguenard, 2003). Also, 

retinal ganglion cell synapses receiving inputs from OFF bipolar cells have been found to largely express 

GluN2A-containing NMDARs, and synapses receiving inputs from ON bipolar cells preferentially express 

GluN2B subunits (Kumar & Huguenard, 2003; Zhang & Diamond, 2009). Moreover, several lines of 

evidence suggest that GluN1/GluN2B-containing NMDARs cluster preferentially outside of the PSD, at 

extrasynaptic sites, in contrast to GluN1/GluN2A receptors that are generally more synaptic (Gladding 

& Raymond, 2011; Hardingham & Bading, 2010), However, this pattern has not been evident in all 

studies (Harris & Pettit, 2007; Lopez de Armentia & Sah, 2003; Petralia et al., 2010). 

Similar to GluN1, GluN3A subunits are further divided based on variable composition in the 

C-terminal domain, into GluN3A-1 and GluN3A-2 (Vance et al., 2012). GluN3A is expressed early in the 

postnatal life and, together with GluN2B and Glu2D, is thought to play a role in synaptogenesis and 

synapse maturation (Henson et al., 2010; Pachernegg et al., 2012). In contrast to GluN3A, GluN3B is 

expressed at later developmental stages and is restricted to motor neurons in the spinal cord and brain 
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stem (Nishi et al., 2001; Wong et al., 2002). Most of the NMDARs exist on the postsynaptic membrane, 

however, they can also be found on the presynaptic membrane as well as on the surface of glial cells 

(Burzomato et al., 2010; Henson et al., 2010). 

The aforementioned ABD binds glycine/D-serine in GluN1 and GluN3 subunits and L-glutamate in 

GluN2 subunits (Johnson & Ascher, 1987; Mayer, 2011b). Glycine binding to GluN1 subunits and 

glutamate binding to GluN2 subunits are both required for NMDA receptor activation (Kleckner & 

Dingledine, 1988). Although glycine for a long time has been considered the only endogenous co-

agonist of NMDARs, the role of D-serine is emerging in recent years, as a more potent co-agonist acting 

on the same binding site (Matsui et al., 1995; Mothet et al., 2000; Shleper et al., 2005). D-serine is 

present at high levels in the brain due to the activity of serine racemase – an enzyme catalysing the 

conversion of the L- into the D-isomer (Baumgart & Rodriguez-Crespo, 2008). In hippocampal neurons, 

enzymatic depletion of endogenous D-serine was shown to decrease NMDAR-mediated currents by 

over 50% (Mothet et al., 2000; Wolosker et al., 1999). Interestingly, diheteromeric GluN1/GluN3 

receptors, although uncommon in principal neurons, form glycine-gated ion channels and their 

activation is excitatory – in contrast to conventional glycine receptors (GlyRs) which are inhibitory 

(Chatterton et al., 2002; Lynch, 2004; Pina-Crespo et al., 2010).  

The NTD region of NMDARs contains multiple allosteric sites, which display high subunit-specificity. 

Allosteric regulation involves both activation and inhibition and, by influencing the probability of 

channel opening or deactivation kinetics, plays an important role in creating functional diversity of 

receptors (Gielen et al., 2009; Yuan et al., 2009). GluN2B’s NTD has been shown to bind zinc, 

polyamines and a synthetic compound named ifenprodil (Zhu & Paoletti, 2015). Spermine and 

spermidine, examples of endogenous polyamines, are positive modulators of GluN2B-containing 

NMDARs (Ransom & Stec, 1988; Sacaan & Johnson, 1990). Zinc is an allosteric inhibitor of GluN2Bs, but 

not selective, as GluN2A has a nanomolar affinity for zinc - which is much higher compared to GluN2B; 

thus, low zinc concentration selectively inhibits GluN2A-containing NMDARs (Paoletti et al., 1997; 

Peters et al., 1987). Despite lower affinity, however, inhibition exerted by Zn2+ is complete at NR1/NR2B 

diheteromeric receptors, whereas at NR1/NR2A diheteromeric receptors, Zn2+ inhibits the NMDAR-

mediated currents by 40-70% only (Williams, 1996). Ifenprodil and its derivatives act as antagonists for 

the GluN2B-containing receptors, inhibiting the currents activated by glutamate and glycine (Carter et 

al., 1988; Williams, 1993). Ifenprodil also interacts directly with the GluN1 subunit, but its antagonism is 

the most potent at heteromeric NR1/NR2B receptors (Carter et al., 1988; Williams, 1993). In addition, 

the action of ifenprodil is use-dependent, as its affinity is increased upon GluN2B’s glutamate binding 

and vice versa; in turn, ifenprodil reduces GluN1’s affinity for glycine (Kew et al., 1996; Legendre & 

Westbrook, 1991).  
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Allosteric modulation sites at the ABDs of NMDA receptors have also been discovered, for which 

both positive and negative modulators exist (Acker et al., 2011; Bettini et al., 2010; Costa et al., 2010; 

Mosley et al., 2010). Interestingly, the TMD region of NMDARs has some allosteric capacity as well 

(Mony et al., 2011; Mullasseril et al., 2010; Ogden & Traynelis, 2013). Ethanol-induced NMDAR 

modulation has been suggested to be mediated by the TMD (Smothers & Woodward, 2006). Acute 

exposure to ethanol inhibits NMDAR function in a concentration-dependent manner (Lovinger et al., 

1989; Peoples & Stewart, 2000). After acute exposure, however, a tolerance can be developed over 

time, eventually counteracting the inhibitory effect (Lai et al., 2004; Yaka et al., 2003). Interestingly, 

ethanol withdrawal after a chronic exposure leads to NMDAR hyperexcitability due to an increase in 

synaptic NMDAR targeting (Carpenter-Hyland et al., 2004; Hendricson et al., 2007). All the GluN1 

(Anders et al., 2000) and GluN2 (Chu et al., 1995; Masood et al., 1994) variants have been shown to be 

highly sensitive to ethanol, although GluN2C and GluN2D subunits display lower sensitivity compared to 

GluN2A and GluN2B. In addition, NMDAR function is highly susceptible to extracellular pH changes 

which affect the opening frequency of the ion channel. Protons have been shown to inhibit receptor-

mediated currents with half maximal inhibitory concentration (IC50) at pH=~7.3, implying that at 

physiological pH NMDARs conduct only about half of their maximal current amplitude (Tang et al., 

1990; Traynelis & Cull-Candy, 1991). 

The majority of NMDARs are heterotetramers containing GluN1s combined with GluN2 subunits 

(two GluN1-GluN2 dimers) or GluN1s with GluN2 and GluN3 subunits. According to multiple studies, 

GluN1/GluN2A/GluN2B triheteromers constitute between 15% to over 50% of all the NMDARs in the 

brain (Al-Hallaq et al., 2007; Gray et al., 2011; Rauner & Kohr, 2011). The receptors are assembled and 

operate as dimer-of-dimers, where two GluN1/GluN2 bind in an alternating fashion (GluN1/ 

GluN2/GluN1/GluN2) forming the pore (Riou et al., 2012). NMDARs are called the coincidence detectors, 

because apart from requiring agonists for activation, they are also voltage-dependent due the blockage 

of the channel pore by Mg2+ ions at negative resting membrane potentials (Mayer et al., 1984; Nowak 

et al., 1984). Mg2+ blockade results from the net inward driving force for these ions at negative 

membrane potentials, as Mg2+ concentration in the extracellular space is three orders of magnitude 

higher compared to the cell interior. Mg2+ ions can only be repelled from the channel pore upon cell 

depolarisation of sufficient amplitude, which can be initiated mainly by AMPARs upon high-frequency 

synaptic inputs (Seeburg et al., 1995). A term “silent synapses” has been proposed for synapses 

containing NMDARs but not AMPARs, as they do not display significant ion conductance. Most often 

this is the case for nascent synapses (Isaac et al., 1997; Liao et al., 1995; Montgomery et al., 2001; Wu 

et al., 1996). Sensitivity to Mg2+ blockade is dependent on the subunit composition of NMDARs and is 

controlled by a single amino acid residue in the M3 segment of GluN2 subunits (Siegler Retchless et al., 

2012). Diheteromeric receptors containing GluN2A or GluN2B have the highest sensitivity to Mg2+, but 
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also the highest conductance and Ca2+ permeability. GluN2C- or GluN2D-containing diheteromeres 

display 5.3-fold (~80%) lower sensitivity to Mg2+, ~26% lower conductance and ~40% lower permeability 

to Ca2+ ions (Traynelis et al., 2010). In addition, patch clamp-based studies revealed that diheteromeric 

GluN1/GluN2 receptors exhibit a broad range of deactivation times, with NR2A-containing receptors 

being the fastest, GluN2B- and GluN2C-containing receptors being in the middle range and GluN2D-

containing receptors displaying the slowest deactivation kinetics (Cull-Candy & Leszkiewicz, 2004). 

C-terminal domains (CTDs) of NMDAR subunits undergo phosphorylation/dephosphorylation and 

influence the receptor’s trafficking, synaptic targeting, internalisation, interactions with synaptic 

scaffold proteins and lateral mobility (Rebola et al., 2010; Salter & Kalia, 2004). After glutamate/glycine 

binding, NMDARs display slower deactivation kinetics compared to AMPARs, allowing for the influx of 

relatively large amounts of Ca2+ ions into the cell, which underlies NMDAR-dependent long-term 

plasticity (Blanke & VanDongen, 2009; Bliss & Collingridge, 1993). Calcium, along with calmodulin, 

activates CaMKII present in the PSD, which in turn by phosphorylating AMPARs increases their 

permeability and induces their synaptic insertion, effectively causing synapse potentiation (Andrasfalvy 

& Magee, 2004; Bayer et al., 2001; Derkach et al., 1999). On the other hand, cAMP-dependent protein 

kinases (PKA), whose activation is calcium-dependent, can modulate the induction of LTP by 

phosphorylation of NMDARs which increases their Ca2+ permeability and synaptic targeting (Rebola et 

al., 2010). The Src protein tyrosine kinases (PTKs), including Fyn, are another type of enzyme that 

phosphorylate NMDARs and further increase the receptor-mediated currents (Salter & Kalia, 2004). 

While high increase in intracellular calcium induces LTP, modest calcium influx, due to modest 

activation of NMDARs, leads to the activation of phosphatases and promotes LTD (Lisman, 1989). One 

suggested LTD mechanism involves NMDAR-mediated activation of CaM-dependent serine/threonine 

phosphatase calcineurin, which has a significantly higher affinity for calcium/calmodulin than CaMKII, 

allowing for its preferential activation by low calcium concentration changes. Calcineurin then leads to 

activation of protein phosphatase 1 (PP1), which in turn dephosphorylates AMPARs promoting their 

withdrawal from postsynaptic membrane (Hu et al., 2007). Striatal enriched tyrosine phosphatase 

(STEP), normally inhibited by cAMP and PKAs, is also dephosphorylated and activated by calcineurin and 

PP1 during LTD induction (Valjent et al., 2005). Active STEP inactivates Fyn kinase and leads to a 

decrease in NMDAR-mediated conductance and receptor endocytosis (Braithwaite et al., 2006). 

Researchers have been making attempts in order to link LTP and LTD to specific subunit-containing 

NMDARs. It was suggested that the GluN2B subunits are predominantly associated with LTD and 

GluN2As are more involved in the induction of LTP (Liu et al., 2004). However, this hypothesis has been 

later undermined (Morishita et al., 2007) and the data suggest that vast majority of synaptic NMDARs 

are GluN1/GuN2A/GluN2B triheteromers (Rauner & Kohr, 2011). NMDAR-mediated long-term plasticity, 

although not the only form of plasticity in the brain, is currently understood in the best molecular detail. 
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Although crucial in many aspects of the CNS development and function, the activation of NMDA 

receptors can also have detrimental effects for a neuron and its abnormal activity is a part of the HD 

pathogenesis (see Chapter 1.5.2). 

1.5. Glutamate excitotoxicity 

Excitatory amino acid transmission is crucial for normal brain function and any disturbances of this 

transmission system can lead to multiple neuropsychiatric syndromes (Javitt & Zukin, 1990). Negative 

effects of glutamate, the major excitatory neurotransmitter in the CNS, were noted for the first time 

over 60 years ago by Takashi Hayashi, who made the observation that direct application of glutamate 

into the CNS causes deceleration of neuronal activity (Hayashi, 1954). A few years later, Lucas and 

Newhouse demonstrated that application of glutamate monosodium in newborn mice causes damage 

in the retina (Lucas & Newhouse, 1957). In 1969, John Olney discovered that this effect is not confined 

only to the retina, but occurs everywhere in the brain tissue. He also observed that the cell death is 

limited to postsynaptic neurons and that antagonists of glutamate receptors were able to inhibit this 

effect. It was him who coined the term “excitotoxicity” (Olney, 1969). Since then, elevated 

concentrations of extracellular glutamate in the brain and subsequent overactivation of glutamate 

receptors leading to toxic effects have been observed in a number of pathological states including 

cerebral ischemia, seizures, head trauma, stroke, schizophrenia and multiple neurodegenerative 

diseases: amyotrophic lateral sclerosis, Alzheimer’s disease, dementia, Parkinson’s disease, multiple 

sclerosis and HD (Benveniste et al., 1984; Blandini & Greenamyre, 1998; Couratier et al., 1993; 

Greenamyre et al., 1988; Katayama et al., 1990; Lipton, 1992; Meldrum, 1995; Pitt et al., 2000). 

The phenomenon of glutamate toxicity in the brain can be provoked through various mechanisms. 

Perhaps the first studied and best documented condition in this context is ischemia, i.e. a state when 

the cerebral circulation is significantly decreased, following brain trauma or stroke, that may initiate the 

accumulation of glutamate in the extracellular matrix and, as a consequence, cell death (Benveniste et 

al., 1984; Butcher et al., 1990; Griffiths et al., 1983; Mitani & Kataoka, 1991). The approximate maximal 

concentration of glutamate in the synaptic cleft is 25 nM under normal conditions (Herman & Jahr, 

2007). If this concentration does not drop, or if it increases further, neuronal cells experience excessive 

depolarisation of the postsynaptic membrane and influx of Na+ and Cl- ions followed by H2O. Ionic influx 

results in an osmotic imbalance that leads to an acute form of excitotoxicity, eventually causing 

disruption of the cellular membrane (Beck et al., 2003; Chen et al., 1998). Sustained depolarisation 

subsequently causes an excessive influx of Ca2+ into the cell, and high concentrations of intracellular 

calcium then trigger activation of enzymes that degrade proteins, nucleic acids and lipid bilayer, and 

lead to degeneration, apoptosis or even necrosis (Cheng et al., 1999; Choi, 1992; Ogura et al., 1988). 
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Excitotoxicity-mediated cell death can be induced via multiple pathways (Dong et al., 2009). Firstly, 

elevated cytoplasmic calcium activates the caspase cascade, a series of calcium-activated 

endoproteases, leading to controlled degradation of cellular components (Ndountse & Chan, 2009). 

Another mechanism involves mitochondria; an important role of neuronal mitochondria is storage of 

calcium so its concentration in the cytoplasm can be kept at low levels. Although these organelles are 

able to protect neurons against transient surges in cytoplasmic Ca2+ levels, excessive Ca2+ concentration 

inside of mitochondria leads to the opening of mitochondrial permeability transition pore (PTP) 

(Nicholls & Chalmers, 2004). The mitochondrial PTP is a large conductance channel located in the inner 

mitochondrial membrane that is permeable to ions and solutes of molecular masses up to 1,500Da 

(Hunter & Haworth, 1979). Ca2+-induced PTP opening leads to mitochondrial matrix swelling and 

subsequent intracytoplasmic release of reactive oxygen species (ROS) and cytochrome c (Bernardi, 

2013; Nicholls & Chalmers, 2004). Oxidative agents, of which superoxide radical (O2·), peroxynitrite 

(ONOO−) and hydroxyl radical (OH·) prevail, are normal products of oxygen metabolism in mitochondria 

(Halestrap et al., 2000). However, once they are released to the cytoplasm, ROS are responsible for a 

significant part of cell death in neurodegenerative diseases, as they induce oxidative modification of 

cellular macromolecules, damaging nucleic acids, proteins and lipids, and lead to activation of 

proapoptotic factors (Halestrap et al., 2000). Every cell is armed with antioxidative mechanisms that 

prevent ROS-induced damage. However, these systems can become overwhelmed due to Ca2+ 

overload-induced enhancement of ROS generation, which leads to neuronal degradation (Halestrap et 

al., 2000). ROS-mediated induction of apoptosis involves the release of cytochrome c from the inner 

membrane space of mitochondria and can be achieved via two mechanisms: the activation of c-Jun N-

terminal kinases (JNK) or by the activation of NF-κB transcription factors (Luo et al., 1999; Tournier et al., 

2000). Released cytochrome c, along with apoptotic protease activating factor 1 (Apaf-1) and caspase-9 

form the apoptosomes – protein complexes that activate “executioner” caspases (Hill et al., 2004). 

Calcineurin, the phosphatase required for NMDAR-dependent LTD induction, can also contribute to the 

induction of apoptosis (Wang et al., 1999). Ca2+-mediated dephosphorylation of the Bcl-2-associated 

death promoter (BAD) by calcineurin disinhibits the antiapoptotic Bcl-2 protein family members 

allowing two other proapoptotic proteins, BAK and BAX, to aggregate and induce mitochondrial release 

of cytochrome c (Bergmann, 2002). DNA damage and ER stress are other factors able to induce 

permeabilisation of the outer mitochondrial membrane and release of proapoptotic agents (Nishida et 

al., 2008). 

For the reasons stated above, the high permeability of NMDARs to Ca2+ is a crucial factor in 

excitotoxicity-induced cell death (Choi, 1985; Danysz & Parsons, 1998; Rothstein, 1996), and NMDAR-

mediated toxicity is involved in the pathomechanism of various neurological diseases, including HD. 

However, the excitotoxic effects of NMDAR overstimulation have been suggested to be co-agonist 
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dependent. In a study that sought to evaluate the role of endogenous NMDAR co-agonists on 

neurotoxicity in hippocampal slices, it was found that endogenous D-serine is the dominant and 

necessary co-agonist for NMDA receptor-elicited neuronal death (Shleper et al., 2005). Glycine, 

although present at much higher concentrations than D-serine, did not play a significant role in 

excitotoxicity due to amino acid uptake mechanisms that have a higher affinity for glycine compared to 

D-serine (Ribeiro et al., 2002; Shleper et al., 2005). Depending on the particular subunit composition, 

other glutamate receptors may also contribute to the excitotoxic effect. For example, mGluR1 and 

mGluR5 subtypes of the metabotropic glutamate receptor, once stimulated, activate protein kinase C 

(PKC) and induce Ca2+ release from the neuronal internal stores, contributing to Ca2+ overload and cell 

death processes (Friedman, 2006; Pin & Acher, 2002). Stimulation of AMPA receptors may also 

influence glutamate excitotoxicity - when the expression of GluR2 subunit-lacking AMPAR 

heterotetramers is upregulated, these receptors exhibit high Ca2+ permeability that can contribute to 

neurodegeneration (Van Damme et al., 2007; Wright & Vissel, 2012).  

Excitotoxic effects have been originally attributed to the build-up of glutamate in the extracellular 

space. However, increased expression of glutamate receptors on the postsynaptic membrane has the 

potential to exert similar effects. Because NMDARs are effective in mediating excitotoxic neuronal 

injury, neurons highly expressing NMDA receptors are lost early in the striatum of individuals afflicted 

with HD (Albin et al., 1990; Young et al., 1988). Regrettably, ubiquity of NMDA receptors in the CNS 

precludes their blockage as a viable therapeutic option (Hardingham & Bading, 2003). However, in 2002 

a “localisation hypothesis” of the NMDARs has been proposed. The hypothesis postulates that the 

localisation of receptors inside/outside the synapse determines the effects of their activity and 

influences the pathways decisive of neuronal survival and death (Hardingham et al., 2002). The 

hypothesis of differential effects of NMDAR activation depending on their membrane localisation has 

been since supported by multiple studies (Papouin et al., 2012; Wroge et al., 2012; Zhou & Sheng, 2013). 

1.5.1. Synaptic versus extrasynaptic NMDA receptors 

Before the “localisation concept” was developed, it was widely accepted that moderate NMDAR 

activity is prosurvival and weak or excessive activation is proapoptotic (Hardingham & Bading, 2003; 

Lipton & Kater, 1989; Lipton & Nakanishi, 1999). A growing body of evidence suggests NMDA receptors 

can be localised synaptically, i.e. in the centre of a synapse, or extrasynaptically - outside the synapse. 

Activation of synaptic receptors promotes cell survival, whereas activation of those outside the synapse 

induces cell death signalling pathways (Hardingham et al., 2002). In the literature, this phenomenon has 

been referred to as the “NMDA paradox”, as NMDA receptors are crucial for cell development and 

survival, but their activity may also be harmful and lead to apoptosis (Hardingham & Bading, 2010). 
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Extrasynaptic NMDARs (ex-NMDARs) are defined using either immunohistochemistry, when their 

localisation is at a distance from the post-synaptic density (PSD), or by electrophysiology, when they 

cannot be activated by normal presynaptic glutamate release (Hardingham & Bading, 2010). 

Additionally, NMDARs can be located perisynaptically, where they occupy a space within 100 nm away 

from the PSD and they constitute approximately ¼ of all non-synaptic receptors (Petralia, 2012). It is not 

known however, whether their function differs from other extrasynaptic receptors. Nevertheless, since 

it has been shown that NMDARs may laterally diffuse between synaptic and extrasynaptic sites (Groc et 

al., 2009), perisynaptic NMDA receptors, at least in part, may represent receptors in motion towards or 

away from the synapse (Gladding & Raymond, 2011). The remaining ex-NMDARs are located further 

away, occupying spine necks, dendritic shafts and the surface of soma. These receptors are usually not 

involved in synaptic transmission but they can undergo stimulation during glutamate spillover following 

high-frequency stimulation, ectopic glutamate release (e.g. from the surrounding glia, extrasynaptic 

membrane of presynaptic cells or white matter axons) or in some pathological states involving impaired 

glutamate uptake mechanisms (Kukley et al., 2007; Le Meur et al., 2007; Matsui et al., 2005; Ventura & 

Harris, 1999). In the laboratory, activation of the extrasynaptic receptors is achieved by the blockage of 

glial EAATs or high-dose agonist bath application (Massey et al., 2004; Soriano et al., 2006). It has been 

demonstrated that during normal hippocampal development, 1/3 of all NMDA receptors are initially 

located outside the synapse, followed by a subsequent increase of synaptic receptors up to 104/µm2 as 

the neurons mature (Cottrell et al., 2000; Tovar & Westbrook, 1999). Nevertheless, many NMDARs 

remain at extrasynaptic sites even after neuronal maturity, at an estimated density ~3/µm2 (Cottrell et 

al., 2000).  

Normal physiological activation of synaptic NMDARs (syn-NMDARs) is not only harmless for neurons, 

but it is essential, as it triggers genomic processes that render neurons more resistant to apoptosis and 

oxidative stress (Hardingham et al., 2002). Blockade of syn-NMDAR activity in developing neurons has 

deleterious effects, as it decreases cell health and causes widespread apoptosis (Adams et al., 2004; 

Ikonomidou et al., 1999; Monti & Contestabile, 2000; Pohl et al., 1999). In the adult CNS, elimination of 

syn-NMDAR signalling intensifies neurodegenerative processes and prevents hippocampal neurogenesis 

(Ikonomidou et al., 2000; Tashiro et al., 2006). In addition, synaptic NMDARs play a key role in the 

induction of LTP (Collingridge et al., 1988). The physiological role of ex-NMDARs is not fully understood, 

however, their activation has been shown to inhibit LTP expression (Papouin et al., 2012). On the other 

hand, activity of both synaptic and extrasynaptic receptors seems to be required for the induction of 

LTD and inhibition of ex-NMDARs may cause LTD deficits (Papouin et al., 2012). One study, however, 

suggests that selective activation of extrasynaptic receptors, upon blockage of synaptic ones, also may 

induce LTD (Liu et al., 2013). Furthermore, ex-NMDARs were shown to contribute to neuronal 

synchronisation (Angulo et al., 2004; Fellin et al., 2004). However, activation of ex-NMDARs alone 
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causes the same amount of cell death as the activation of all surface NMDARs, both synaptic and 

extrasynaptic (Stanika et al., 2009). Thus, the balance in distribution of NMDARs is crucial for cell 

survival. 

Calcium is the most potent signal transducer between the synapse and the nucleus in neuronal cells. 

In hippocampal neurons, Ca2+ was shown to control the transcription of nearly 200 genes (Zhang et al., 

2009). Synaptic NMDAR-mediated Ca2+ influx is neuroprotective, mainly because it triggers fast CaMKIV-

mediated phosphorylation and activation of cyclic-AMP response element binding protein (CREB), a 

potent neuronal transcription factor (Sun et al., 1994). Subsequent long-lasting CREB phosphorylation is 

supported by activation of the extracellular signal-regulated kinase (ERK) signal cascade (Hetman & 

Kharebava, 2006). Phosphorylated CREB (pCREB), recruits CREB-binding protein (CBP) - its 

transcriptional cofactor which also requires phosphorylation by CaMKIV (Hardingham et al., 1999; 

Impey et al., 2002). CBP does not only work in a transcriptional complex with CREB, but may also 

enhance its activity via acetylation (Lu et al., 2003). CREB is the key mediator of neuroprotection and an 

important nuclear transcription factor which has its role not only in neuronal survival, but also synaptic 

plasticity, addiction, pain, neurogenesis, learning and memory (Carlezon et al., 2005; Song et al., 2005). 

Mice lacking CREB during CNS development show extensive neuronal apoptosis, and disruption of CREB 

activity in the adult brain has been shown to induce hippocampal and striatal neurodegeneration 

(Mantamadiotis et al., 2002). CREB regulates transcription of genes equipped with the cAMP response 

element (CRE), a DNA sequence typically found in the promoter or enhancer regions (Carlezon et al., 

2005). A notable example of CRE-containing gene is the BDNF gene – a neurotrophin whose 

supplementation was demonstrated to prevent cell death induced by NMDA receptor blockade in vitro 

(Hansen et al., 2004). Other known CREB targets include the activity-regulated inhibitors of death (AID) 

- genes that provide cells with a variety of protective mechanisms (Zhang et al., 2009). Examples of such 

genes include B-cell lymphoma 6 (Bcl6), a transcriptional repressor implicated in suppression of p53, a 

protein capable of promoting apoptosis, or B-cell lymphoma 2 (Bcl-2), another anti-apoptotic agent 

(Amaral et al., 2010; Lau & Bading, 2009; Leveille et al., 2010). Given that CREB is associated with 

approximately 4,000 promoter sites (Zhang et al., 2005b), it is reasonable to assume that its target 

genes are involved in neuroprotection against a large variety of insults.  

Another important element of synaptic NMDAR signalling is the induction of the pathway leading to 

the activation of Akt – a kinase involved in cellular survival mechanisms (Lafon-Cazal et al., 2002; 

Papadia et al., 2005). Among its many targets, Akt inactivates the pro-death forkhead box O (FOXO) 

subfamily of forkhead transcription factors, inhibiting their translocation into the nucleus (Al-Mubarak 

et al., 2009; Brunet et al., 1999). Akt also inactivates BAD and suppresses the transcriptional activity of 

p53 (Yamaguchi & Wang, 2001). Other known anti-apoptotic mechanisms induced by syn-NMDAR 
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activity involve the suppression of p53 upregulated modulator of apoptosis (Puma), working upstream 

of cytochrome c release from mitochondria, and Apaf-1 and pro-caspase-9, both working downstream 

of cytochrome c release (Lau & Bading, 2009; Leveille et al., 2010). Synaptic Ca2+ entry also promotes 

the expression of genes involved in oxidative stress response mechanisms, e.g. superoxide dismutase 2 

(Sod2) (Riccio et al., 1999). 

In contrast, extrasynaptic receptor activity induces a very different programme of gene expression 

(Figure 1.3). Moreover, downstream signalling upon the activation of ex-NMDARs, even with 

simultaneous synaptic receptor activation, is dominant and has pro-death effects (Zhang et al., 2009). 

The most prominent effect of ex-NMDAR activity is associated with CREB dephosphorylation, possibly 

by PP1 (Hardingham et al., 2002; Papadia & Hardingham, 2007). This so-called “CREB shutoff” is 

postulated to be the main reason for degeneration in multiple neurological diseases, as the cells are 

deprived of CREB’s neuroprotective role (Hardingham et al., 2002). Ex-NMDAR stimulation inactivates 

the ERK pathway which not only supports the activation of CREB but also prevents apoptosis by 

contributing to BAD inactivation (Hetman & Kharebava, 2006). Likewise, ex-NMDARs reverse the 

sequestration of and activate pro-death FOXO transcription factors (Dick & Bading, 2010). Upon strong 

glutamate stimulation, ex-NMDAR signalling, in stark contrast to synaptic receptors, activates calpains - 

proteolytic enzymes implicated both in apoptosis and necrosis, whose one of the cleavage substrates is 

STEP. Inhibition of STEP cleavage by calpains was demonstrated to protect neurons from glutamate 

toxicity, oxygen-glucose deprivation and, in consequence, cell death (Xu et al., 2009). STEP cleavage 

renders it impotent to dephosphorylate its substrates, one of which is p38 - a kinase normally repressed 

by STEP and involved in neuronal death pathways (Kawasaki et al., 1997; Xu et al., 2009). 

The mechanism of location-dependent effects of NMDAR activation has been partially explained: the 

ERK kinase is activated by sustained synaptic NMDAR signalling and mediates NMDAR activation-

induced gene expression, whereas signalling via ex-NMDARs promotes ERK inactivation by inactivating 

Ras, working upstream of ERK (Kim et al., 2005). Juxtasynaptic attractor of caldendrin on dendritic 

boutons (Jacob) protein is a synapto-nuclear messenger that undergoes phosphorylation by active ERK 

at Ser180 at synaptic sites (Dieterich et al., 2008). Phosphorylation is a prerequisite for Jacob to leave 

the synapse and be transported to the nucleus, where it is associated with active pCREB and triggers 

neuroprotective effects; conversely, when ex-NMDARs are activated, Jacob remains dephosphorylated 

(Karpova et al., 2013). Nevertheless, it is still transported to the cell nucleus, via a mechanism that is 

still to be elucidated (Karpova et al., 2013). Dephosphorylated Jacob then induces a sustained 

dephosphorylation of CREB, switching off the neuroprotective gene transcription (Dieterich et al., 2008; 

Ronicke et al., 2011), therefore being responsible for the CREB shut-off elicited by ex-NMDAR signalling. 

Thus, ERK and Jacob encode the origin of the NMDAR-mediated signalling, but it remains unknown why  
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Figure 1.3. The consequences of synaptic vs extrasynaptic NMDA receptor activation. 

Diagram showing the effect of NMDAR signalling on some of the key proteins that control cell survival and death. 

Activation of synaptic NMDARs leads to activation of CREB, ERK and Akt as well as inhibition of FOXO, p53 and p38, 

rendering neuronal cells resistant to multiple proapoptotic stimuli. On the other hand, activation of extrasynaptic 

NMDARs has the opposite effect on these proteins, activating cell death signalling pathways. 

ex-NMDARs fail to activate the ERK pathway. A more recent study found that ERK/Jacob signalosomes 

are associated with GluN2B, but not GluN2A NMDAR subunits at synaptic sites and their translocation 

to the nucleus requires the activity of CaMKII (Melgarejo da Rosa et al., 2016). 

Aside from the “localisation hypothesis” of NMDA receptors, it has been suggested that synaptic and 

extrasynaptic receptors might be characterized by different subunit composition. Although such 

division is not absolute (Harris & Pettit, 2007; Liu et al., 2004; Petralia et al., 2010; Thomas et al., 2006), 

synaptic NMDARs appear to be more often GluN1/GluN2A diheteromers, whereas extrasynaptic 

receptors GluN1/GluN2B diheteromers (Groc & Choquet, 2006; Lai et al., 2011; Martel et al., 2009; 

Sanz-Clemente et al., 2013; Tovar & Westbrook, 1999). This “unit hypothesis” has been unified with the 

“location hypothesis” by Lai and colleagues to create the “unified hypothesis” of opposing, 

GluN2A/synaptic and GluN2B/extrasynaptic, effects of NMDA receptor stimulation (Lai et al., 2011). 

However, it is still to be determined if different GluN2 subunits actually influence whether NMDAR 

activation will promote either survival or cell death, as the studies investigating the effects of GluN2 

activation focus exclusively on diheteromeric receptors disregarding the existence of triheteromeric 

ones, which have been estimated to account for at least 2/3 of all synaptic responses (Tovar et al., 

2013). 

The distribution and stability of surface NMDARs may be affected by protein-protein interactions 

and posttranslational modifications, as well as proteolytic cleavage of their intracellular C-termini 
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(Gladding & Raymond, 2011; Paoletti & Neyton, 2007). Truncation of the C-terminal tail results in the 

internalisation of GluN2A and GluN2B-containing NMDARs from the synaptic membrane, but does not 

affect the receptors at extrasynaptic sites (Mori et al., 1998a; Steigerwald et al., 2000). Receptor 

stability within the membrane depends largely on the actin cytoskeleton and association with 

scaffolding proteins (Bard et al., 2010; Cingolani & Goda, 2008). Receptors bind to the actin 

cytoskeleton both directly and indirectly, and their anchoring within the PSD is partially dependent on 

cytoskeletal interactions (Allison et al., 2000). Actin filament changes, e.g. their depolymerisation, may 

reduce synaptic NMDAR expression and facilitate their lateral diffusion to extrasynaptic sites (Allison et 

al., 2000; Newpher & Ehlers, 2009). Scaffolding proteins, including PSD-95 and SAP102, are associated 

with NMDARs located both at the synapse and at extrasynaptic sites and may undergo lateral diffusion 

together with NMDARs, as was observed upon depolymerisation of actin filaments (Allison et al., 1998), 

potentially facilitating the assembly of ex-NMDAR-associated signalling machineries (Groc & Choquet, 

2006; Petralia et al., 2010). 

Phosphorylation also plays a role in regulation of receptor surface expression and activity 

(Braithwaite et al., 2006). Goebel-Goody and colleagues have shown that phosphorylation at Tyr1472 

prevents the endocytosis of synaptic GluN2B subunits, whereas extrasynaptic retention is promoted by 

phospho-modification of another residue, Tyr1336 (Goebel-Goody et al., 2009). Additionally, Ser1480 in 

the PDZ-binding motif of GluN2B subunit undergoes phosphorylation by casein kinase 2, which allows it 

to unbind from the synaptic scaffold potentially accounting for its reduced synaptic retention and 

mobility (Chung et al., 2004; Sanz-Clemente et al., 2010). In turn, palmitoylation of NMDARs enhances 

tyrosine phosphorylation (Prybylowski et al., 2005) and it was suggested that insufficiency of this 

modification might promote the shift of the receptors away from the synapse (Gladding & Raymond, 

2011). Palmitoylation is also an important modification for some of the scaffolding proteins, e.g. PSD-95 

and SAP97, influencing their synaptic targeting and receptor clustering properties (Christopherson et al., 

2003). Palmitate modification of PSD-95 by HIP14 has been shown to be AMPAR-activity dependent and 

thus play a role in modulating synaptic strength (El-Husseini Ael et al., 2002; Huang et al., 2004). 

Ubiquitination, among its multiple functions, underlies remodeling of the cytoskeleton and PSD 

scaffolding (Ehlers, 2003). Kato and colleagues have demonstrated that activity-dependent lateral 

diffusion of GluN1-containing NMDARs to the extrasynaptic membrane is followed by GluN1 subunit 

ubiquitination by the Fbx2 protein, promoting receptor degradation by the UPS system (Kato et al., 

2005). Expression of a mutant Fbx2 version unable to mediate ubiquitination led then to the elevation 

of extrasynaptic receptor number (Kato et al., 2005). C-termini of GluN2A, GluN2B and GluN2C subunits 

are also cleavage substrates for calpains, although their cleavage sites are usually protected by 

scaffolding proteins (Dong et al., 2004; Doshi & Lynch, 2009; Guttmann et al., 2001). Such cleavage 

deprives NMDA receptors of most of their regulatory domains, impairing interaction with other 
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proteins, however, their basal conducting properties remain unaffected (Guttmann et al., 2001). 

Cleaved NMDARs are no longer bound to the synaptic scaffold and thus are able to diffuse out of the 

synapse (Gladding et al., 2012). It has been demonstrated by Simpkins and colleagues that calpains 

have a higher affinity for GluN2B than for GluN2A (Simpkins et al., 2003). Since calpains are activated by 

ex-NMDARs (Xu et al., 2009), these enzymes may preferentially cleave NMDARs located at 

extrasynaptic sites, creating a positive feedback loop. On the other hand, C-terminus cleavage may 

expose protein motifs that are recognized by the lysosomal degradation machinery components, thus 

facilitating receptor turnover (Scott et al., 2004). However, if such truncated NMDARs manage to 

escape the control of modulatory elements, they will be retained at the extrasynaptic locations 

potentially contributing to excitotoxicity (Simpkins et al., 2003). 

1.5.2. HD pathomechanism involves glutamate excitotoxicity 

The pathomechanism of HD has been thoroughly studied since the discovery of the causative HTT 

mutation. Mutant hunting not only disrupts the normal interactions between Htt and its protein 

partners, but due to its gain-of-function creates toxic interactions negatively influencing neuronal cell 

processes on many levels (Kaltenbach et al., 2007). Nonetheless, glutamate excitotoxicity is a key 

contributor to the death of MSNs in HD and mHtt has been shown to render neurons more vulnerable 

to excitotoxicity (Fan & Raymond, 2007; Zeron et al., 2002; Zhang et al., 2008). In fact, injection of 

NMDAR agonists into the striatum of rodents or non-human primates, the first model of the disease, 

recapitulates the pattern of neuronal damage seen in HD (Beal et al., 1986; Handley et al., 2006). It has 

been suggested by one research group that excitotoxicity in HD is dependent on extrasynaptic NMDA 

receptors (Fan et al., 2012). Subsequently, Milnerwood and colleagues performed experiments using 

YAC128 and YAC72 HD model mice, where they demonstrated with an electrophysiological approach 

that striatal MSNs have an increased membrane expression of ex-NMDARs (Milnerwood et al., 2010). 

These receptors were found to largely contain GluN2B-type subunits and application of low-dose 

memantine, an ex-NMDAR antagonist, was shown to decrease the sensitivity of MSNs to cell death and 

alleviate the cognitive symptoms characteristic for the early stages of HD in these animals (Milnerwood 

et al., 2010; Milnerwood et al., 2012; Okamoto et al., 2009). In addition, GluN2B-containing NMDAR-

mediated currents and excitotoxicity-induced apoptosis were demonstrated to be enhanced in a polyQ 

stretch length-dependent fashion (Li et al., 2004a; Zeron et al., 2002). 

Consistent with receptor localisation-dependent NMDAR function, a decrease in CREB 

phosphorylation has been observed in YAC128 mice (Milnerwood et al., 2010). However, ex-NMDAR 

activity-driven CREB shutoff is not the only reason why its transcriptional function is inhibited. Studies 

show that mHtt binds CBP much stronger than its wild type version, repressing its activity as CREB co-

activator. At early time points of the disease, mHtt binds and disables CBP’s nuclear entry and at later 
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time points it mediates CBP’s proteasomal degradation, thus causing a continuous repression of its 

transcriptional activity (Cong et al., 2005). 

As it has been mentioned previously, current evidence suggests that the soluble form of mHtt has 

detrimental effects on cell function (Arrasate et al., 2004; Bodner et al., 2006; Nagai et al., 2007), while 

protein aggregation reflects a mechanism adapted by neurons aiming to decrease these toxic effects. 

Ex-NMDAR signalling, however, leads to upregulation of a small guanine nucleotide-binding protein 

named Rhes (Ras homolog enriched in striatum) (Subramaniam et al., 2009). Rhes has been 

demonstrated to prevent mHtt aggregation by eliciting its SUMOylation, a modification that is typical 

for mHtt soluble form, thus contributing to mHtt neurotoxicity (Subramaniam et al., 2009). Since Rhes is 

a protein specific for the striatal neurons, its interaction with mHtt is markedly harmful for the MSNs 

(Falk et al., 1999). However, the presence of Rhes is also detectable in the cerebral cortex (Falk et al., 

1999), where it possibly contributes to the cortical neurodegeneration, perhaps underlying dementia 

and other psychiatric symptoms (Subramaniam et al., 2009). Rhes is also an activator of autophagy, a 

process that is thought to be neuroprotective due to the clearance of mHtt aggregates, via activation of 

the mammalian target of rapamycin (mTOR) kinase signalling pathway (Renna et al., 2010; Sarkar & 

Rubinsztein, 2008; Yamamoto et al., 2006). However, Rhes-induced activation of autophagy is blocked 

in HD neurons by mTOR sequestration in protein aggregates, diminishing autophagic capacity and 

possibly accounting for the striatal-specific HD neurodegeneration (Mealer et al., 2014).  

The UPS provides another mechanism, next to autophagy, for proteostasis maintenance and protein 

degradation (Lim & Yue, 2015). Alas, mHtt also leads to disruption of the UPS components and protein 

quality control system (PQCS) (Ortega & Lucas, 2014). This is supported by the finding that 

haploinsufficiency of Hsp70 (heat shock protein 70)-interacting protein (CHIP), a strategic element in 

the cellular protein quality control systems, induced in GFP-Q82-Htt HD mice markedly worsened the 

disease phenotype in these animals, while non-HD CHIP(+/-) mice are largely indistinguishable from the 

wild-types (Miller et al., 2005). Moreover, eukaryotic proteasomes were shown to be unable to digest 

long glutamine repeats, releasing aggregation-prone polyQ fragments intact (Venkatraman et al., 2004; 

Zheng et al., 2016). Jai and colleagues reported that selective inhibition of histone deacetylase (HDAC) 

ameliorates cognitive symptoms in N171-82Q HD mouse model (Jia et al., 2012). This was due to 

upregulation of multiple genes that are involved in ubiquitination, which prevented the formation of 

nuclear aggregates (Jia et al., 2012). Interestingly, some recent data suggest that protein PQCS 

components are upregulated in cerebellar and hippocampal neurons of presymptomatic R6/2 HD mice 

(Schultz-Trieglaff et al., 2016) providing a possible explanation why these neurons exhibit delayed gross 

macroscopic degeneration compared to striatal MSNs and suggesting that the control of proteostasis is 

cell-type specific. 
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Extrasynaptic glutamate receptor activation is prevented in a healthy brain by the uptake of excess 

neurotransmitter by glial EAATs. The primary glutamate transporter responsible for over 90% of 

glutamate reuptake in the CNS is glial glutamate transporter 1 (GLT-1) (Holmseth et al., 2009). 

A decrease in glutamate uptake efficiency has been suggested to occur in the R6/2 mouse HD model 

(Lievens et al., 2001) as well as in the striatum (Cross et al., 1986) and prefrontal cortex (Hassel et al., 

2008) of human HD brain. A few lines of evidence indicate that the expression of the GLT-1 coding gene 

is decreased in the striatum and cortex of R6/2 mice (Faideau et al., 2010; Lievens et al., 2001). Other 

studies, however, suggest that instead of expression level, it is the function of GLT-1 that is attenuated 

in HD (Huang et al., 2010; Miller et al., 2008). Studies on the YAC128 model show that palmitoylation of 

Cys38 of the GLT-1 protein, a modification required for its normal function, is drastically decreased with 

no change in gene expression, effectively decreasing its glutamate uptake capacity (Huang et al., 2010). 

However, recent real-time glutamate dynamics measurements performed in R6/2 and YAC128 mutant 

mice challenge the view of impaired neurotransmitter uptake being a part of the disease 

pathomechanism (Parsons et al., 2016). Notwithstanding, upregulation of the GLT-1 expression has 

been shown to alleviate HD symptoms in the R6/2 model (Miller et al., 2008). 

Palmitoylation by HIP14 palmitoyl transferase is also required for wtHtt trafficking and function 

(Yanai et al., 2006). In the presence of the mHtt, the interactions with HIP14 are disrupted, resulting in 

reduced palmitoylation of Htt at Cys214. Genetic knock-down of HIP14 has been shown to cause the 

striatal synaptic deficits and motor symptoms characteristic for HD (Sanders et al., 2016; Singaraja et al., 

2002). HIP14 requires palmitoylation itself to function, and Htt is at the same time a HIP14 modulator 

(Huang et al., 2004; Yanai et al., 2006). The presence of the mutant protein renders the palmitoyl 

transferase less active and, as a consequence, HIP14 and its substrates are underpalmitoylated, leading 

to protein mislocalisation and neurotoxicity (Huang et al., 2004; Yanai et al., 2006; Young et al., 2012). 

Palmitoylation is also required in multiple pre- and postsynaptic proteins for their synaptic targeting, 

e.g. PSD-95 (Craven et al., 1999; Young et al., 2012). Lack of this lipid modification in PSD-95 might 

account for its increased association with NMDARs located at extrasynaptic sites (Fan et al., 2009). 

PSD-95 has been demonstrated to bind preferentially to GluN2B subunits at extrasynaptic locations 

in the striatum of YAC128 HD mice, possibly stabilising these receptors and linking them to downstream 

signalling molecules (Fan et al., 2009; Fan et al., 2012). Reduction of the PSD-95’s association with 

GluN2B subunits then proved to restore neuronal susceptibility to NMDAR-mediated excitotoxicity, not 

only in HD model (Fan et al., 2009), but also in cerebral ischemia (Aarts et al., 2002). Moreover, knock-

down of PSD-95 using RNAi also reduced neurotoxicity in YAC-based HD mice with no impact on the 

wild-type animals (Fan et al., 2009), suggesting that the GluN2B/PSD-95 complex is predominantly 

responsible for striatal degeneration in this murine disease model. On the other hand, the association 
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between PSD-95 and GluN2B subunits increases in a polyQ length-dependent manner (Fan et al., 2009). 

It has been proved experimentally that activation of the pro-death p38 kinase is associated with 

extrasynaptic GluN2B/PSD-95 complexes and application of a p38 inhibitor rescued YAC128 striatal 

neurons from apoptosis (Fan et al., 2012). mHtt also induces cell death via a pathway that is 

independent of GluN2B/PSD-95 signalling, i.e. by increasing the activity of JNK pathway (Liu, 1998; Liu 

et al., 2000). It has been found that wtHtt binds and inhibits mixed-lineage kinase 2 (MLK2), a JNK 

activator (Liu et al., 2000). This function is not preserved by mHtt, leading to JNK activation, 

mitochondrial cytochrome c release and apoptosis (Liu et al., 2000). 

An increased number of GluN2B-containing ex-NMDARs correlates with increased calpain activity in 

YAC128 mice (Dau et al., 2014; Gladding et al., 2012). Calpain inhibition has been shown to reduce 

surface non-synaptic GluN2B expression in these animals, reinforcing the evidence that these proteases 

preferentially cleave C-termini of ex-NMDARs, increasing their extrasynaptic retention (Gladding et al., 

2012). Increased NMDAR degradation upon cleavage that has been observed in the cortex (Scott et al., 

2004) seems not to occur in the stratum of this murine HD model. One possible explanation why 

ex-NMDARs are retained on the membrane surface may be the observation that calpains inhibit 

clathrin-mediated receptor endocytosis by degrading necessary clathrin adaptor proteins (Rudinskiy et 

al., 2009). The aforementioned STEP is also a proteolysis substrate for calpains (Xu et al., 2009). 

Surprisingly however, STEP activity has been found to be increased in PSDs of YAC128 striatal neurons 

(Gladding et al., 2012), possibly dephosphorylating GluN2B-containing receptors and promoting their 

movement away from the synapse, thus providing another mechanism for mHtt-induced increase of 

ex-NMDAR signalling. 

At least two positive-feedback loops can be observed in the HD pathomechanism at the cellular level. 

The first one is related to the activity of calpains, which is enhanced by ex-NMDAR activity and calpains, 

in turn, further promote extrasynaptic receptor retention (Gladding et al., 2012). Another positive 

feedback loop concerns peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α). 

PGC-1α expression is inhibited by direct blockage of its promoter by mHtt (Cui et al., 2006). Its 

expression is additionally reduced by ex-NMDAR activity, which impairs the CBP/CREB-mediated 

transcription of PGC-1α gene (Cui et al., 2006). At the same time, downregulation of PGC-1α has been 

shown to increase ex-NMDAR-mediated currents, while its upregulation exerts the opposite effect 

(Puddifoot et al., 2012). 

In the neonatal brain GluN3A is a prevalent component of NMDA receptors, but its expression 

declines to low levels as the brain matures (Perez-Otano et al., 2006). Juvenile GluN3A subunit-

containing NMDARs have been found to be upregulated in YAC128 mice, as a result of sequestration of 
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PACSIN1 – GluN3A-specific endocytic adaptor. This subunit impairs synapse formation and potentially 

negatively influences NMDAR signalling in HD, as well as contributes to increases in GluN2B-containing 

receptors at extrasynaptic sites (Henson et al., 2010; Marco et al., 2013; Martinez-Turrillas et al., 2012). 

Inhibition of PACSIN1 prevents the retrieval of juvenile GluN3A subunit-containing NMDARs, leaving a 

higher proportion of immature synapses (Marco et al., 2013). In the YAC128 model, downregulation of 

PACSIN1 and accumulation of GluN3A in striatal MSNs is observable long before the formation of mHtt 

aggregates. Interestingly, in GluN3A knock-out YAC128 animals, normal synapse function is restored 

and cognitive as well as motor symptoms are alleviated (Marco et al., 2013). 

LTP expression is another process that is impaired in HD, as has been demonstrated in multiple 

disease models (Milnerwood et al., 2006; Murphy et al., 2000; Usdin et al., 1999). In one of the HD 

mouse models, LTP induction has been found to be normal, but the threshold required for LTP 

induction was higher compared to wild-type animals (Usdin et al., 1999). YAC72 mice at late disease 

stages were found to be unable to express LTP at CA1 hippocampal synapses (Hodgson et al., 1999). 

Abnormal expression of LTP and LTD was also reported in presymptomatic R6/1 and R6/2 HD mice, 

both in hippocampal and cortical neurons (Cummings et al., 2007; Cybulska-Klosowicz et al., 2004; 

Milnerwood et al., 2006; Murphy et al., 2000), most likely owing to the alterations in postsynaptic 

NMDAR function. Although the mechanism is still to be elucidated, LTP deficits, and resulting memory 

and cognitive deficits, may be associated with BDNF downregulation, one of the effects of CREB shut-off. 

Application of ampakine, a positive modulator of AMPA receptors, was found to reduce learning deficits 

in CAG140 and R6/2 HD models, as well as slow down the overall disease progression in the R6/2 model 

(Lauterborn et al., 2000; Simmons et al., 2011; Simmons et al., 2009). This occurred due to upregulation 

of excitatory transmission in the brain by ampakine, which in turn led to increased BDNF expression 

both in the cortex and striatum (Simmons et al., 2011). Interestingly, there was no major AMPAR-

related pathomechanism found in HD models to date. 

Although the evidence of the effect of mHtt on the presynaptic terminal is limited, presynaptic 

changes probably forbode the synaptic dysfunction in HD. A study by Romero and colleagues addressed 

this question using a Drosophila HD model expressing human full-length HTT with a 128Q stretch 

(128QhttFL) (Romero et al., 2008). These transgenic fruitflies showed a progressive degeneration of 

photoreceptors and motor neurons, cells specifically expressing the mutant gene, which was caused by 

Ca2+-dependent increase in neurotransmitter release probability (Romero et al., 2008). Interestingly, a 

decrease in the level of proteins responsible for SV fusion, achieved by crossing the HD fruitflies with 

strains underexpressing Drosophila homologues of Munc18, Snap and Syntaxin1, rescued the 

neurodegeneration (Romero et al., 2008). Increased neurotransmitter release and the 

neurodegenerative phenotype were also rescued by removal of one copy of the Drosophila CAV-coding 
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gene (Romero et al., 2008). Although the exact mechanism that leads to increased Ca2+ concentration in 

the presynaptic terminals remains to be unveiled, these results suggest that excessive SV exocytosis 

might play a role in HD pathogenesis. Despite the absence of neurotransmitter release changes in the 

YAC128 model, R6/2 mice show elevated amplitude and frequency of spontaneous EPSCs at MSN 

cortico-striatal synapses at the onset of HD symptoms (Cepeda et al., 2003). It has also been 

demonstrated that as the disease progresses, the probability of release declines (Klapstein et al., 2001). 

An increasing body of evidence from different HD models points in the direction of ex-NMDARs as 

the main culprits responsible for the synaptic HD pathogenesis. Thus, therapeutic approaches that 

target ex-NMDARs and signalling that results from their activation may be beneficial to prevent or treat 

HD in human patients. Major points of the synaptic HD pathomechanism elucidated to date is 

summarised in Figure 1.4. 

1.6. SAP97 as a synapse regulator 

SAP97, also known as Disks large-1 (Dlg1) or human Dlg (hDlg), is a member of the MAGUK family of 

scaffolding proteins (Montgomery et al., 2004; Xu, 2011). SAP97 was originally characterised in 

Drosophila as a tumour suppressor and a protein involved in the assembly of neuromuscular junctions 

(Budnik et al., 1996; De Lorenzo et al., 1999; Woods & Bryant, 1991; Woods et al., 1996). Mammalian 

SAP97 is highly conserved, with high sequence similarity with the invertebrate Dlg1, suggesting 

important functional responsibilities of this protein (Lin et al., 1997; Lue et al., 1994). SAP97 is widely 

expressed throughout the body (Lue et al., 1994; Muller et al., 1995). In the brain, it is predominantly 

expressed in the postsynaptic densities of excitatory synapses in the olfactory bulb, cerebral cortex, 

cerebellum, hippocampus, spinal cord, and corpus callosum (Muller et al., 1995; Valtschanoff et al., 

2000). The number of SAP97 copies in an average PSD has been estimated to amount to 90 molecules, 

however recent studies report lower values, ranging from ~3 to 52 (Chen et al., 2005; Lowenthal et al., 

2015). At the cellular lever, SAP97 protein is present in the soma and dendrites, with diffuse 

distribution in the cell body and dendritic punctate distribution indicating synaptic localisation 

(Rumbaugh et al., 2003; Sans et al., 2001). SAP97 can be also observed in axons, possibly being present 

in the presynaptic boutons (Aoki et al., 2001; Klocker et al., 2002; Muller et al., 1995; Rumbaugh et al., 

2003). 
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Figure 1.4. Synaptic pathomechanism of Huntington’s disease based on animal model studies. 

The diagram summarises the major elements and mechanisms of the synaptic basis of HD, where dotted lines 

indicate movement, green lines - increase in activity and red lines - inhibition. In summary, mHtt likely affects the 

function of all members of the tripartite synapse. STEP signalling is upregulated in the synaptic spine enhancing 

GluN2B dephosphorylation and lateral mobility. Calpains, also upregulated at HD synapses, cause cleavage of the 

C-termini of NMDARs and impair their removal from the membrane by degradation of clathrin-associated proteins, 

hence promoting NMDAR retention at extrasynaptic sites. PSD-95, elevated outside the synapse due to its hypo-

palmitoylation, stabilises GluN2B-containing NMDARs at extrasynaptic sites. The GluN2B/PSD-95 complex causes 

upregulation of p38 signalling, inducing cell death pathways. Ex-NMDARs also promote nuclear translocation of 

dephosphorylated Jacob, which inhibits the activity of CREB. Extrasynaptic NMDAR activity upregulates Rhes 

which reduces mHtt aggregation and increases the levels of toxic mHtt monomers. Rhes fails to activate mTOR 

and associated autophagy pathways due to the sequestration of mTOR in the protein aggregates. mHtt also 

sequesters PACSIN1 – a negative regulator of GluN3A, a juvenile NMDAR subunit which increases the number of 

GluN2B-containing NMDARs. mHtt prevents CBP from nuclear entry blocking the transcription of CREB-regulated 

genes, and directly binds to the promoter of PGC-1α gene, inhibiting its transcription which further increases 

ex-NMDARs, forming a toxic positive feedback loop. Due to mHtt-induced palmitoylation impairment, glutamate 

uptake by GLT-1 is reduced increasing the chances for glutamate to spill over into extrasynaptic locations. At the 

presynaptic bouton, mHtt enhances neurotransmitter release via elevation of presynaptic Ca
2+ 

concentration. 
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1.6.1. The structure of SAP97 

SAP97 is a modular protein containing multiple highly conserved protein interaction domains, 

including three PDZ domains, an SH3 domain, and an inactive C-terminal GUK domain (Lue et al., 1994; 

Schluter et al., 2006; Wu et al., 1998) (Figure 1.5). Moreover, SAP97 mRNA is alternatively spliced at 

three different sites, producing multiple isoforms that differ by their structure and trafficking properties. 

Firstly, alternative splicing of the N-terminus produces two different isoforms, α and β (Schluter et al., 

2006). αSAP97, shorter than the β isoform, contains two amino-acid residues, Cys3 and Cys5 (Schluter 

et al., 2006). The N-terminal domain of αSAP97 undergoes palmitoylation, likely required for its 

synaptic targeting and retention in the PSD (Schluter et al., 2006; Waites et al., 2009). βSAP97 contains 

an N-terminal L27 domain, coded by three exons at the 5’ end of the SAP97 gene. The L27 domain is an 

additional protein interaction module that contains a multimerisation signal as well as CaMKII 

phosphorylation sites (Schluter et al., 2006). A second region of alternative splicing is located at the N-

terminus of the first PDZ domain and involves the insertion of I1A or/and I1B fragments encoding 

proline-rich sequences (Lue et al., 1994; McLaughlin et al., 2002; Muller et al., 1995). Isoforms 

containing both of these inserts, I1B only, or neither of them have been found (McLaughlin et al., 2002; 

Mori et al., 1998b). These proline-rich inserts form the SH3-binding motif (McLaughlin et al., 2002). The 

third alternative splicing site is at the C-terminal region, between the SH3 and GUK domains, which 

contains different combinations of four inserts, I3, I2, I5 and I4 (Lue et al., 1994; Mori et al., 1998b). I2-

I5 inserts are thought to be responsible for determining the subcellular localisation of SAP97, however 

only two of them have been characterised to date: I3 insertion (also called the HOOK domain), targeting 

the protein to the cell membrane, and I2, targeting the protein to the nucleus (Lue et al., 1994; 

McLaughlin et al., 2002). The most common SAP97 variant in the human brain contains the I1A+I1B and 

I3 insert combination (McLaughlin et al., 2002). 

SAP97 isoforms also adopt different quaternary structures, either “compact” or “extended”, with 

αSAP97 more often having the compact and βSAP97 more often having the extended conformation 

(Nakagawa et al., 2004; Tully et al., 2012). Due to the multimerisation signal in the L27 domain, βSAP97 

is able to form homodimers (Feng et al., 2004; Nakagawa et al., 2004). In addition, SAP97 may undergo 

intramolecular interactions that regulate the protein structure: the SH3 domain can interact with the I5 

or GUK motif (McGee et al., 2001; Tavares et al., 2001), and the two alternatively spliced I1a and I1b 

inserts can self-associate or bind with SH3 domains on other proteins (McLaughlin et al., 2002). The 

interaction between SAP97’s N-terminal motifs with the SH3 domain might be responsible for the 

compact/extended conformation changes (Marfatia et al., 2000). Computer modelling experiments 

predict even more intramolecular interactions of SAP97, permitting the existence of a large range of 

conformational states (Wu et al., 2000). 
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Figure 1.5. The structure of SAP97 protein. 

Every SAP97 molecule possesses five highly conserved protein-protein interaction domains: PDZ1-3, SH3 and GUK. 

Additionally, SAP97 transcripts undergo alternative splicing resulting in the expression of multiple isoforms. The 

two main isoforms differ in the composition of their N-terminus, where βSAP97 is equipped with the L27 domain 

and shorter αSAP97 contains an amino-acid sequence that undergoes palmitoylation (indicated by purple 

arrowheads) at two cysteine residues. Another region of alternative splicing is located on the N-terminal side of 

PDZ1, where two different inserts have been identified, I1a and I1b. The last variable region is localised between 

the SH3 and GUK domains, where four different inserts, I2, I3, I5 and I4, can be incorporated into the final SAP97 

transcript. In brain tissue, βSAP97/I1a/I1b/I3 has been identified as the dominant isoform. Apart from 

palmitoylation, SAP97 was found to undergo phosphorylation (indicated by green arrowheads) at two serine 

residues located within L27 and PDZ1 domains. 

1.6.2. The function of SAP97  

Due to existence of multiple protein–protein interaction domains, SAP97 is thought to have multiple 

binding partners, a handful of which have already been identified. The first SAP97 interactor discovered 

is protein 4.1, which interacts with the I3 motif of SAP97 (Hanada et al., 2003; Lue et al., 1994). Protein 

4.1 is a skeletal protein initially found in the plasma membrane of erythrocytes where it creates a 

structural complex with cytoskeleton components spectrin and actin that stabilises the cell structure 

(Conboy et al., 1986). An analogue of protein 4.1 has also been found in the brain, specifically in the 

neurons and glia of the cerebellar cortex, possibly serving a similar function (Goodman et al., 1984). 

SAP97 is the only PDZ protein to directly interact with AMPA receptors (Henley, 2003), as its 1st and 2nd 

PDZ domains bind GluA1 and GluA4 AMPAR subunits (Coleman et al., 2010; Leonard et al., 1998). The 

1st PDZ domain of SAP97 also binds the CTDs of GluN2A and GluN2B subunits of the NMDA receptor 

(Niethammer et al., 1996). In addition, SAP97 interacts with two different subunits (KA2 and GluA6) of 

the kainate receptor (Garcia et al., 1998; Mehta et al., 2001). 

The N-terminal sequence of βSAP97 has been shown to bind myosin VI, an actin-based motor 

protein (Wu et al., 2002). SAP97, by forming a trimeric complex with myosin VI and GluA1 subunits, 
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mediates the intracellular trafficking of AMPARs to and from dendritic spines (Wu et al., 2002). Other 

SAP97 interactors include kinesin family member 1Bα (KIF1Bα) and synaptic scaffolding molecule (S-

SCAM), binding to the PDZ domains, as well as kinesin-like protein KIF13B/GAKIN, which binds to the 

GUK domain of SAP97 (Asaba et al., 2003; Kim & Sheng, 1996; Mok et al., 2002). These examples 

further support the role of SAP97 in axonal and dendritic transport. The second and possibly third PDZ 

domains of SAP97 bind Kir2.1, Kir2.2, Kir2.3 and Kir4.1, members of the inwardly rectifying K+ channel 

family (Horio et al., 1997; Leonoudakis et al., 2001). A complex composed of SAP97, CASK, Veli and 

Mint1 has been identified in the rat brain and is believed to play a role in trafficking and stabilising Kir2 

channels at the cell membrane (Leonoudakis et al., 2004). In addition, SAP97 has been shown to bind to 

Kv1.4, a potassium voltage-gated channel. Overexpression of SAP97 prevented the export of Kv1.4 

channels from the ER (Kim & Sheng, 1996; Tiffany et al., 2000), suggesting SAP97’s involvement in the 

control of their membrane distribution. The GUK domain of SAP97 binds GKAPs, the postsynaptic 

density proteins, and it has been demonstrated that the intramolecular interactions between the SH3, 

U5 and GUK domains in SAP97 interfere with the interactions with GKAPs (Wu et al., 2000). However, 

the SH3 domain binds GUK at a sequence that is different to the GKAP binding site, implying that this 

intramolecular interaction does not simply block the GUK from binding to its partners, but regulates 

these interactions. 

A-kinase anchor proteins (AKAPs) are adaptor proteins that organise kinases and phosphatases at 

the synapse (Schwartz, 2001). SAP97 has been demonstrated to interact with AKAP79/150, a 

scaffolding protein for PKA, PKC and calcineurin, via its SH3 and GUK domains (Colledge et al., 2000; 

Klauck et al., 1996). Interestingly, the association of SAP97 with AKAP79/150 results in a preferential 

targeting of kinases, but not phosphatases, to the PSDs where they regulate the function of glutamate 

receptors (Colledge et al., 2000). Since phosphorylation of the ion channels often results in an increase 

in their conductance, this might imply the role of this interaction in the induction of LTP. The complexes 

formed by SAP97, AKAP and PKA were found to deliver GluA1-containing AMPARs to synapses during 

early stages of classical conditioning, while the complex of SAP97, kinase suppressor of Ras1 (KSR1) and 

PKC is formed at later stages of conditioning, where its responsible for the delivery of GluA4-containing 

AMPARs (Zheng & Keifer, 2014). SAP97 interacts with CaMKII and is phosphorylated by this kinase at 

Ser39, located within the L27 domain, and Ser232, within the 1st PDZ domain (Gardoni et al., 2003; 

Mauceri et al., 2004). Ser39 phosphorylation, in hippocampal neurons in vitro, has been proved to be 

necessary for the targeting of βSAP97 and associated GluA1-containing AMPARs to the postsynaptic 

compartment (Mauceri et al., 2004). Ser-232 phosphorylation, on the other hand, positively regulates 

the association the 1st PDZ domain with GluN2A subunits of NMDARs (Gardoni et al., 2003). GKAP 

proteins also serve as connectors between Shank protein platforms and MAGUK family members, 

including SAP97, via interactions between their GUK domains (Boeckers et al., 1999; Naisbitt et al., 
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1999). Because overexpression of SAP97I3 resulted in the enlargement of dendritic spines (Rumbaugh 

et al., 2003), SAP97 may interact with Shank and other scaffolding molecules and induce their 

recruitment into synapses (Regalado et al., 2006). βSAP97 can also associate with itself, via the L27 

domain, forming homomultimers (Marfatia et al., 2000; Petrosky et al., 2005), which are thought to be 

required for βSAP97 to play its scaffolding role at the PSD (Jeyifous et al., 2016). 

Although multiple studies sought to determine the function of SAP97/hDlg, its exact roles at 

different subcellular compartments are not fully understood. Due to its higher relative abundance, the 

majority of research to date has been focusing on the βSAP97 isoform, disregarding the existence of the 

shorter N-terminal variant. Although different isoforms of SAP97 probably play different roles in the 

brain, current research concentrates on SAP97’s role in trafficking and stabilising the ion channels at 

the synaptic plasma membrane. In the context of this thesis, SAP97’s associations with the AMPA- and 

NMDA-type receptor complexes and their influence on the neuronal excitability and synaptic 

transmission are of particular importance. 

Despite high sequence homology between SAP97 and PSD-95, with the latter scaffolding protein 

also existing in two N-terminal α/β isoforms, the βSAP97 isoform has been shown to be expressed at 

higher levels compared to αSAP97, while αPSD-95 is the principal isoform of PSD-95 (Schluter et al., 

2006; Zhou et al., 2008). The first two PDZ domains of both proteins bind the CTD of NMDAR subunits, 

specifically GluN2A and GluN2B (Kornau et al., 1995; Niethammer et al., 1996). While PSD-95 only 

indirectly binds to AMPARs, SAP97, as the only MAGUK member, can bind directly to the CTD of GluA1 

subunits (Leonard et al., 1998). Jeyifous and colleagues have demonstrated that αPSD-95 exists in 

different, palmitoylation-dependent conformations: when depalmitoylated, αPSD-95 exists in the 

closed “compact” conformation and when palmitoylated, it adopts the “extended” conformation. Only 

the palmitoyl residue-containing extended form of PSD-95 associates with NMDAR and AMPAR 

subunits and the constant activity of the palmitoyl trasferases, by counteracting depalmitoylating 

enzymes, stabilises the structural function of this protein (Jeyifous et al., 2016). Moreover, the PSD-95 

palmitoylation cycle can occur at different rates when this protein is bound to NMDARs and AMPARs in 

their respective postsynaptic nanodomains. Specifically, the palmitoylation cycle has been found to be 

more dynamic in the AMPAR nanodomains compared to the NMDAR nanodomains, which provides an 

explanation for the previous observation that acute PSD-95 knock-down causes a dispersion of AMPAR 

clusters, whereas NMDAR clusters are relatively preserved (Chen et al., 2011; Jeyifous et al., 2016). 

βSAP97 has also been found to exist in extended/compact conformations; however, as it lacks the 

palmitoylation domain, the conformation change occurs via the L27 domain interactions (Nakagawa et 

al., 2004). The L27 motif of SAP97 interacts with the same domain of other SAP97 molecules or the L27 
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domains of other scaffolds, e.g. CASK (Lee et al., 2002; Nakagawa et al., 2004). The default 

conformation of βSAP97 is the compact one; however, upon binding CASK, or when forming 

homodimers through L27-L27 interaction, βSAP97 switches to the extended conformation (Nakagawa 

et al., 2004). βSAP97 binds AMPARs when in the compact conformation and to NMDARs when in the 

extended conformation (Lin et al., 2013). Although the lack of a palmitoylation domain would 

theoretically preclude βSAP97 from its retention at the PSD, experimental data have shown that 

L27-L27 head-to-head dimers of SAP97, in their extended conformation, are present at the PSDs 

functioning as synaptic scaffolds for NMDARs, but not AMPARs (Jeyifous et al., 2016). A hypothesis has 

been proposed that βSAP97 is associated with αPSD-95 at the synaptic NMDAR nanodomains forming a 

scaffold, where PSD-95 is oriented perpendicular and SAP97 is oriented parallel to the PSD plane (Chen 

et al., 2008; Jeyifous et al., 2016). Such organisation, in theory, could prevent the access of 

depalmitoylation enzymes thus accounting for slower palmitoylation dynamics seen in the NMDAR 

nanodomains (Jeyifous et al., 2016). 

1.6.2.1. SAP97 isoforms regulate the localisation of glutamate receptors 

βSAP97 holds a major role in sorting and transport of AMPA and NMDA receptors to synapses, as 

shown in hippocampal neurons (Jeyifous et al., 2009; Sans et al., 2001). βSAP97’s interaction with CASK 

is necessary for the separation of AMPARs from NMDARs in the somatic ER, and their independent 

synaptic delivery has been found to be dependent on the conformation of SAP97 (Lin et al., 2013). The 

conventional route of receptor trafficking, after the synthesis of receptor subunits and their assembly in 

somatic ER, involves their transport to somatic Golgi, internalisation into endosomes and insertion in 

the extrasynaptic membrane from where they diffuse laterally into the synapse and are captured by 

PSD scaffolds (Cognet et al., 2006; Greger & Esteban, 2007; Park et al., 2004). While this conventional 

route is followed by majority of AMPARs, and can be used by NMDARs, an alternative and more 

efficient secretory pathway has been found to exist for NMDA receptors. βSAP97, when bound to CASK, 

is in its extended conformation that makes it bind preferentially to the GluN2A and GluN2B subunits of 

NMDARs (Lin et al., 2013). The SAP97-CASK complex has been identified in the ER-derived vesicles 

containing NMDARs and these vesicles were transported into dendritic Golgi outposts, as opposed to 

somatic Golgi compartment (Jeyifous et al., 2009). On the other hand, SAP97 in the compact 

conformation is not associated with CASK and binds preferentially GluA1 subunits of AMPARs (Jeyifous 

et al., 2009; Lin et al., 2013). Although both AMPARs and NMDARs are synthesised in the same ER 

compartments, they are sorted by βSAP97 at early stages of their secretory pathway in βSAP97’s 

conformation-dependent fashion (Jeyifous et al., 2009; Lin et al., 2013; Sans et al., 2001). While CASK 

does not directly bind NMDAR subunits, it is required for their trafficking via the alternative secretory 

pathway, as silencing CASK caused accumulation of NR1 in somatic Golgi, and as also did silencing of 
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βSAP97 (Jeyifous et al., 2009). Retention of NMDARs in somatic Golgi during βSAP97 or CASK knock-

down has been found to be correlated with lower expression of NMDARs at the synaptic membranes, 

suggesting that the conventional pathway of NMDAR secretion is characterised by a reduced rate of 

their trafficking (Jeyifous et al., 2009). 

βSAP97, by being involved in NMDAR trafficking, has been suggested to control not only the number 

of surface receptors, but also their subunit composition. During brain development, synaptic NMDARs 

containing GluN2B subunits are switched for GluN2A-containing receptors, which is associated with the 

change in NMDAR-mediated current kinetics from slow to fast and this subunit change is dependent on 

the alterations in MAGUK protein expression (Cull-Candy & Leszkiewicz, 2004). SAP102, a dominant 

MAGUK at early developmental stages, does not seem to have a preference for either GluN2A or 

GluN2B subunit with regards to their trafficking (Elias et al., 2008). Subsequent increases in PSD-95 

mRNA translation is thought to drive the subunit change, as in mice with PSD-95 knock-down, the 

replacement of NR2B with NR2A subunits fails to occur resulting in slower NMDAR kinetics in mature 

neurons (Elias et al., 2008). Howard and colleagues have found that βSAP97 can also drive the NMDAR 

subunit switch, as its overexpression resulted in larger NMDAR-mediated currents with faster kinetics 

compared to control neurons, suggesting that SAP97 preferentially interacts with GluN2A compared to 

GluN2B (Howard et al., 2010). The same authors have observed that βSAP97 displays a different 

behaviour compared to other MAGUK members, as unlike SAP102, SAP97 favours GluN2A subunits, and 

unlike with PSD-95 overexpression, βSAP97 overexpression increases the number of surface synaptic 

NMDARs (Howard et al., 2010). This is probably governed by distinct mechanisms, as the authors 

compared the most prevalent isoforms of PSD-95 and SAP97. It is conceivable that, due to the 

established role of βSAP97 in receptor trafficking, despite the preference for GluN2A, increasing its 

expression would result in elevated trafficking of both GluN2A and GluN2B into the synapse. 

Overexpression of αPSD-95, however, instead of enhancing NMDAR trafficking might have only 

increased the number of “slots” for the receptors at the postsynaptic membrane, explaining the lack of 

change in NMDAR-mediated current amplitude. The role of the β isoform of SAP97 in trafficking 

explains its distribution pattern in isoform-specific overexpression experiments (Cho et al., 1992; 

Goodman et al., 2017; Kim & Sheng, 1996; Li et al., 2011; Rumbaugh et al., 2003; Schluter et al., 2006; 

Waites et al., 2009), which is somato-dendritic and diffuse, whereas αSAP97 displays more punctate 

distribution pattern suggesting preferential localisation in dendritic spines (Goodman et al., 2017; Li et 

al., 2011; Waites et al., 2009). 

Due to the lower relative expression and lack of isoform-specific antibodies, the role of αSAP97 is 

not well understood. However, its sequence similarity with αPSD-95 suggests that these two proteins 

assume analogous and perhaps complementary functions. Although an N-terminally truncated SAP97, 
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considered an equivalent to αSAP97 variant, has been shown to more often adopt the compact 

conformation (Tully et al., 2012), αSAP97’s actual conformation it is likely to be palmitoylation-

dependent, as is in the case of αPSD-95 (Jeyifous et al., 2016). Biochemical modification of βSAP97 to 

exchange the L27 domain for palmitoylation motif derived from PSD-95 (effectively mimicking αSAP97) 

and its expression in hippocampal neurons had similar effects on AMPAR-mediated currents as 

overexpression of PSD-95 (Craven et al., 1999; Schnell et al., 2002). Thus, both N-terminal SAP97 

isoforms are thought to serve a scaffolding role in the PSD. Their respective functions at the PSD and in 

response to synaptic activity, however, are not quite clear due to different research groups reporting 

inconsistent results. Some studies have demonstrated that the overexpression of βSAP97 enhances the 

amplitude of both AMPAR-mediated (Howard et al., 2010; Nakagawa et al., 2004) and NMDAR-

mediated currents (Howard et al., 2010) and rescues AMPAR currents reduced by PSD-95 silencing 

(Schluter et al., 2006). One study, where the SAP97 isoform investigated was not specified, showed that 

SAP97 increases the frequency of AMPAR-mediated miniature EPSCs (mEPSCs) (Rumbaugh et al., 2003). 

Another study reported no effect on AMPAR or NMDAR-mediated EPSCs when βSAP97 was 

overexpressed, but an αSAP97-mimicking modification of βSAP97 had a positive effect on both types of 

responses (Schnell et al., 2002). Other groups also reported an increase of evoked and miniature AMPA-

mediated current amplitudes when αSAP97 was overexpressed (Li et al., 2011; Schluter et al., 2006; 

Waites et al., 2009). At the same time, overexpression of βSAP97 was shown to decrease the amplitude 

of AMPA- and NMDA-mediated EPSCs and mEPSC (Li et al., 2011; Waites et al., 2009). This coincided 

with an increase of the failure rate of AMPAR-mediated transmission. The studies have found that 

βSAP97 knock-down has an opposite effect and suggested that this isoform is a negative regulator of 

synaptic transmission (Li et al., 2011; Waites et al., 2009), implying that βSAP97 is a negative regulator 

of synaptic NMDAR and AMPAR pools, facilitating their shift into extrasynaptic sites, while αSAP97 

promotes synaptic localisation of AMPA receptors increasing the synaptic strength. Interestingly, no 

effect of αSAP97 on NMDAR distribution has been identified. Furthermore, both αSAP97 and the 

βSAP97 prevented the induction of LTP (Li et al., 2011). The mechanism, however, was different for 

these two protein variants. αSAP97, by promoting the synaptic targeting of AMPARs, was proposed to 

occlude synaptic potentiation, and βSAP97 prevented LTP by promoting the insertion of AMPARs as 

well as NMDARs into the extrasynaptic membrane (Li et al., 2011). In both α/βSAP97-expressing 

neurons however, LTD could be induced (Li et al., 2011). Based on these results it has been suggested 

that α and βSAP97 play opposing and complimentary roles in regulating excitatory glutamatergic 

neurotransmission (Li et al., 2011). 

The most recent study by Goodman and colleagues, where a super-resolution microscopy approach 

was used to visualize the location of AMPA receptor molecules, has revealed that both overexpression 

of α- and βSAP97 lead to an increased expression of AMPARs at PSDs (Goodman et al., 2017). However, 
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these effects occur via different mechanisms, as αSAP97 causes an increase in PSD size, allowing for 

more AMPARs to be trapped within the postsynaptic membrane (Goodman et al., 2017), which may 

explain increased AMPAR-mediated currents in neurons overexpressing αSAP97 (Li et al., 2011). βSAP97 

increases synaptic AMPAR cluster size as well as their density at perisynaptic sites (Goodman et al., 

2017). These perisynaptic AMPARs may not undergo activation by synaptically released glutamate 

under normal conditions, possibly explaining decreased AMPAR-mediated current amplitude in these 

neurons (Li et al., 2011). In addition, βSAP97 seems to decrease the number of mature synapses, as in 

these neurons there was a higher proportion of filopodia, suggesting that βSAP97 delays spine 

maturation (Goodman et al., 2017). Overexpression of αSAP97, however, has been shown to be 

associated with an increased frequency of functional mature synapses (Goodman et al., 2017), 

providing another explanation for higher AMPAR-mediated current amplitude observed in neurons 

overexpressing αSAP97 (Li et al., 2011). 

SAP97 isoforms have also been found to exert transsynaptic effects. Neuronal whole-cell paired 

recordings with overexpression of βSAP97 in the postsynaptic cell showed a decrease of paired pulse 

ratio (PPR), indicating a positive influence of βSAP97 on the presynaptic release probability (Howard et 

al., 2010). This effect was seen only in mature and not in developing neurons. Transsynaptic signalling 

effects could also underlie the differences in mEPSC frequency and amplitude observed between α and 

βSAP97 overexpressing neurons (Rumbaugh et al., 2003; Waites et al., 2009). Moreover, in one study, 

βSAP97 rescued mEPSC frequency following PSD-95 knock-down by increasing the number of functional 

synapses (Liu et al., 2014). Another study revealed that postsynaptic overexpression of SAP97I3 in 

hippocampal neurons increases the number of synapses as well as promotes the accumulation of 

presynaptic proteins and the size of presynaptic active zone (Regalado et al., 2006). Overexpression of 

PSD-95 in the same cell type has shown similar effects but of significantly lower magnitude (Regalado et 

al., 2006). It has been found that the interactions through the 1st and 2nd PDZ domains of SAP97I3 are 

crucial for its ability to induce the presynaptic changes (Regalado et al., 2006). Since transsynaptic 

signalling must be mediated by synaptic cell-cell adhesion proteins, SAP97I3 is thought to engage with 

several signalling molecules such as cadherin, integrin, and ephrinB, as disruption of either of these 

molecules from the interacton with the presynaptic partners reduced SAP97’s influence on presynaptic 

zone size (Regalado et al., 2006). In contrast, the most recent study has suggested that βSAP97 reduces 

the number of functional presynaptic terminals by limiting the maturation of dendritic spines 

(Goodman et al., 2017). 

Splicing variation and resulting molecular diversity of the SAP97 protein have caused many 

controversies with regards to its function in the past. It is likely that the differences in effects of SAP97 

in the neuronal processes and synaptic functions were due to research groups using different SAP97 
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isoforms, and different expression vectors being controlled by different promoters. In earlier studies, it 

was not detailed which SAP97 isoform is used (Regalado et al., 2006; Rumbaugh et al., 2003). 

Alternative splice sites in the N-terminus that give rise to α and β isoforms are not the only regions 

generating the diversity of SAP97 molecules. The second and third alternative splicing sites, located 

before the 1st PDZ and between SH3 and GUK domains respectively, allow for different combinations of 

alternative inserts, which may render or prevent SAP97 from being capable of making interactions with 

other neuronal molecules. For example, the I3 variant was shown to be necessary for targeting AMPARs 

into synapses in hippocampal neurons and the I5 insert important for SAP97’s intramolecular 

interactions (Rumbaugh et al., 2003). The function of other inserts is yet to be elucidated. 
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1.7. Thesis aims 

Although the detrimental impact of extrasynaptic NMDAR-mediated signalling on the neuronal 

function is well established, the upregulation of ex-NMDARs in HD still remains a hypothesis, as it has 

been shown only in one of the animal models of the disease. Thus, the mHtt-induced alterations in 

NMDAR surface expression require further validation in other model systems. It is also possible that 

SAP97, specifically the β isoform, may be a causative agent directly responsible for changing the 

distribution of NMDA receptors in HD. In addition, as the two N-terminal isoforms of SAP97 seem to 

play distinct roles in regulating the synaptic versus extrasynaptic distribution of receptors, differential 

targetting of α- or βSAP97 may be possible to rescue the normal receptor distribution in HD neurons. 

This thesis therefore addressed the following aims: 

1.7.1. Aim #1 

To determine the NMDA receptor surface localisation profiles in a cellular in vitro model of HD, 

where primary hippocampal neurons were transfected to express either wild-type or mutant huntingtin 

carrying 25- and 97-polyQ tracts respectively. In order to do this, a combination of imaging and 

electrophysiology techniques were used. A super-resolution imaging technique was employed to 

precisely pinpoint the distribution of NMDA and AMPA receptor complexes at the dendritic 

postsynaptic membrane. Subsequent use of electrophysiological recordings aimed to determine 

whether the microscopy observations can be validated functionally. 

1.7.2. Aim #2 

To determine whether mHtt alters SAP97 expression. Changes in MAGUK protein expression in HD 

models have been studied almost exclusively in the context of the dominant form of PSD-95. It is 

unknown whether any other MAGUK plays a role in HD pathogenesis. For this reason, the 2nd aim of this 

thesis was to determine whether SAP97 isoform expression is affected in mHtt-expressing primary 

neurons as well as in the YAC128 mouse brain tissue using immunocytochemistry and western blot 

techniques.  

1.7.3. Aim #3 

To determine whether SAP97 isoforms can alter NMDAR distribution when concomitantly expressed 

with mutant huntingtin. The same set of experimental approaches as in aim 1 were used in order to 

determine what effect the co-expression of N-terminal SAP97 isoforms has on the NMDA receptors in 

mHtt-expressing neurons. Specifically, by overexpressing α- or βSAP97 we aimed to determine whether 

it is possible to restore surface receptor distribution changes observed in mHtt expressing neurons. 
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CHAPTER TWO: METHODS 

2.1. Neuronal cultures 

2.1.1. Dissociated Hippocampal Cultures 

Postnatal day zero (P0) Wistar rat pups of both sexes were used to prepare dissociated hippocampal 

primary neuronal cultures. The use of animals for this study was approved by the University of 

Auckland Ethics Committee. Culture preparations were performed under sterile conditions, using a 

Class II Biological Safety Cabinet (Heraeus). Dissection tools were sterilised by autoclaving prior to use. 

Depending on whether the neuronal cultures were intended for immunocytochemistry or 

electrophysiology studies, 22 millimeter square coverslips (Menzel-Glaser) or 13 millimeter round 

coverslips (Hurst Scientific) were used respectively during cell plating. All coverslips were prepared 

beforehand by overnight sterilisation in 69% nitric acid (Merck, #1017992500) followed by thorough 

individual washing in distilled water and storage in 100% ethanol (Merck, #1.00983). On the day 

preceding culture preparation, coverslips were flamed (to remove the ethanol and ensure sterility) and 

placed in 6-well culture plates (BD Bioscience, FAL353046). Then, 1.5 mL of 10 μg/mL poly-D-lysine 

(PDL; Sigma, #P1149) dissolved in sterile phosphate buffered saline (PBS: 136.89 mM NaCl [Sigma, 

#S7653], 2.68 mM KCl [Sigma, #60128], 10.15 mM NaH2PO4 [Fluka Chemika, #71504], 1.76 mM KH2PO4 

[Sigma, #P5379], pH=7.4) was added to each well of the 6-well plate and incubated overnight at 37°C. 

The purpose of this step was to coat the coverslips with poly-D-lysine in order to facilitate the 

attachment and growth of neuronal cells. 

On the day of culture preparation, P0 Wistar pups were collected from the Vernon Jansen Unit, the 

University of Auckland animal breeding facility, and culled by decapitation in a Class I dissection hood. 

The skin and skull were cut medially with a scalpel blade, then the skull was opened to expose the brain 

which was then removed using a spatula and placed in a plastic 35 millimeter Petri dish (Falcon, 

#353001) containing pre-chilled Hank’s Balanced Salt Solution (HBSS; 9.5 g HBSS [Sigma, #H2387], 

2.38 g 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES; Sigma, #H3375], pH=7.2 with 5 M 

NaOH [Sigma-Aldrich, #S5881] in 1 L of MilliQ water). Subsequently, the dish containing the brain was 

placed under a dissection microscope (Leica), and using two pairs of small curved forceps, the brain was 

first anchored at the level of cerebellum and the two hemispheres were teased apart to expose the 

hippocampi. The hippocampi were then gently removed by cutting the tissue around them and were 

transferred using a thin paintbrush into a new dish containing cold HBSS. The dish with hippocampi was 

then transferred to a Class II biological hood and the tissue was placed in a pre-warmed HBSS solution 

containing papain (≥20 U/mL; Worthington Biochem, #LK003178) and incubated for 15 minutes at 37°C. 
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During the enzymatic digestion in papain, the tube was gently inverted twice (at 5 min intervals) and 

then the enzymatic reaction was halted by exchanging the papain solution with pre-warmed high-

glucose Minimum Essential Medium (MEM; Gibco, #A14518-01) containing 10% Fetal Bovine Serum 

(FBS; Moregate Biotech) and incubated for 2 min at 37°C. Subsequently, the MEM+FBS solution was 

removed and 1 mL of the culturing medium (NBM+B27; Neuro Basal Medium [NBM; Gibco, #21103-

049] with B27 supplement [Gibco, #17504-044] and 1x GlutaMAX [Invitrogen #35050-061]) was added. 

The neurons were dissociated by gentle trituration of the digested hippocampal tissue using a fire-

polished glass Pasteur pipette (Thermo Fisher, #KIM63B93), approximately 15-20 times. The 

undissociated pieces of tissue were allowed to settle at the bottom of a tube and the solution 

containing dissociated cells was transferred into a tube containing pre-warmed NBM+B27 culturing 

medium. The 6-well plate was then washed twice with 2 mL of sterile PBS to remove the excess PDL, 

and the neurons were plated at the density of ~105 cells/mL (2 mL/well). Primary neuronal cultures 

were incubated at 37°C and 5% CO2. At day in vitro 1 (DIV1), 50% of the medium was removed and 

replaced with fresh one. The cultures were maintained up to DIV14. 

2.1.2. Dissociated cortico-striatal co-cultures 

For the preparation of cortico-striatal co-cultures, P0 Wistar rat pups of both sexes were used. 

Equipment used for the preparation of these cultures was the same as for the hippocampal primary 

cultures, i.e. made under sterile conditions, using a Class I/Class II Biological Safety Cabinet and using 

autoclaved dissection tools. As these cultures were intended for immunocytochemistry experiments 

only, nitric acid-treated, PDL-coated 22 millimeter square coverslips (Menzel-Glaser) were used for cell 

plating. 

On the day of culture preparation, the brain was removed from the skull, using the same method as 

described in Chapter 2.1.1, and placed in a plastic 35 millimeter Petri dish containing pre-chilled HBSS. 

To remove the striatum, the brain was first anchored using small curved forceps at the cerebellum and 

the olfactory bulbs were dissected away with a scalpel blade. Next, the rostral part of the cerebrum was 

removed by performing a coronal cut with the scalpel blade at approximately 1/3 of the brain’s length. 

The rostral fragment of the brain, containing the striatal and cortical tissue was transferred to a new 

dish with cold HBSS and dissected further, using two pairs of small forceps, in order to separate the 

striatum from the surrounding cortex. The striatal and cortical regions were transferred to the Class II 

biological hood and dissociated separately with papain, as described in Chapter 2.1.1. After the 

dissociation, both types of neurons were suspended in DMEM+ (DMEM [Gibco, #11965-092] + 10% FBS 

[Gibco, #16000-036]) and cell density was determined using hemocytometer. 
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In contrast to the hippocampal neurons, striatal neurons were transfected via nucleofection prior to 

plating (Kaufman et al., 2012). Nucleofection is an electroporation-based transfection method where 

voltage is used to deliver DNA into the nucleus of suspended cells. In order to nucleofect the striatal 

neurons, the dissociated cells were first centrifuged at 1,200 rpm for 3 min, to settle the cells at the 

bottom of the tube, the DMEM+ supernatant was removed and the cells were resuspended in 100 µL of 

pre-warmed electroporation buffer (Mirus Bio, #MIR50115) containing ~15 µg of the huntingtin DNA 

construct (described in Chapter 2.2). The suspension was then transferred to a nucleofection cuvette 

(Mirus Bio), keeping the cell number per cuvette no more than 2x106. The cuvette was inserted into the 

Nucleofector II device (Amaxa) and the neurons were electroporated using the programme #O-003 

(intended for rat neurons). Immediately after the nucleofection, 500 µL of pre-warmed DMEM+ was 

added to the cuvette and the solution was transferred to a new tube.  

Nucleofected striatal cells were mixed at a 1:1 ratio with previously dissociated cortical neurons, 

diluted to reach the final density of approximately 1-2x106 with DMEM+, and plated on a 6-well plate 

(2mL/well). After 2-4 hours, after the cells have attached to the coverslip surface, DMEM+ was removed 

and replaced with NBM+B27 culturing medium (see Chapter 2.1.1). Half of the medium was exchanged 

with fresh medium every 3-5 days until the neurons were immunolabelled on DIV13. 

2.2. Expression vectors 

In order to study the synaptic changes in HD, a cellular model of the disease was established where 

the dissociated neurons were transfected with pBWN-97Q Htt plasmid containing the 1st exon of the 

HTT gene followed by 97 CAA/CAG alternating repeats and a reporter enhanced green fluorescent 

protein (eGFP) gene at the 3’ end (Figure 2.1). The alternating CAA/CAG sequence ensures greater 

stability in transformed bacterial cells compared to CAG repeats alone (Kazantsev et al. 1999), thus 

avoiding the expansion or shortening of the repeat tract. The same plasmid type carrying 25 CAA/CAG 

repeats attached to the eGFP tag (pBWN-25Q Htt) as well as the plasmid with eGFP tag alone (pBWN-

eGFP) served as controls. All three plasmids contain the CMV-β-actin promoter which directs the 

expression of the nuclear hormone receptor for ecdysone (EcR), a steroidal insect moulting hormone. 

The non-steroidal version of ecdysone, tebufenozide (TFZ; used at the concentration of 0.5 µM), was 

used to activate the heterodimeric receptor complex composed of EcR and endogenous retinoid X 

receptors (Suhr et al., 1998). This receptor complex binds to the ecdysone receptor-responsive 

promoter that controls the expression of the huntingtin/eGFP genes (Figure 2.2). pBWN plasmids also 

contain the ampicillin resistance gene (AmpR) used for bacterial selection. These constructs were 

originally developed by Dr Erik Schweitzer, UCLA (Aiken et al., 2004). 
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Figure 2.1. pBWN vector map.  

Diagram showing components of the vector containing 97Q Htt DNA used in this thesis to establish a cellular 

model of HD. 

 

 

Figure 2.2. pBWN expression system. 

Diagram showing elements taking part in the expression system of pBWN vectors: the expression is induced with 

tebufenozide, a compound which binds to the constitutively expressed nuclear hormone receptor for ecdysone 

(EcR). A heterodimeric receptor complex, composed of EcR and endogenous retinoid X receptors (RxR), forms in 

the presence of tebufenozide and binds to the ecdysone receptor-responsive promoter (6E) switching on the 

expression of Htt/eGFP genes. 
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In order to study the localisation of surface NMDA and AMPA receptors, GluN1 and GluA1 subunits 

were overexpressed using plasmids where their genes are attached to the N-terminal Flag epitope 

(DYKDDDDK) (Cheyne & Montgomery, 2008; Lissin et al., 1998). These plasmids came from the 

laboratory of Professor Craig Garner, Charité University (Li et al., 2011; Waites et al., 2009). Other DNA 

constructs used for the transfection of primary neuronal cultures were subcloned for the purpose of 

this thesis and are described in Chapter 2.2.1. All the plasmids used in this thesis are listed in Table 2.1. 

2.2.1. Subcloning 

2.2.1.1. Primer design and gene amplification 

For the experiments requiring simultaneous co-expression of huntingtin DNA constructs with SAP97 

isoforms, DNA sequences coding for αSAP97 and βSAP97 had to be subcloned from the original eGFP 

gene-containing vectors (pFU-rSAP97I3-EG) into a vector with a different reporter gene type. For this 

purpose, the pmCherry-N2 vector was chosen, carrying the red fluorescent protein mCherry gene 

(Figure 2.3). The polymerase Chain Reaction (PCR) was used to amplify the αSAP97 and βSAP97-coding 

DNA fragments. Phusion High-Fidelity DNA Polymerase (Thermo Fisher, #F530S) was used in PCR 

reactions. All the primers used for gene amplification and sequencing were designed using the Primer3 

online tool (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). The primers used are listed in Table 2.2 and 

the summary of subcloning procedure is presented in Figure 2.4. 

2.2.1.2. Insert DNA preparation 

Primers used for amplification contained EcoRI restriction sites in order to facilitate their ligation 

with the target vector backbone. The final volume of the PCR reaction was 50 µL and the reaction mix 

contained: H2O (27.5 µL), 5X Phusion HF Buffer (10 µL), 10 mM dNTPs (1 µL), 5 µM forward primer 

(5 µL), 5 µM reverse primer (5 µL), 1 U Phusion DNA Polymerase (0.5 µL). The PCR conditions used are 

displayed in Table 2.3. 

After the reaction, 5 µL of the product was run on a 0.5% agarose gel (Invitrogen, #16500) to verify 

the size of amplified DNA fragments. Then, 18 µL of the product was mixed with 2µL of 10XEcoRI-HF RE-

Mix restriction enzyme (New England Biolabs, #R3101) and incubated in a heat-block at 37°C for 30 min. 

After the restriction digestion, the entire solution was loaded on an agarose gel in order to separate the 

digested PCR products from other components of the original PCR reaction. The bands corresponding to 

either of the SAP97 isoforms (Figure 2.5) were excised from the gel with a razor blade and their DNA 

was purified with GeneJET Gel Extraction Kit (ThermoFisher, #K0691). First, the DNA containing gel 

fragments were placed in a 1.5 mL tube and 1:1 volume of the Binding Buffer was added. The gel 

mixture was then incubated at 60°C for 10 min to melt the agarose and vortexed. Melted gel mixture  
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Table 2.1. List of plasmids used in this thesis. 

Table presenting names of all plasmids with their vector backbones, 

cloned genes they carry, as well as type of resistance used for bacterial selection. 

Name Backbone Resistance 

eGFP (TFZ inducible) pBWN Ampicillin 

25Q-eGFP (TFZ inducible) pBWN Ampicillin 

97Q-eGFP (TFZ inducible) pBWN Ampicillin 

Flag-GluN1 pcDNA3 Ampicillin 

Flag-GluA1 pcDNA3 Ampicillin 

αSAP97-eGFP FUGW Ampicillin 

βSAP97-eGFP FUGW Ampicillin 

mCherry-N2 pmCherry-N2 Kanamycin 

αSAP97-mCherry pmCherry-N2 Kanamycin 

βSAP97-mCherry pmCherry-N2 Kanamycin 
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Figure 2.3. Maps illustrating features of the pFU-rSAP97-EG plasmid (top) and pmCherry-N2 vector (bottom), 

used for subcloning of SAP97 isoform-encoding genes. 

The αSAP97 plasmid, not presented here, is constructed in the same way as βSAP97 but lacks the N-terminal L27 

domain sequence and instead contains a palmitoylation signal. The mCherry reporter gene located in the target 

vector is under control of the CMV promoter and contains kanamycin resistance gene (Kan
R
). 
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Table 2.2. List of primers used for subcloning and sequencing of SAP97 isoforms. 

Name Sequence Restriction site Purpose 

SAP97_EcoRI_F GGTGGTGAATTCTAGTAAATTGTCCGCTAAATTCTGG EcoRI (5’) Gene amplification 

SAP97_EcoRI_R GGTGGTGAATTCGATGGATCTTCCACCTGAACC EcoRI (3’) Gene amplification 

Cmv_FWD CGCAAATGGGCGGTAGGCGTG - Sequencing 

SAP97seq_FA GGGAAATTCAGGCCTTGGT - Sequencing 

SAP97_seqFB TCATACTTGGGCCAGACTCC - Sequencing 

SAP97_seqC GAGGCGAAGATGGAGAAGG - 
Sequencing/ 

Colony PCR 

mCherry_outF AAGCGCATGAACTCCTTGAT - 
Sequencing/ 

Colony PCR 

 

 

Figure 2.4. Summary of experimental procedure used for subcloning of α/βSAP97 genes from the eGFP-

containing to mCherry-containing backbone. 

The SAP97 isoform encoding cDNAs were first amplified with PCR using the EcoRI restriction site-containing 

primers and were ligated into the mCherry vector digested with the EcoRI restriction enzyme. 

Table 2.3. PCR programme used to amplify DNA fragments coding for SAP97 isoforms. 

Step Temperature Duration Cycles 

Initial denaturation 95°C 30 seconds - 

Denaturation 

Annealing 

Elongation 

95°C 

66°C 

72°C 

10 seconds 

30 seconds 

1.5 minutes 

30 cycles 

Final elongation 72°C 10 minues - 

Hold 4°C ∞ - 
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was transferred into the GeneJET purification column and centrifuged for 1 min at 14,000 rpm. The 

flow-through was discarded and 100 µL of Binding Buffer was added to the column and centrifuged 

again for 1 min at 14,000 rpm. The DNA bound to the column was washed by adding 

700 µL of the Wash Buffer and the column was centrifuged for 1 min, 14,000 rpm. After the washing 

step, the column was centrifuged for another minute (14,000 rpm) to ensure that all the liquids were 

removed from the column. Then, the column was placed in a new 1.5 mL tube and the DNA was eluted 

with 20 µL endotoxin-free H2O and centrifuged for 1 min at 14,000 rpm. The concentration of the 

prepared insert DNAs was determined using NanoDrop ND-1000 spectrophotometer. 

2.2.1.3. Vector DNA preparation 

In parallel to the insert DNA preparation, the target pmCherry-N2 vector was digested using the 

EcoRI restriction enzyme: 2 µg of maxiprepped pmCherry vector was diluted to 18 µL with H2O and 

mixed with 2 µL of 10X EcoRI-HF RE-Mix, then incubated for 1 hour at 37°C. For the last 15 min of the 

digestion reaction, 1µL of Heat Inactivated Alkaline Phosphatase (Invitrogen, #A14322) was added in 

order to hydrolyse the phosphate groups at the vector ends and prevent self-ligation. After the 

incubation, the alkaline phosphatase was inactivated at 65°C for 5 min. The digested and 

phosphorylated vector was purified using a GeneJET PCR Purification Kit. The mixture containing the 

digested vector was mixed at a 1:1 volume ratio with the Binding Buffer, vortexed and transferred onto 

a GeneJET column. The column was centrifuged for 1 min at 14,000 rpm, the flow-through was 

discarded and 700 µL of the Wash Buffer was added. After 1 min of centrifugation at 14,000 rpm the 

flow-through was discarded and centrifugation was repeated to dry the column. Vector DNA was then 

eluted with 20 µL of endotoxin-free H2O by centrifugation for 1 min at 14,000 rpm. The size of the 

resulting linear vector was verified with gel electrophoresis (Figure 2.6) and its concentration was 

determined using NanoDrop ND-1000 spectrophotometer. 

2.2.1.4. Ligation and colony PCR 

After the SAP97 DNA inserts and the vector had been prepared, the ligation reaction was performed. 

Vector DNA was mixed with each of the insert DNAs at 3:1 molar ratio. 30 fmol of the vector DNA was 

added to 90 fmol of each of the inserts, then 4 µL of 5X Ligase Reaction buffer was added together with 

1 µL (1 U) of the T4 DNA Ligase (Invitrogen, #15224-017). The reaction mixture was increased to 20 µL 

final volume, vortexed gently and incubated at room temperature for 45 min. The ligation reaction was 

performed for 45 min and then the mixture was used to transform the competent bacteria (Chapter 

2.2.2). After transformation, the bacteria were plated onto 10 cm Petri dishes containing LB Agar 

(Invitrogen, #22700-025) and 50 μg/mL kanamycin (Roche, #10106801001) for clone selection. Agar  
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Figure 2.5. Agarose gel containing SAP97 PCR products. 

Two visible double lanes represent purified PCR products containing the genes encoding βSAP97 (2806 bp, middle 

lane) αSAP97 (2518 bp, right lane). The left lane shows the DNA ladder used to determine fragment size. 

 

Figure 2.6. Agarose gel containing the target vector used for subcloning. 

The two right-hand side lanes represent the linear form of the pmCherry-N2 vector (4718 bp) cut with EcoRI 

restrictase. The left lane shows the DNA ladder used to determine fragment size. 
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plates were incubated at 37°C overnight and selected colonies were tested for the DNA construct with 

with inserts in correct orientation by colony PCR. 

The colony PCR final volume was 15 µL, containing H2O (10.4 µL), 5X Phusion HF Buffer (4 µL), 

10 mM dNTPs (0.4 µL), 5 µM forward primer (2 µL), 5 µM reverse primer (2 µL), Phusion DNA 

Polymerase 0.4 U (0.5 µL). SAP97seq_FC and mCh_Fout primers were used for this reaction. The 

reaction mixture was distributed into 0.2 mL PCR tubes, and a sample of the bacterial colony was 

transferred into the tube using a pipette tip and mixed. During the initial denaturation step of the PCR 

programme, bacterial cells are disrupted to release their contents, including plasmid DNA, and 

amplification reaction begins. The PCR programme was the same as shown in Table 2.3, with the 

annealing temperature of 58°C. Using the SAP97seq_FC and mCh_Fout primers, only fragments based 

on the plasmids containing inserts in the correct orientation could be amplified. Clones carrying the 

correct DNA constructs were then used to establish a 5 mL culture for the purpose of DNA 

minipreparation (Chapter 2.2.3). Prepared DNA, together with the sequencing primers (Table 2.2), was 

then sent to the University of Auckland DNA Sequencing Centre for Sanger sequencing in order to 

confirm that they carry desired insert DNAs that are in-frame with reporter gene (mCherry) and free of 

point mutations. The maps of resulting SAP97 isoform plasmids are presented in Figure 2.7. 

2.2.2. Transformation 

Two types of competent E. coli strains were used for transformation. DH5α E. coli (Invitrogen, 

#18265-017) was a general purpose strain used to amplify most of the plasmids. Due to low-efficiency 

of transformation of αSAP97-mCherry and βSAP97-mCherry plasmids with DH5α competent cells, 

XL10-Gold Ultracompetent cells (Agilent, #200315) were used for these two constructs. In order to 

transform the bacteria, an aliquot of 50 µL (DH5α) or 15 µL (XL10-Gold) was thawed on ice and 0.5 µg of 

plasmid DNA was added to it. The bacteria and DNA were mixed gently by tapping on the tube and then 

the tube was incubated on ice for 30 min. The transformation was induced using heat-shock at 42°C for 

20 (DH5α) or 30 (XL10-Gold) seconds. The tubes were returned to ice for a brief (1 min) incubation and 

950 µL of pre-warmed Super Optimal Broth (DH5α) (SOC; Invitrogen, #15544-034) or LB Broth (XL10-

Gold) (Invitrogen, #A1374301) was added. Bacteria were then allowed to proliferate for 1 hour at 37°C 

and 230 rpm agitation. After the incubation, 100 µL of each of the transformed E. coli strains was 

streaked at two different concentrations (undiluted and diluted at a 1:4 ratio in corresponding bacterial 

medium) on agar plates containing antibiotics (ampicillin [Invitrogen, #11593-027], 100 µg/mL, or 

kanamycin [Roche, #10106801001], 50 µg/mL). The plates were kept overnight at 37°C. 
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Figure 2.7. Plasmid maps illustrating the features of the αSAP97-mCherry-N2 and βSAP97-mCherry-N2. 

The two plasmids differ by 288 base pairs coding for the L27 domain, which is located at the N-terminus of 

βSAP97 protein and is absent in αSAP97 protein. 

2.2.3. Plasmid DNA Minipreparation 

A Plasmid Miniprep kit (Invitrogen, #K2100-10) was used to isolate plasmid DNA from a small E. coli 

culture in order to confirm the identity of the DNA before plasmid maxipreparation. 5 mL of bacterial 

culture was incubated overnight in LB Broth (Invitrogen, #12780-052) containing antibiotics. 4 mL was 

taken and centrifuged at 14,500 rpm for 5 min to pellet the cells. The supernatant was discarded and 

the pellet was resuspended in 150 µL of RNAse A-containing resuspension buffer. Then, 250 µL of lysis 

buffer was added and the tube was inverted up to 10 times and incubated at room temperature for 

2 min. The cell lysis reaction was terminated by the addition of 350 µL of neutralisation buffer. The tube 

was inverted again up to 10 times and then centrifuged for 3 min at 14,500 rpm to spin down the cell 
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debris. Plasmid DNA-containing supernatant was then collected and transferred onto a NucleoSpin 

Plasmid Easy Pure Column. The column was centrifuged for 30 seconds at low speed (2,000-3,000 rpm) 

for plasmid DNA binding to the column. The flow-through was discarded and 450 µL of wash buffer was 

added, in order to purify the plasmid DNA, and the tube was centrifuged for 1 min at 14,500 rpm. The 

flow-through was discarded again and the tube centrifuged to dry the column. Finally, 25 µL of 

molecular biology-grade endotoxin-free water was added to the column to elute the DNA, which was 

collected in a new 1.5 mL tube during 1-minute centrifugation at 14,500 rpm. The concentration of the 

DNA was measured using a NanoDrop ND-1000 spectrophotometer.  

DNA isolated during minipreparation was used to confirm the identity of the construct either via 

restriction digestion, followed by agarose gel electrophoresis, or via Sanger sequencing performed at 

the University of Auckland DNA Sequencing Centre. 

2.2.4. Gel electrophoresis 

After the PCR or restriction digestion, DNA fragments were separated using gel electrophoresis in 

order to confirm their identity based on their size. Agarose gels (0.5-1%) were prepared by dissolving 

UltraPure Agarose (Invitrogen, #16500-100) in SYBR Safe DNA gel stain in 0.5x TBE buffer (Invitrogen, 

#S33101) in a microwave oven. The agarose solution was then poured onto the gel tray located in the 

gel electrophoresis tank with a comb insert. When the gel was set, the comb was removed and the gel 

immersed in 0.5x TBE buffer (40 mM Tris-acetate, 20 mM EDTA, pH=8.0). To determine the size of the 

DNA products, 5 µL of 1 kb Plus DNA Ladder (Invitrogen, #10787-018) mixed with 10x BlueJuice loading 

buffer (Invitrogen, #10816-015) was loaded into one of the gel wells. 10x BlueJuice loading buffer was 

added to the samples of post-PCR mixtures, stirred by pipetting up and down, and carefully applied to 

separate gel lanes. In the case of DNA digested with 10x EcoRI-HF RE-Mix, the loading buffer was 

already present in the enzyme mixture and thus was applied directly onto a gel. Electrophoresis was 

performed at 100 mV, using an Electrophoresis Power Supply (Thermo, #EC250-90), for at least 

30 min or until the loading dye had approached the end of the gel. The gel was imaged under ultraviolet 

light using a Gel Doc XR+ imaging system (BioRad) to visualise the DNA bands. 

2.2.5. Plasmid DNA Maxipreparation 

DNA Maxiprep kits (Qiagen, #12362) were used to prepare large quantities of high-quality 

endotoxin-free plasmid DNA that was later used for the transfection of neuronal cultures. An 

Erlenmeyer flask with 150 mL of LB medium was inoculated with leftover mini-culture using a sterile 

plastic loop. In the case of αSAP97-mCherry and βSAP97-mCherry, Terrific Broth (ThermoFisher, 

#A1374301) was used instead of LB for higher plasmid yield. Antibiotics (100 µg/mL ampicillin or 

50 µg/mL kanamycin) were added to the medium and the culture was incubated overnight at 37°C and 
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230 rpm agitation. After the incubation, the bacterial culture was decanted into 50 mL Falcon tubes and 

centrifuged at 6,000 x g for 15 min at 4°C to pellet the cells. The supernatant was discarded and the 

bacterial cells were resuspended in 10 mL of resuspension buffer. Then, 10 mL of lysis buffer was added 

and the tube was inverted 5-7 times and left for 5 min at room temperature to allow the lysis of 

bacteria. The reaction was neutralized by the addition of 10 mL of neutralisation buffer and the tube 

was mixed by inverting 5-7 times. The solution was subsequently poured into the QIAfilter cartridge, 

incubated for 10 min at room temperature and then pushed with a plunger in order to filter the liquid 

fraction through a layer of filtering resin, separating it from the bacterial debris. 2.5 mL of endotoxin 

removal buffer was added and the solution was incubated on ice for 30 min. During that incubation 

period, the QIAGEN-tip 500 was equilibrated with 10 mL of equilibration/QBT buffer. After the 

incubation had finished, the filtered solution was transferred into the QIAGEN-tip 500 and the DNA was 

allowed to bind to the column while the solution was passing through by gravity flow. Then, the column 

was washed twice with 30 mL of QC buffer and the DNA was eluted with 15 mL of elution/QN buffer 

into a new 50 mL Falcon tube. 

Eluted DNA was then purified further by precipitation. First, 10.5 mL of isopropanol was added and 

the tube was centrifuged at 15,000 x g for 30 min at 4°C. The supernatant was removed and DNA pellet 

was rinsed with 5 mL of 70% ethanol and the tube was centrifuged again for 30 min at 4°C, 15,000 x g. 

The supernatant was discarded, the DNA pellet was allowed to air-dry for approximately 10 min and 

then the DNA was resuspended in 50-200 µL (depending on the pellet size) of endotoxin-free molecular 

biology-grade H2O. The DNA concentration, measured using a NanoDrop ND-1000 spectrophotometer, 

was determined by averaging the results of 2-3 measurements and DNA stock solutions were stored at -

20°C. 

2.2.6. Glycerol stocks 

Glycerol stocks were prepared for bacteria carrying each of the plasmid used. To do that, 1 mL of the 

maxiprep culture was transferred into a cryotube (Raylab, #GR122278) containing 1 mL of 100% 

glycerol (Sigma, #G5516) and mixed by pipetting up and down. Tubes were then stored at -80°C. 

Glycerol stocks were used to inoculate antibiotic containing bacterial medium for each maxipreparation. 

2.3. Hippocampal culture transfection 

Primary rat hippocampal cultures were transfected using calcium phosphate co-precipitation at DIV9. 

The principle of this method involves mixing the plasmid DNA with calcium chloride in a buffered 

phosphate-containing saline solution in order to generate a calcium-phosphate–DNA co-precipitate. 

The precipitate is added to the cultured cells, where it attaches to the cell surfaces and is absorbed by 

the cells via endocytosis (Craig, 1998). 
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Each well in a 6-well plate was refed prior to transfection by exchanging 500 µL of old NBM+B27 

medium with fresh medium. Transfection medium was then prepared by mixing neurobasal medium 

(without B27 supplement; NBM-B27) with DL-2-amino-5-phosphonovaleric acid (APV; Sigma, #A5282; 

50 µM) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma, #C239; 10 µM). APV and CNQX are 

NMDA and AMPA/kainate receptor antagonists respectively, that are necessary to protect the neurons 

from excessive Ca2+ entry and subsequent excitotoxic effects. The entire plating medium was 

transferred into a Falcon tube and 1 mL of transfection medium was added to each well. DNA mixture, 

consisting of 60 µL of 2x HBS buffer (274 mM NaCl [Sigma, #S7653], 10 mM KCl [Sigma, #60128], 

1.4 mM Na2HPO4*7H2O [Sigma-Aldrich, #S9390], 15 mM D-(+)-glucose [Sigma, #49139], 42 mM HEPES 

[Sigma, #H3375], pH 7.15), 7.5 μL of 2 M CaCl2 [Sigma, #C4901] and 2-9 μg of plasmid DNA (depending 

on the DNA construct) topped up to 120 µL with H2O, were incubated for 20 min in the dark and then 

added into each well of a 6-well plate, gently swirled and incubated for 30-35 min at 37°C. Culture wells 

were then examined under the microscope for the presence of a fine calcium phosphate precipitation. 

After the incubation, each well was washed 3 times with 1-2 mL of pre-warmed HBSS in order to 

remove the excess precipitate and 1.5 mL of the original plating medium was returned to each of the 

wells. After the transfection, neurons were kept in the incubator at 37°C until used for 

immunocytochemistry or electrophysiology experiments. 

2.4. Immunocytochemistry 

2.4.1. Primary antibody labelling 

At DIV12-13, cultured neurons were fixed and immunolabelled using primary antibodies targeting 

intracellular or surface proteins (Table 2.4). In order to label intracellular proteins, neurons were 

washed twice with PBS (2 mL/well) for 5 min. The neurons were then fixed in 4% formaldehyde (VWR 

Prolabo, #VWRC20909.330) for 20 min at room temperature and washed twice with PBS for 5 min. 

Cellular membranes were then permeabilised using 0.25% Triton X-100 (Sigma, #X-100) for 10 min and 

washed twice with PBS for 5 min. To prevent non-specific binding of antibodies, the neurons were 

incubated with PBS containing 3% normal goat serum (NGS; In Vitro Tech, #VES1000) for 40 min at 

room temperature. All the steps were performed using a rocker table to ensure that the solutions are 

evenly distributed over the entire surface of the coverslips. Neurons were then incubated in primary 

antibodies at specified concentrations (Table 2.4) in PBS containing 3% NGS. Each coverslip was placed 

face-down in 200 µL of the antibody solution and incubated overnight at 4°C. 
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Table 2.4. Primary antibodies used for immunocytochemistry. 

Antibody target Species Manufacturer Concentration 

MAP2 Chicken polyclonal Abcam, #ab5392 1:10,000 

Synapsin I Rabbit polyclonal Sigma, #S193 1:500 

Synapsin I Mouse monoclonal BD Pharmingen, #611392 1:500 

Homer Rabbit polyclonal Santa Cruz, #sc-15321 1:1,000 

VGlut1 Mouse monoclonal Neuromab, #75-066 1:500 

GluN1 Mouse monoclonal BD Pharmingen, #556308 1:500 

GluA1 Rabbit polyclonal Alomone Labs, #AGC-004 1:500 

DARPP-32 Rabbit polyclonal Millipore, #AB10518 1:500 

SAP97 Rabbit polyclonal Thermo, #PA1-044 1:500 

SAP97 Rabbit polyclonal Thermo, #PA1-741 1:500 

FLAG Mouse monoclonal Sigma, #F1804 1:50 

GFP Chicken polyclonal Abcam, #ab13970 1:1,000-1:2,000 

 

2.4.1.1. Surface labelling of endogenous receptors 

Neurons that were labelled for endogenous surface glutamate receptors with anti-GluN1 or anti-

GluA1 antibodies, required a modified labelling protocol where, after paraformaldehyde fixation, the 

coverslips were incubated with primary antibodies before the permeabilisation step. After the 

overnight antibody incubation, the coverslips were washed 4 times for 10 min at room temperature, 

permeabilised using 0.25% Triton X-100 and incubated with additional primary antibodies (2 hours at 

room temperature) targeting intracellular proteins. During the fixation step, however, neuronal 

membranes may undergo a minor amount of pearmeabilisation therefore anti-MAP2 immunostaining 

was used to serve as a permeabilisation indicator (Figure 2.8). MAP2 (microtubule associated protein 2) 

is an intracellular structural protein involved in the microtubule assembly and stabilisation and is 

expressed only in neuronal cells, specifically in dendrites (Chen et al., 1992). Thus, anti-MAP2 antibody 

will only immunostain these fragments of dendrites that are permeabilised. 
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Figure 2.8. Labelling of endogenous GluN1 (A) and GluA1 (B) receptors with MAP2 staining used as the control 

of cell membrane permeabilisation. 

During the initial steps of immunolabelling, especially cell fixation, some areas of the cellular membrane may 

undergo permeabilisation even without the use of detergent. MAP2-positive areas represent permeabilised 

regions of the cell, where not only surface but also intracellular receptors have been labelled. These regions were 

not included in the analysis of surface receptors. 

2.4.1.2. Live-cell surface labelling 

For the experiments where primary cultures were transfected with Flag-tagged receptor subunits 

(Flag-GluN1 or Flag-GluA1), live-cell surface labelling protocol was used (Cheyne & Montgomery, 2008). 

Neurons were incubated with the FLAG antibody diluted at a 1:50 ratio in NBM without B27 

(50µL/coverslip) for 25 min at 37°C. The coverslips were then rinsed twice with pre-warmed 

NBM-B27 and once with 1x PBS for 5 min. Subsequent steps, including fixation, permeabilisation, 

blocking and incubation with additional primary were performed according to the standard protocol 

described in Chapter 2.4.1. 

2.4.2. Secondary antibody labelling 

After primary antibody incubation, the neuronal coverslips were returned to the 6-well plate and 

rinsed four times with 1x PBS for 10 min at room temperature in order to remove the remaining 

unbound immunoglobulins. Then, secondary antibodies (Table 2.5) diluted at a 1:500 ratio in PBS, 

containing 3% NGS, were applied and incubated with neurons for 1 hour at room temperature in the 

dark to avoid fluorophore photobleaching. After 1 hour, coverslips were washed 4 times with 1x PBS for 

10 min at room temperature and mounted onto glass microscope slides, using a mounting media 

specified in Chapters 2.5 and 2.6.1 depending on the imaging process.  
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Table 2.5. Secondary antibodies used for immunocytochemistry. 

Secondary Antibody Fluorophore Manufacturer Concentration 

Donkey Anti-Rabbit IgG Alexa Fluor 594 Life Technologies, #A21207 1:500 

Donkey Anti-Mouse IgG Alexa Fluor 594 Life Technologies, #A21203 1:500 

Donkey Anti-Chicken IgG AMCA 350 Jackson ImmunoResearch, #703-155 1:500 

Goat Anti-Mouse IgG1 Alexa Fluor 647 Invitrogen #A21240 1:500 

Donkey Anti-Rabbit IgG Alexa Fluor 647 Invitrogen, #A31573 1:500 

Goat Anti Rabbit IgG Alexa Fluor 750  Invitrogen #A21039 1:100  

Goat anti mouse IgG  Alexa Fluor 680  Invitrogen #A21058 1:100  

 

2.5. Epifluorescent imaging 

2.5.1. Epifluorescence image acquisition 

Coverslips with neuronal cultures were mounted face down onto ethanol cleaned 76x26 mm 

microscope slides (Menzel-Glaser) with 15 µL of the anti-fading medium Citifluor (Agar Scientific, #AF1). 

Nail polish was then applied around the edges of coverslips to immobilise the coverslip and prevent 

leakage of the medium. Prepared slides were stored at 4°C. 

Images were acquired using a Nikon TE2000E inverted fluorescence microscope in the Biomedical 

Imaging Research Unit (BIRU), the University of Auckland. Intensilight C-HGFI Fiber Illuminator (Nikon) 

was set at maximum illumination intensity throughout the imaging process. The Nikon TE2000E 

microscope utilises a mercury lamp to generate high intensity light which allows the detection of 

emitted fluorescence even with low quantum yield of some fluorophores. Images were obtained with 

an oil immersion 60x objective lens (numerical aperture [NA]=1.25). 16-bit images (0-65535) were 

acquired using an Electron Multiplying Charge Coupled Device camera (Photometrics) controlled by NIS 

Elements imaging software (Nikon, version 4.50). The exposure time was optimised for each 

fluorophore to ensure that the collected signal did not saturate the detector camera. In order to obtain 

a 3D representation of neurons, the images were acquired as Z-stacks with 0.22 µm intervals to satisfy 

the Nyquist sampling criterion, given the approximate 0.5 µm axial resolution of the used objective 

(Bolte & Cordelieres, 2006).  
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Each neuron underwent a quality assessment before imaging. Only healthy neurons, without visible 

cell membrane fragmentation, rupture or abnormal dendritic branching were subjected to imaging. As 

the plasmid DNA expression levels varied between all transfected neurons in each culture, only medium 

to high expressing neurons were chosen for imaging. Although in the hippocampal cultures pyramidal 

neurons constituted the majority (~90%), other cells including interneurons and glia could also be found. 

Therefore, only neurons with pyramidal-shaped soma, distinctive apical dendrite and ≥2 basal dendrites 

were selected for imaging. In cortico-striatal co-cultures, only the transfected medium spiny neurons 

were imaged, and were identified by MSN-specific DARPP32 immunolabelling. 

2.5.2. Epifluorescence image analysis 

Analysis of the epifluorescence images was performed using the open-source ImageJ software 

(National Institutes of Health, USA, v1.49f). For synaptic protein immunolabelling, two parameters of 

the labelling were measured: (1) density of labelled puncta per 10 µm of dendrite length, and  

(2) average puncta intensity. In cases where presynaptic immunolabelling was also performed, the 

density and intensity of postsynaptic puncta co-localised with the presynaptic labelling were also 

measured (Arons et al., 2012). 

For each transfected neuron, typically up to four sets of z-stack images were acquired to capture 

fluorescent labelling at multiple wavelengths. The different wavelengths came from the following 

fluorescent molecules: Alexa Fluor 594, Alexa Fluor 647, AMCA 350 nm (conjugated to the secondary 

antibodies) and eGFP (encoded by the plasmids used for transfection). These fluorescent molecules 

have their peak emission spectra at 617 nm, 665 nm, 450 nm and 507 nm respectively (Shaner et al., 

2005; Wiederschain, 2011). This multi-channel imaging resulted in image sets representing the plasmid-

encoded fluorophore (eGFP), the labelled postsynaptic protein of interest (GluN1, GluA1 or Homer), the 

labelled presynaptic marker (synapsin 1 or VGlut1) (Figure 2.9A-C) and an image with MAP2 labelling, 

which is specific for neuronal cells and results in diffuse staining of the dendritic arbor. Such z-stacks 

then underwent image processing and analysis. Firstly, from all the z-stacks, out-of-focus images were 

removed and in-focus ones were used to create a maximum intensity projection (MIP) image, which 

resulted in a higher signal-to-noise and contrast-to-noise ratio single image (Cheyne & Montgomery, 

2008). Then, the MIP images from each of the different emission spectra channels were merged to 

create an RGB colour image (Figure 2.9D). A mask of the dendritic segments excluding overlapping 

neuronal processes and branch points were generated using the drawing tool (white colour brush tool) 

(Figure 2.10A). The thickness of the drawing tool was always adjusted to cover only the dendrite and 

not the surrounding area. The merged image was converted into 8-bit and the intensity threshold was 

set to maximum to only select the drawn mask (Figure 2.10B). The selected mask was added to the 

region of interest (ROI) manager and then used for quantification of labelling in all the channels of 
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interest. To measure the length of the dendritic mask (which was necessary to quantify the puncta 

density per dendrite length), the Skeletonize tool was applied on the dendritic mask image, which 

removes pixels from the edge of the dendritic mask and reduces it to a single pixel-wide shape so the 

total length of the analysed dendrite could be calculated (Figure 2.10C). 

Synaptic puncta number and intensity were quantified on MIP images of synaptic protein labelling. 

Firstly, the bit depth was adjusted for each image to match the 16-bit register (0-65535). Then, the 

image was converted to 8-bit and the background was subtracted using the rolling ball radius (RBR) tool 

in the “Subtract background” box (Figure 2.11A). Subsequently, the image was thresholded using the 

zippers in the “Threshold” box (Figure 2.11B). Different combinations of RBR and threshold value were 

tested for each of the used antibodies in order to (1) remove the background noise, (2) to focus the 

labelled puncta (including small ones) for analysis and (3) to prevent merging of two or more adjacent 

puncta. Optimal RBR and threshold values for each antibody were then kept consistent across all the 

images within each experimental set. After thresholding, the Watershed tool was used in order to 

separate the adjacent puncta that were not separated by the RBR/Thresholding combination. To obtain 

a list of positions of the remaining puncta, the Analyse Particles tool was applied (Figure 2.11C). The 

positions of all the puncta located within the dendritic mask were then overlaid on an image 

representing the outline of the dendrite (eGFP or MAP2 labelling) (Figure 2.11D). This was done to 

ensure that all the puncta were within the dendritic area and any puncta that were located outside of 

this area were deleted from the ROI list. This resulted in a final list of puncta positions, each located 

within the dendritic area covered by the mask, on which quantification was performed. In order to 

obtain the intensity measurements, the greyscale range of each MIP image was adjusted to the 16-bit 

register, and the previously determined puncta locations were overlaid on the image and the mean 

grey values (0-65535) of the puncta areas were obtained by clicking the Analyse button in the “ROI 

manager” box. In order to calculate the puncta number per 10µm of dendritic length the formula 

𝐷𝑝𝑢𝑛𝑐𝑡𝑎 =
𝑁𝑝𝑢𝑛𝑐𝑡𝑎

𝐿𝑑𝑒𝑛𝑑𝑟𝑖𝑡𝑒×0.2581
× 10 was used, where a pixel, the unit of dendrite length(𝐿), corresponds to 

the distance of 0.2581 µm on the image. 
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Figure 2.9. Multichannel labelling of an example neuron. 

Each neuronal cell that was imaged was labelled with up to four fluorescent labels representing different cellular 

proteins. Images of each of the channels, acquired as z-stacks, were converted into a maximum projection image. 

(A) Labelling of GluN1 subunit of the surface NMDA receptors. (B) Labelling representing synapsin 1, a presynaptic 

marker. (C) Neuron transfected with the pBWN-eGFP plasmid. (D) Image representing all the three channels 

merged into a single image. Dendritic masks were drawn on these overlaid images for the quantification of 

density and intensity of the labelling of synaptic proteins of interest. 
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Figure 2.10. Image analysis steps applied to create a dendritic mask. 

(A) The white colour brush tool was used to draw a dendritic mask on a merged multichannel image. (B) The 

image was converted into 8-bit and the intensity thresholding was used to select the drawn mask only. Masks 

were then added to the region of interest (ROI) manager. (C) An example of skeletonized mask of the selected 

dendritic segments representing the total length of the analysed dendritic areas. 

To measure the degree of colocalisation of the postsynaptic protein puncta with presynaptic protein 

puncta, synaptic protein puncta obtained from one image were overlaid onto a thresholded version of 

another image (Figure 2.11E). Only puncta that were overlapping, either completely or partially, were 

considered co-localised (or synaptic). Puncta that were not co-localised were discarded (Figure 2.11F). 

Then, the density of co-localised (synaptic) puncta along 10 μm length of dendrite was calculated by 

dividing the total number of synaptic co-localised puncta by the length of the analysed dendrite. 

For the purpose of statistical analysis, the puncta density and intensity values in each neuronal 

transfection group were averaged. Statistical testing was performed using GraphPad Prism 7.0 software. 

One-way analysis of variance (ANOVA) was used initially, followed by post-hoc 2-sided Dunnett’s test. In 

some cases an additional post-hoc Tukey’s test was applied. The level of significance (α) was set at 

p < 0.05 (*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001). All the data were presented as 

mean ± standard error of mean (SEM) and the number of samples represents the number of images of 

individual neurons collected from at least three independent primary culture sets. 
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Figure 2.11. Image analysis steps. 

The bit depth of maximum projection images was adjusted to match the 16-bit register (0-65535) and then the 

images were converted to 8-bit. Subsequently, background was subtracted (A) and an image representing 

postsynaptic protein labelling was thresholded to select only the punctate labelling (B). Background subtraction 

and thresholding values were optimised for each antibody and kept consistent across all images within each 

experimental set. Then, a map of all the puncta within the mask boundaries was acquired (C). These puncta 

localisations were overlaid on an image with diffuse dendritic staining (D). All the puncta outside of dendritic area 
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were removed (e.g. as indicated by red arrowheads in D). Resulting dendritic puncta coordinates were used to 

measure their intensity based on the original maximum projection image and their number per 10µm dendrite 

was calculated. The same puncta coordinates were then overlaid on a thresholded image representing the 

presynaptic marker (E) and all the puncta that were not overlapping or immediately adjacent to the synaptic 

maker labelling of sufficient intensity (depending on the threshold value previously used for quantifying the 

number and intensity of the synaptic marker puncta) were deleted resulting in a map of co-localised/synaptic 

puncta (example of puncta colocalisation indicated by green arrowhead in F). Co-localised puncta intensity was 

then measured using the original MIP image representing the postsynaptic protein labelling. Finally, the density of 

co-localised puncta per 10 μm dendrite was calculated. 

2.6. Super-resolution imaging 

Direct stochastic optical reconstruction microscopy (dSTORM) is a super-resolution imaging 

technique that uses conventional fluorophores that are switched on and off multiple times during the 

imaging process, allowing for the construction of an image based on high-accuracy localisation of 

individual molecules with up to 20 nm resolution (Bates et al., 2007; Rust et al., 2006). In dSTORM, high 

laser power is used to excite all the fluorophores that, under reducing conditions, are encouraged to 

enter the so-called “dark state” (Heilemann et al., 2008). A fraction of the fluorophores can then return 

from the dark state followed by an entry into the photon-emitting fluorescent state (Figure 2.12). This 

process occurs in a stochastic manner, i.e. in each image, out of a sequence of images, only a small 

subset of single molecules is in the fluorescent state. Once the fluorescence of single molecules is 

detected, their locations can be derived from the centroid of their point spread function (PSF) and the 

overall image can be reconstructed (Baddeley et al., 2009). Thus, the resolution of dSTORM method is 

limited by the ability to precisely localise each of the single molecules and not by light diffraction, as it is 

in conventional light microscopy techniques (Smolyaninov, 2008). 

The dSTORM setup used for experiments in this thesis was designed and constructed by Dr David 

Baddeley and Professor Christian Soeller at the University of Auckland (Figure 2.13; Baddeley et al., 

2011). It consists of a modified Nikon TE2000 inverted microscope with oil-immersion 60x 1.49NA total 

internal reflection fluorescence (TIRF) objective (Nikon). Instead of TIRF mode, however, highly inclined 

and laminated optical sheet (HILO) microscopy was used. HILO microscopy allowed for a ~7.6-fold 

increase in the signal-to-background ratio, if compared to regular epifluorescence microscopy, by 

illuminating a specimen with a thin optical sheet at the specimen side by a highly refracted laser beam 

(Tokunaga et al., 2008). The microscope was equipped with a mercury arc lamp, a solid state 671 nm 

diode laser (Viasho, #VA-I-N-671) and an electron multiplying charge coupled device (emCCD) camera 

(Andor IXon, #DV887DCS-BV). In order to minimise mechanical drift, an objective holder was fused to 

the microscope stage. A beam splitter and a dichroic mirror (Semrock, #FF741-Di01) enabled imaging of 
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two separate targets labelled with different infra-red fluorophores (Alexa Fluor 680 and 750; Figure 

2.14A) using the same emCCD by focusing each of the two channels onto two 512x256 pixel halves of 

the camera. Thus, with this dSTORM setup it was possible to simultaneously image two different targets 

in 3 dimensions and with ~30 nm effective resolution. Spectral separation, combined with subsequent 

ratiometric separation based on the intensity of the two colour channels (Figure 2.14B), resulted in 

~0.4% crosstalk between the two channels (Baddeley et al., 2011; Baddeley et al., 2009). The advantage 

of using infra-red dyes was low autofluorescence and hence increased contrast of the detected signal. 

dSTORM image acquisition, rendering and processing were performed using open-source Python 

Microscopy Environment (PYME) software written by Dr David Baddeley. 

In contrast to standard fluorescence microscopy, in multicolour super-resolution localisation 

microscopy it becomes necessary to account for the phenomenon of chromatic shift, especially when 

imaging two channels with a single camera. For this purpose, a shift field calibration was done before 

each imaging session, using 200 nm diameter dark-red (Ex/Em = 660/680 nm) fluorescent beads 

(Invitrogen, #F-8807). The region with fluorescent beads, separated by at least 500 nm, was selected 

and imaged under the mercury arc lamp illumination with 1 second exposure time on both halves of the 

emCCD camera. During the imaging protocol, the sample was moved several times in a computer- 

controlled manner to cover the whole field of view. This resulted in the generation of a vector map 

representing the displacement of the beads between the two channels (Figure 2.14C). Each shift field 

was fed into the software prior to image acquisition and was taken into account during the image 

reconstruction. 
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Figure 2.12. A variation of the Jablonski diagram showing different states that fluorescent molecules transition 

between during dSTORM imaging. 

Under light illumination, orbital electrons in fluorescent molecules undergo excitation to a higher energy state (S1). 

The excited state is very short-lived (nanoseconds) and from there the molecules can return to a stable ground 

state (S0) emitting a photon. Alternatively, under certain conditions (here: high power laser illumination), the 

molecules can transition into a triplet state (T1) and further to a long-lived (milliseconds) dark state (D) under 

reducing conditions that quench the triplet state. During dSTORM image acquisition, the majority of fluorescent 

molecules must reside in the reversible inactive/dark state. Fluorescent molecules can then relax back to the 

ground state in a stochastic manner and re-emit fluorescence, provided that the molecules are prevented from 

permanent photobleaching (here: by using oxygen scavenging enzymes). 
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Figure 2.13. Schematic diagram of the dSTORM setup used in this thesis. 

A single diode laser was used to provide excitation for two different far-red fluorescent dyes and emitted light was 

split into two bands using a dichroic mirror. These bands were imaged side by side on two halves of a single 

emCCD camera. 
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Figure 2.14. Spectral separation of the photon output from the two far-red fluorescent dyes. 

(A) Excitation (dotted lines) and emission (solid lines) spectra of Alexa Fluor 680 and 750 fluorophores used in 

dSTORM imaging in this thesis. The two dyes were excited with a single 671 nm laser (red vertical line) and 

separated with a dichroic filter (shaded area) whose >90% transmittance falls between 750 and 810 nm. (B) Plot 

of the fluorescence intensity of each detected fluorescent molecule between the different channels indicating two 

distinct populations (the red versus the blue), allowing each molecule to be assigned to a particular channel with 

low error probability. (C) A vector shift field showing the distribution of chromatic shifts between two halves of 

the emCCD camera over the field of view, measured using dark red fluorescent beads. Arrows represent the 

magnitude and direction of the vector shifts. Vector shift fields were acquired before each imaging session and 

used for the compensation of chromatic shift during fitting of single molecule events. 
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2.6.1. Sample preparation for dSTORM imaging 

Neuronal cultures were immunolabelled with Alexa Fluor 680 and 750 secondary antibodies, as 

described in Chapters 2.4.1 and 2.4.2, and the coverslips were mounted onto glass slides using 

a ”switching buffer” which contained the reducing agent 2-mercaptoethylamine (MEA) and oxygen 

scavenging enzymes. This medium helps to force the infra-red fluorescent molecules to enter the long-

lived dark state as well as reduces photobleaching during image acquisition (Baddeley et al., 2011; 

Heilemann et al., 2008). If the time the fluorophores spend in the dark state is prolonged compared to 

the fluorescent state, the number of active fluorophores at any given time is decreased (Folling et al., 

2008; Heilemann et al., 2005; Vogelsang et al., 2008). The switching buffer (5 mM MEA (Sigma, 

#M9768), 0.5 mg/mL catalase (Sigma, #C3515), 50 µg/mL glucose oxidase (Sigma, #G2133) dissolved in 

90% glycerol + 10% wt/vol glucose (Sigma, #G0350500), pH 7.5-8) was prepared fresh before each 

imaging session. The buffer was mixed gently with a pipette tip, avoiding the exposure to air and air-

bubble formation, and left for ~30 min at 4°C before use. Approximately 13 µL of the switching buffer 

was used per glass slide. Nail polish was then applied to seal the edges of the coverslips and to prevent 

buffer leakage and aeration. 

2.6.2. dSTORM image acquisition 

Before image acquisition, a region of interest representing distal dendrites of pyramidal neurons was 

located using mercury arc lamp illumination. This was necessary to ensure that the selected area 

contained sufficient labelling with both Alexa Fluor 680 and 750 antibodies and was performed using 

the diode laser with a neutral density filter set at 4.5 in order to minimise photobleaching. At the 

beginning of the image acquisition protocol, the specimen was illuminated using the mercury arc lamp 

to excite all the fluorophores in the field of view. These fluorophores transitioned from the non-

fluorescent S0 ground state to the fluorescent S1 state. Then, a 10-second-long illumination with the 

671 nm laser (approximately 200-300 mW intensity) was used to force the excited fluorophores to 

enter the triplet state, from where they then could, under reducing conditions, go into the long-lived 

dark state. Subsequently, some of the fluorophores stochastically recovered from the dark state, 

returning to the ground S0 state and then fluorescent S1 state. The cycle was repeated and was seen as 

blinking of the fluorophores in the field of view. The images were acquired at 20 Hz for approximately 

20,000 frames (~15 min). In addition, at the start of the protocol, for ~1-2 seconds, the emCCD gain was 

set to 0 in order to avoid camera saturation. During the rest of the image acquisition protocol, the 

electron amplifier gain of 35 was used. 

After imaging, the locations of single molecules were determined using a 2D Gaussian fitting 

algorithm (Baddeley et al., 2011; Baddeley et al., 2009). By plotting the photon output as a ratio 
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between the 680 and 750 channels, the distribution of single molecules was clearly separated into two 

distinct populations (figure 2.14B). The number of molecules detected per image cycle typically varied 

between 100,000 – 300,000 events. The positions of single molecules were then translated into a 

density map using jittered Delaunay triangulation algorithm (Baddeley et al., 2010). The resulting 32-bit 

image had a pixel size of 5 nm and each of the pixels was assigned an arbitrary fluorescence intensity 

that scaled linearly with the local density of single molecules. 

Since the dSTORM setup was based on an epifluorescence microscope, widefield images were 

acquired after the super-resolution imaging, using the mercury arc lamp. This allowed imaging of two 

additional channels, eGFP/Alexa Fluor 488 and mCherry/Alexa Fluor 568/594. Images from these 

channels, from the same field of view as dSTORM image, were acquired as z-stacks with 0.2 µm 

intervals to a depth of 5 µm with varying exposure time depending on the signal intensity. The widefield 

images encompassing the same field of view were required for the analysis of dSTORM images. 

2.6.3. Analysis of super-resolution images 

Analysis of the dSTORM images was performed with PYME image processing software (David 

Baddeley, Yale University) in combination with ImageJ software. Each super-resolution image consisted 

of two channels, the receptor labelling (GluN1 or GluA1) and the synaptic marker (Homer). After image 

acquisition, the raw image was rendered to obtain the composite image that then served for 

colocalisation analysis between the two proteins. To do this, the raw image was opened in VisGui 

software and the drift correction was applied to compensate for the chromatic drift, based on the 

shiftfield used on the day when the image was acquired. Then, the frame limit was set at 20,000 and 

the photon output from the two infra-red fluorophores was separated ratiometrically using the 

0.89 value for Alexa Fluor 750 nm (Homer labelling) and 0.13 for Alexa Fluor 680 (AMPA and NMDA 

receptor labelling). Subsequently, the jittered triangulation protocol was applied to convert the raw 

image into a 2-channel density map (further referred to as the super-resolution/dSTORM image). 

Each super-resolution image was accompanied by widefield (epifluorescent) images of the same 

field of view representing the labelling encoded by the plasmid used for transfection and/or MAP2 

labelling, showing the dendritic outline (Figure 2.15A-B). These widefield images were crucial for the 

analysis of the super-resolution images, as they allowed for the spatial identification of the 

receptor/Homer labelling that belonged to the dendrite of transfected neuron. As widefield images 

were acquired as z-stacks, the out of focus images were removed from the sequence and the remaining 

images were merged and converted into an MIP in ImageJ. Both types of images from the same field of 

view were then aligned (Figure 2.15C). This was done manually due to pixel shifts and size differences 

between the two image types. In order to do that, the widefield image was first scaled by a factor of 
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14.5 and its pixel size as well as bit depth was adjusted to match the size and bit depth of super-

resolution images. Subsequently, the three images (two channels from the dSTORM image plus one 

widefield image) were merged to create a 3-channel composite image. In case of misalignments 

between the images, the widefield image position was manually adjusted so it accurately overlaid the 

labelling on the dSTORM image. Based on the 3-channel composite, a mask representing the outline of 

the analysed dendrite was created, using ImageJ’s freehand drawing tool along the dendrite borders, as 

seen on the widefield image. Drawn lines were then added to the ROI manager and were displayed on a 

new blank (black background) image of the same canvas size. The image was then flattened, converted 

into binary and saved as an original dendrite mask (Figure 2.15D). 

Using dh5 software (part of the PYME software), a 2x2 pixel Gaussian filter was applied to the super-

resolution image to smooth the edges of labelling areas. The 2-channel image was then split into two 

separate channels and an automated threshold was applied on both channels so that in each of them 

75% of the labelling intensity was retained. Such thresholded images were then converted into binary 

masks. Masks representing the synaptic marker (Figure 2.15E) were then opened in ImageJ, together 

with the original dendrite mask. The image calculator was used to create another mask of synaptic 

marker labelling that lay only within the boundaries of the transfected dendrite (Figure 2.15F). 

Additionally, the same image calculator was used to create a mask of receptor labelling located within 

the dendrite boundaries and this mask was used to measure the total receptor labelling area (unscaled), 

which was subsequently normalised to the total dendritic surface area. Normalised receptor surface 

area was compared between neuronal transfection groups using one-way ANOVA and 2-sided 

Dunnett’s test with the level of significance (α) set at p < 0.05 (*, p-value < 0.05; **, p-value < 0.01; ***, 

p-value < 0.001); all the data were presented as mean ± SEM. 

Still in dh5 software, the two channels of the dSTORM image were split, and the image representing 

the total labelling of the receptor was used to create a composite with the dendritic synaptic marker 

mask. The dh5’s colocalisation tool was then applied, measuring the colocalisation of the protein of 

interest from the synaptic marker labelling using 20 nm bins. The minimum and maximum measured 

distances were -300 nm and 500 nm respectively. Labelling of the protein of interest that was located at 

negative distances translated to labelling within the synaptic marker labelling, and the receptor 

labelling located at positive distances - outside thereof. The colocalisation measuring algorithm 

produced histogram-type graphs representing the relative distribution of both proteins. The results of 

this analysis were saved as a text file. The saved file contained a set of values representing the fractions 

of receptor labelling at varying distances from the border of the nearest synaptic marker labelling. 

These data were first averaged within each transfection group and analysed descriptively: each distance 

value was weighted by its respective labelling fraction and then the median and interquartile range  
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Figure 2.15. Creating a dendritic mask for the dSTORM image colocalisation analysis. 

Widefield image representing MAP2 labelling (A) and 2-channel super-resolution image representing receptor 

(green) and synaptic marker (red) labelling (B) were overlaid (C), creating a 3-channel composite image. The 

outline of the analysed dendrite was drawn using the freehand drawing tool in ImageJ, creating a dendritic mask 

(D). The binary mask of synaptic marker labelling generated based on the super-resolution image in dh5 software 

(E) and the dendritic mask were used to generate, using ImageJ’s image calculator, a new mask containing only 

the synaptic marker labelling lying within the boundaries of the selected dendrite (F). 
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(IQR) were found using SPSS software. Subsequently, the labelling fraction values were divided into 

three groups, -300-0, 20-100 and 120-500, and averaged across the neurons representing the same 

transfection group. The averaged fraction values were tested statistically using GraphPad Prism 7.0 

software. One-way ANOVA was used initially, followed by post-hoc 2-sided Dunnett’s test with α set at 

p < 0.05 (*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001; ****, p-value < 0.0001). All the data 

were presented as mean ± SEM. The number of samples represents the number of images of individual 

neurons (collected from at least three independent culture sets). 

2.7. Whole-cell patch clamp recordings 

The electrophysiology system utilised for the whole-cell patch clamp experiments in this thesis 

consisted of a modified Olympus BX51WI microscope mounted on a vibration isolation table (TMC, #63-

563) and situated inside a Faraday cage (TMC, #81-333-06) to shield the setup from interference of 

surrounding electromagnetic fields. The Faraday cage and all the equipment were electrically grounded. 

To visualise cultured neurons, a 40x water immersion objective (Olympus, LUMPLFLN) with differential 

interference contrast (DIC) was used. For whole-cell patch clamping, hippocampal neuronal cultures 

grown on 13 mm round coverslips were transferred to the recording chamber and perfused with 

artificial cerebrospinal fluid (aCSF; 119 mM NaCl [Sigma, #S7653], 2.5 mM KCl [Sigma, #60128], 1 mM 

NaH2PO4 [Fluka Chemika, #71504], 1.3 mM MgSO4 [Fisher Scientific, #M1050/53], 2.5 mM CaCl2 [Sigma, 

#C4901], 26.2 mM NaHCO3 [Sigma, #S6297], 11 mM D-(+)-glucose [Sigma, #49139], ~290 mOsM) 

constantly bubbled with carbogen (5% CO2 and 95% O2) to maintain the physiological pH. Perfusion was 

maintained at 2-3 mL/min. The internal solution used was either based on potassium gluconate 

(120 mM K D-gluconate [Fluka Chemika, #60245], 40 mM HEPES [Sigma, #H3375], 5 mM MgCl2 [Sigma, 

#M2670], 2 mM Na2ATP [Sigma, #A26209], 0.3 mM NaGTP [Sigma, #51120] at pH=7.2 [adjusted with 

KOH], ~290 mOsM) or caesium gluconate (120 mM Cs gluconate [CsOH {Aldrich, #232068} + D-gluconic 

acid {Fluka Chemika, #49110}], 40 mM HEPES [Sigma, #H3375], 5 mM MgCl2 [Sigma, #M2670], 2 mM 

NaATP [Sigma, #A26209], 0.3 mM NaGTP [Sigma, #51120], 5 mM QX-314 [Alomone labs, #Q-150], at 

pH=7.2 [adjusted with D-gluconic acid], ~290 mOsM). Glass electrodes, made with borosilicate 

filamented and fire-polished glass (Sutter Instrument Company, #BF150-86-7.5), were pulled using 

vertical electrode puller (Narishige, #PC-10) to obtain an electrode resistance of 5-9 MΩ. Whole-cell 

recordings were performed at room temperature, and were acquired with a Multiclamp 700B Amplifier 

(Axon Instruments). Biological analogue signals were digitised with Digidata 1440 (Axon Instruments). 

Recorded signals were sampled at 20 kHz frequency and low pass filtered at 2 kHz. Online data 

acquisition for all electrophysiology experiments was performed with pClamp 10 (Axon Instruments) 

software. Three different electrophysiological recording types were performed: (1) miniature excitatory 
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postsynaptic currents (mEPSCs), (2) evoked excitatory postsynaptic currents (EPSCs) and (3) exogenous 

NMDA-induced NMDAR-mediated currents. 

2.7.1. Miniature excitatory postsynaptic currents 

Spontaneous mEPSCs were recorded by whole-cell patch clamp using K gluconate internal solution. 

Neurons were perfused with aCSF containing 1 μM tetrodotoxin (TTX; Alomone Labs, #T-550) and 

100 μM picrotoxin (Sigma, #P1675) in order to block the voltage-gated Na+ channel conductances (to 

effectively prevent action potentials) and to block the inhibitory Cl- GABAA channels respectively. This 

enabled the detection of spontaneous excitatory currents mediated by AMPA receptors. Neurons were 

voltage clamped at -65 mV and AMPAR-mediated mEPSCs were recorded continuously for 10 min or 

until a minimum of 100 events were acquired. 

2.7.2. Paired whole-cell patch-clamp recordings 

To determine the amplitude of evoked synaptic AMPAR- and NMDAR-mediated currents, paired 

whole-cell recordings of monosynaptically connected neurons were used (Figure 2.14A) (Fourie et al., 

2014b; Li et al., 2011; Montgomery et al., 2001). The presynaptic neuron was held in current clamp and 

a slow current was injected to maintain the membrane potential at approximately -65 mV. Presynaptic 

action potentials were evoked with 300-700 pA current step of 20 ms duration (Figure 2.14B). At the 

same time, the postsynaptic neuron was held in voltage clamp, initially at -65 mV. The neuronal 

postsynaptic current was considered to be monosynaptic if it began within 5ms from the peak of 

presynaptic action potential (Pavlidis & Madison, 1999). In order to confirm whether the monosynaptic 

response was excitatory or inhibitory, the reversal potential of the postsynaptic current was 

determined by changing the postsynaptic neurons’ holding voltage to -30 mV. If the peak of 

postsynaptic current changed from inward at -65 mV to outward at -30 mV, the paired neuronal 

connection was considered inhibitory (Buldakova et al., 2005) and these recordings were discarded. In 

cases where the postsynaptic current remained inward at -30 mV, the connection was considered 

excitatory and the postsynaptic evoked AMPAR-mediated EPSCs were recorded in voltage clamp at 

-65 mV (Montgomery et al., 2001). NMDAR-mediated EPSCs were recorded after perfusing the neurons 

with aCSF containing 10 μM CNQX (Sigma, #S239), 10 μM glycine (Scharlau, #SHRAC0404) and 2 μM 

strychnine (Sigma, #S8753). CNQX was used to block the AMPA receptor-mediated currents and glycine, 

as an NMDA receptor coagonist, was used to augment NMDAR-mediated responses. Because the use of 

glycine carries the possibility of activating glycine receptors, strychnine was applied to block the GlyR-

mediated currents. In order to record the NMDAR-mediated currents, the Mg2+ block was relieved by 

holding the postsynaptic neuron at +55 mV (Figure 2.16). Cs gluconate-based internal solution was used 

for postsynaptic cell recording in order to prevent the occurrence of action potentials at depolarised 
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potentials, as caesium and QX-314 block voltage-gated K+ and Na+ channels respectively. The recordings 

of postsynaptic currents, both AMPAR- and NMDAR-mediated, were continued for a minimum of 30 

sweeps at the frequency of 0.1 Hz. 

2.7.3. Exogenous NMDA application 

 To measure the total surface NMDAR-mediated currents, exogenous NMDA (Sigma-Aldrich, 

#SM3262) was pressure-applied at the concentration of 1 μM via a picospritzer (Li et al., 2011). Agonist 

puff applications, applied at the pressure of 2 bar and with 200 ms pulse duration, were delivered via a 

micropipette placed at a standard distance of 200 μm from the main dendrites of transfected neurons 

(Li et al., 2011). The neuron was held in voltage clamp at +55 mV using Cs gluconate-based internal 

solution, while being perfused with aCSF containing 10 μM glycine (Scharlau, #SHRAC0404), 2 μM 

strychnine (Sigma, #S8753) and 100 μM picrotoxin (Sigma, #P1675). The recordings were continued for 

at least 10 sweeps at the frequency of 0.05 Hz. 

2.7.4. Analysis of electrophysiology data 

The analysis of whole-cell patch-clamp currents was performed using either Clampfit 10 (Axon 

Instruments) or MiniAnalysis v.6.0.7 (Synaptosoft) software. Any recordings with a series resistance (Rs) 

change greater than 20% and/or membrane resistance (Rm) change greater than 50% between the 

beginning and end of whole-cell recording were excluded from analysis. In addition, neurons requiring 

>600 pA current injections in order to maintain their membrane potential at -65 mV were also excluded. 

MiniAnalysis v.6.0.7 (Synaptosoft) software was used to analyse the amplitude, frequency, rise and 

decay time constants of spontaneous AMPAR-mediated mEPSC events (Arons et al., 2012; Li et al., 

2011; Waites et al., 2009). Threshold amplitudes for mEPSCs were set at 10 pA. In order to minimise the 

risk of including interference-induced events, the area threshold was set at 30 pA/msec. To accurately 

detect the mEPSC peak amplitude, the period to search a local maximum was 10 ms, the time before a 

peak for baseline was 20-50 ms (depending on the density of events) and period to average a baseline 

was adjusted to 5 ms. To precisely measure the mEPSC decay, the period to search a decay time was 

30 ms and fraction of peak to find a decay time was 0.15. These analysis parameters were kept constant 

throughout all mEPSC recording data to allow for direct comparison between different neurons. 

Offline analysis of paired recordings was performed using Clampfit 10 software. Sweeps with 

presynaptic action potential failures or where the postsynaptic response was obscured or masked by 

spontaneous/polysynaptic activity events were excluded from analysis. Before measuring the peak 

amplitudes of evoked EPSCs, the baseline was adjusted to 0 pA. The peak of monosynaptic AMPAR-

mediated EPSCs was measured separately in each sweep and then the current amplitude values from  
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Figure 2.16. Electrophysiological paired whole-cell recordings. 

(A) Schematic diagram showing the principle of neuronal paired recordings, where the presynaptic (black) and 

postsynaptic (blue) neurons are patch-clamped simultaneously. (B) Example traces of paired recordings: 

postsynaptic neuron’s (held in voltage clamp at +55 mV) NMDAR-mediated response (top) as a result of a 

presynaptic action potential fired by a presynaptic neuron (held in current clamp [IC]), evoked by a square current 

pulse (bottom). The postsynaptic current occurs within 5 ms from the peak of action potential if the two cells are 

connected monosynaptically. 

all sweeps were averaged for each neuron. Apart from current amplitude, current failure rate was 

calculated by dividing the number of sweeps where AMPAR-mediated current did not occur following 

presynaptic action potential by the total number of analysed sweeps within each neuronal group. When 

calculating the amplitude of NMDAR-mediated currents, an area of 5 ms around the current peak was 

measured in each sweep and then also averaged for each neuron. To analyse the recordings where 

exogenous NMDA was applied, an area of 150 ms around peak was averaged. 

Statistical significance of changes in mEPSC, evoked EPSC, current failure rate and exogenous NMDA-

activated current parameters between different transfection groups was tested using one-way ANOVA 

in GraphPad Prism 7.0 software. In cases where ANOVA showed significant differences, a post-hoc 

Dunnett’s test was used. In some cases an additional Tukey’s post-hoc test was performed. α was set at 

p<0.05 (*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001; ****, p-value < 0.0001). All the data 

were presented as mean ± SEM and the number of samples represents the number of individual 

neurons/neuronal pairs recorded (from at least 3 independent culture sets). 
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2.8. Western blotting 

Whole protein extracts from YAC128 HD model mouse fresh-frozen hippocampal/striatal brain 

tissue were used for the western blotting experiments. 

2.8.1. Protein extraction 

The brain tissue was first placed in a 1.5 mL screwcap tube and covered with 0.2 mm diameter 

stainless steel beads (Next Advance, #SSB02). Next, the tissue was submerged in homogenisation buffer 

(150 mM Sucrose [Merck, #1.07687], 15 mM HEPES [Sigma, H3375] pH=7.9, 60 mM KCl [Sigma, #60128], 

5 mM EDTA [Sigma, #E5134], 1 mM EGTA [Fluka Analytical, #03780] with 1 protease inhibitor mini 

complete tab (Roche, #11836153001) per 10 mL of buffer added before use), 1 mL per 0.2 g of tissue. 

Samples were homogenised using a Bullet Blender (Next Advance, #BBX24B) at speed 8 for 3 min 

followed by two 1-minute additional blends with 1-minute incubations on ice between each run. In 

order to disrupt the cellular membranes, Triton X-100 was added to the homogenised samples to a final 

concentration of 1% and the tubes were left on ice for 1 hour. After the incubation, tubes were 

centrifuged for 10 min at 14,000 rpm and 4°C. The protein-containing supernatant was transferred to a 

new 1.5 mL tube and stored at -80°C. 

2.8.2. Protein concentration assay 

In order to measure the concentration of the protein samples, the Bio-Rad DC colorimetric protein 

assay, a modification of the Lowry assay, was used. Bovine serum albumin (BSA; Gibco, #30066484) was 

prepared at concentrations from 0.1-3.0 µg/µL to obtain the standard concentration curve. 5µL of each 

BSA concentration was dispensed into a 96-well plate (Thermo Nunc, #243656). Subsequently, two 

different dilutions, 1:5 and 1:10, of protein homogenates were prepared and dispensed onto a 96-well 

plate in triplicates, 5 µL per well. 25 µL of the Reagent A/S, resulting from mixing the Reagent A 

(alkaline copper tartrate solution; Bio-Rad, #500-0113) with the reagent S (surfactant solution; Bio-Rad, 

#500-0115) at 50:1 ratio, was added to each well followed by the addition of the Reagent B (Folin’s 

reagent; Bio-Rad, #500-0114), 200 µL/well. This caused a protein concentration-dependent colour 

development, as the amino acids tyrosine and tryptophan (and, to a lesser extent, cystine, cysteine, and 

histidine) react with Folin’s reagent in alkaline copper tartrate solution medium (Lowry et al., 1951). 

The reaction results in the reduction of the Folin’s reagent into several reduced species which have a 

blue colour with maximum absorbance at 750 nm and minimum absorbance at 405 nm (Peterson, 

1979). After a 15-minute incubation at room temperature the absorbance of each sample was read 

using FLUOstar OPTIMA Microplate Reader (BMG Labtech) using 750 nm excitation and neutral 

emission filters. Optima v2.20 (BMG Labtech) software was used to calculate the BSA standard 
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concentration curve and the concentrations of protein samples. The concentrations of replicated 

samples were averaged to calculate the final protein concentration. 

2.8.3. Sample preparation 

Before protein electrophoresis, the protein-containing samples were prepared to ensure equal total 

protein quantity in each sample. To do so, ~30 µg of protein was diluted in homogenisation buffer to a 

final volume of 10 µL and mixed with 10 µL of 2x Laemmli sample buffer (Sigma, #S3401). Each sample 

was then incubated for 5 min at 95°C. 2-mercaptoethanol and sodium dodecyl sulfate (SDS), included in 

the Laemmli buffer, were added to reduce the intra and inter-molecular disulfide bonds and denature 

the proteins, destroying their quaternary, tertiary and secondary structures, so that each molecule has 

an overall negative charge and can be separated only based on the size. 

2.8.4. Polyacrylamide gel electrophoresis (SDS-PAGE) 

Pre-cast polyacrylamide NuPage 4-12% Bis-Tris gels (Invitrogen, #NP0336) were placed in the XCell 

SureLock electrophoresis tank (Invitrogen) and the tank was filled up to 3/4 with the Running buffer 

(20x NuPAGE MOPS SDS Running Buffer [Invitrogen, #NP0001] and 500 µL NuPage Antioxidant 

[Invitrogen, #NP0005]). Each well of the gel was rinsed with the Running buffer by pipetting up and 

down to remove residual acrylamide and the protein samples were loaded onto the gel so that each 

well contains ~20 µg of protein (14-16 µL). Together with the protein samples, the SeeBlue Plus2 

(Invitrogen, #LC5925) protein size standard was used. The electrophoresis was performed at 200 V for 

75 min. 

2.8.5. Protein transfer 

After the electrophoresis was complete, the gel was placed on a methanol-activated polyvinylidene 

fluoride (PVDF) membrane (GE Healthcare, # 10600023) and placed in between filter papers and 

blotting pads soaked in Transfer buffer (20x NuPAGE Transfer Buffer [Invitrogen, #NP0006], 50 mM 

methanol and 500 µL NuPage Antioxidant [Invitrogen, #NP0005]). The ‘transfer sandwich’ was then 

placed in the transfer module (Invitrogen) and in the XCell SureLock tank (Invitrogen). The inner 

transfer chamber was filled with the Transfer buffer and the outer chamber was filled with ice and pre-

cooled dH2O. Protein transfer was performed at 30 V for 2.5 hours. 

2.8.6. Protein labelling 

After the transfer, the PVDF membrane was blocked with 5% w/v milk powder dissolved in tris-

buffered saline +Tween 20 buffer (TBST; 200 mM Tris [Sigma, #T1503], 1.5 M NaCl [Sigma, #S7653] and 

0.05% Tween 20 [Sigma, #P5927] at pH=7.2-7.4) for 2 hours at room temperature. After blocking, the 
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proteins were subjected to immunolabelling (Table 2.6). First, the membrane was incubated at 4°C 

overnight with the primary antibodies diluted in TBST with 1% w/v milk powder. After the overnight 

incubation, the membrane was washed 3 times for 10 min in TBST and was subsequently incubated 

with secondary antibodies (conjugated to horseradish peroxidase [HRP]) for 2 hours at room 

temperature. Then, the membrane was washed, 3 times for 10 min in TBST, and incubated for 5 

minutes with enhanced chemiluminescent (ECL) substrate (Thermo, #32106). During this incubation, 

the HRP, coupled to the antibodies that are complexed with the proteins of interest located on the 

membrane, catalyses the oxidation of luminol into a product which emits 428 nm light as it decays. The 

amount of light emission is directly proportional to the amount of protein. After the incubation with 

ECL substrate, the membrane was imaged using ChemiDoc MP imaging system (Bio-Rad). 

2.8.7. Protein band analysis 

Western blot membranes (Figure 2.16A) were analysed using ImageJ software. First, the image was 

converted to 8-bit greyscale and the background was subtracted using RBR=50. The image colours were 

then inverted so that the band intensity and the amount of protein labelling are directly proportional, 

(Figure 2.16B). Thereby, each pixel was assigned an arbitrary intensity value from 255 (black, complete 

absence) to 0 (white, complete presence). Using the Freehand Line tool, lines were drawn around the 

edges of each band (Figure 2.16C) and the values of integrated density, a product of area (unscaled) 

and mean pixel intensity, were recorded for all bands (protein of interest and loading control). These 

integrated density values of each band belonging to the protein of interest were divided by the 

integrated density values of the loading control band from the same samples. The normalised 

integrated density values from 2-3 independent western blot experiments were then averaged across 

animal groups (YAC128 mutant/wild-type). The results were presented as mean ± SEM and n represents 

the number of animals. To test whether the differences between groups are statistically significant, the 

2-sided Student’s t-test was used in GraphPad Prism 7.0 software, with α set at p < 0.05 (*, p-value 

< 0.05; **, p-value < 0.01; ***, p-value < 0.001). 
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Table 2.6. Primary and secondary antibodies used in western blotting experiments. 

Table presenting the names of specific targets of antibodies, the species they were raised in,  

manufacturer’s reference number as well as the incubation concentration. 

Antibody Species Manufacturer Concentration 

Beta actin 

(loading control) 
Mouse Abcam, #ab6276 1:150,000 

SAP97 Rabbit Thermo, #PA1-044 1:500 

SAP97 Rabbit Thermo, #PA1-741 1:800 

DARPP32 Rabbit Millipore, #AB10518 1:5,000 

anti-Rabbit HRP 

(secondary antibody) 
Goat Millipore, #AP307P 1:2000 

anti-Mouse HRP 

(secondary antibody) 
Goat Millipore, #AP181P 1:10,000 

 

 

Figure 2.17. Protein band analysis in ImageJ. 

After the western blot procedure, the membrane image (A) was converted into 8-bit and the colours were 

inverted (B). Subsequently, lines were manually drawn around each band using the Freehand Line tool and the 

integrated density values were recorded, where the magnitude of the integrated density was proportional to the 

amount of protein labelling. 
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CHAPTER THREE: SYNAPTIC ALTERATIONS IN A CELLULAR MODEL OF 
HUNTINGTON’S DISEASE 

3.1. Introduction 

The theory of the involvement of excitotoxicity in HD pathogenesis posits that striatal MSNs are 

hypersensitive to glutamate released from the dense glutamatergic cortical and thalamic inputs that 

they receive and in HD may lead to the overactivation of the ionotropic glutamate receptors: NMDARs, 

AMPARs, and kainic acid receptors (Beal, 1992; DiFiglia, 1990). This theory is based on studies 

demonstrating that excitotoxic lesions of the striatum in animals produces symptoms that resemble the 

changes characteristic for HD (Bazzett et al., 1993; Beal et al., 1986; Coyle & Schwarcz, 1976; Ferrante 

et al., 1993; Foster et al., 1984; Hantraye et al., 1990). In non-human primates, an intrastriatal 

administration of ibotenic acid, a non-selective glutamate receptor agonist, produces excitotoxic lesions 

in the caudate and putamen nuclei leading to HD-like neuropathological features as well as behavioural 

symptoms, such as hyperkinesia, choreatic movements, dystonia and postural abnormalities (Hantraye 

et al., 1990). Animals with acute intrastriatal injections of high-dose quinolinic or kainic acid, the 

agonists of NMDA and non-NMDA (i.e. AMPA/kainate) receptors respectively, display similar 

neurodegenerative processes and behavioural impairments (Beal et al., 1986; Coyle & Schwarcz, 1976; 

Foster et al., 1984), and these compounds are still utilised in HD research. A chronic administration of 

low-dose QA, however, was found to produce a selective neuronal loss more closely resembling the 

neurodegeneration in human subjects (Bazzett et al., 1993). Subsequent research, where primates were 

pre-treated with MK-801, a non-competitive NMDA antagonist, showed attenuated vulnerability of 

striatal MSNs to QA toxicity in these animals suggesting that selective agonism of NMDARs seems to 

best reproduce the neuropathology features of HD (Ferrante et al., 1993). Altogether, these early 

findings imply that NMDAR-mediated activity is primarily responsible for HD neurodegeneration by 

selectively destroying MSNs and sparing interneurons that have been shown to be resistant to 

degeneration in HD (Beal et al., 1986; Ferrante et al., 1985).  

Human post mortem brain tissue-based studies indicate that striatal glutamate receptors undergo a 

disproportionate loss in HD, with NMDAR number being considerably decreased compared to other 

receptors (Young et al., 1988). Interestingly, a two-fold decrease in NMDAR density in the putamen was 

identified also in presymptomatic carriers of the HD mutation, with the density of other receptors 

remaining unchanged (Albin et al., 1990). Altogether, these findings suggest that neurons with high 

NMDAR expression display an increased vulnerability and preferential loss in HD and strongly support 

the hypothesis of NMDAR overactivation-mediated cell death in HD. 
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Generation of transgenic animal models of HD allowed for the investigation of HD pathomechanisms 

in more detail. In the YAC72 mouse model, expressing full-length human HTT with all its regulatory 

elements and a 72 CAG expansion (Hodgson et al., 1999) mHtt was found to elevate the sensitivity of 

striatal MSNs to NMDAR activation-mediated excitotoxicity (Zeron et al., 2002). Interestingly, an 

increased sensitivity to NMDAR activation is present also in cultured MSNs prepared from early 

postnatal YAC72 pups (Zeron et al., 2002). Another study by Zeron and colleagues demonstrated that 

the increase in surface NMDARs is accompanied by elevated intracellular Ca2+ concentration and 

mitochondrial membrane depolarisation (Zeron et al., 2004). This effect is thought to be responsible for 

the induction of apoptosis and the higher rate of MSN loss as the application of cyclosporine A, an 

inhibitor of the mitochondrial permeabilisation transition pore, decreased the rate of cell death (Zeron 

et al., 2004). Electrophysiological studies revealed an increase in whole-cell NMDAR-mediated currents 

not only in the YAC72 model (Zeron et al., 2002), but also in the R6/2 (Cepeda et al., 2001) and HD100 

mice (Laforet et al., 2001). 

Elevated NMDAR-mediated activity and susceptibility to apoptotic cell death in mHtt expressing 

neurons were initially attributed to abnormalities in the expression of GluN1/GluN2B diheteromeric 

NMDARs (Chen et al., 1999; Fan et al., 2007; Zeron et al., 2004; Zeron et al., 2002). It has been 

suggested that NMDAR subunit composition may define whether the receptor activation has a 

prosurvival or pro-death effect on a neuron, with GluN2A-containing NMDARs exerting the former and 

GluN2B-containing NMDARs the latter effect (Liu et al., 2007). In the study by Liu and colleagues, where 

dissociated rat cortical cultures were used, preferential blockage of GluN1/GluN2B heterodimers 

prevented NMDA-induced excitotoxicity and necrosis, suggesting the critical involvement of 

GluN1/GluN2B, but not GluN2A-containing NMDARs, in the induction of neuronal death mechanisms 

(Liu et al., 2007). In contrast, preferential antagonism of GluN1/GluN2A diheteromeric receptors 

resulted in an enhancement of NMDA-mediated apoptosis in the same study (Liu et al., 2007). Another 

study has shown that GluN2B-containing NMDARs can mediate both positive and detrimental effects on 

neuronal survival, as assessed in developing hippocampal neurons where GluN2A subunit expression is 

scarce compared to GluN2B subunits in both synaptic and extrasynaptic compartments (Martel et al., 

2009). This suggested that subunit composition cannot be the only determinant of the dichotomous 

nature of NMDAR activation. 

Apart from subunit composition, a growing body of evidence points towards the role of NMDAR 

location in mediating prosurvival or proapoptotic cellular signalling (Hardingham et al., 2002; Leveille et 

al., 2008; Martel et al., 2009; Papadia et al., 2008). Hardingham and colleagues, the first group to 

address the issue of NMDAR location, reported that synaptic NMDARs promote neuronal survival, 

whereas extrasynaptic NMDARs promote cell death-related signalling (Hardingham et al., 2002). In this 
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study, performed on primary hippocampal cultures, it was found that stimulation of syn-NMDARs via 

enhancement of spontaneous neuronal activity promotes CREB-mediated gene transcription and the 

expression of BDNF (Hardingham et al., 2002). In contrast, activation of ex-NMDARs, achieved by 

application of exogenous NMDA or glutamate, produced so-called CREB-shutoff, blocked the induction 

of BDNF expression as well as induced mitochondrial dysfunction (Gouix et al., 2009; Hardingham et al., 

2002; Leveille et al., 2010). Differential consequences of syn- and ex-NMDARs on CREB function have 

also been demonstrated in cortico-striatal co-cultures (Kaufman et al., 2012). Results obtained by 

Kaufman and colleagues showed that ex-NMDARs produce blockage of CREB signalling both in MSNs 

and cortical neurons; this CREB shut-off was then alleviated with a high-dose application of memantine 

(Kaufman et al., 2012), an uncompetitive NMDAR antagonist which at low concentrations is thought to 

preferentially act on ex-NMDARs but at higher doses also block a proportion of syn-NMDARs (Chen & 

Lipton, 2006; Xia et al., 2010). 

The marked difference in cellular responses upon synaptic versus extrasynaptic NMDAR activation is 

believed to occur due to NMDAR localisation-dependent association with different intracellular 

signalling proteins (Hardingham, 2006; Lau & Zukin, 2007; Newpher & Ehlers, 2009). Although multiple 

NMDAR interactors have been long known (Husi et al., 2000), with some identified interactors being 

subunit-specific (Groc et al., 2009), the light on the mechanism of location-specific NMDAR-mediated 

signalling has been shed only recently. Syn-NMDAR activation induces ERK1/2-dependent 

phosphorylation of a protein termed Jacob, a modification that is required for Jacob’s function as a 

transcription cofactor and a contributor to CREB’s prosurvival activity (Dieterich et al., 2008; Karpova et 

al., 2013). In contrast, ex-NMDAR activity fails to induce Jacob phosphorylation, but does not prevent its 

nuclear translocation. When in the nucleus, non-phosphorylated Jacob has been found to be associated 

with reduced CREB activity (Dieterich et al., 2008; Karpova et al., 2013). The exact mechanism of CREB 

shut-off following ex-NMDAR-mediated nuclear import of Jacob is yet to be identified, however Jacob 

appears to be the messenger that encodes the origin of synaptic versus extrasynaptic NMDAR-

mediated signalling (Karpova et al., 2013). 

It has been previously reported that in mature hippocampal and cortical cultured neurons, GluN2A- 

and GluN2B-containing NMDARs are differentially expressed at synaptic and extrasynaptic sites, with 

synaptic sites being more enriched in GluN2A subunits and extrasynaptic sites with GluN2B subunits 

(Tovar & Westbrook, 1999). This might imply that GluN2B-type NMDARs are predominantly the drivers 

of death-inducing signalling. However, more recent studies, where both mature hippocampal cultures 

and adult rat hippocampal slices were used, showed that GluN2B-containing receptors are not 

particularly enriched in the extrasynaptic compartments, and indicated that synaptic and extrasynaptic 

sites have similar levels of functional GluN2B-containing NMDARs (Harris & Pettit, 2007; Petralia et al., 
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2010). Moreover, GluN2B:GluN2A expression ratio is generally higher in MSNs compared with other cell 

types (Landwehrmeyer et al., 1995) and data suggest that GluN2B-containing NMDARs are not involved 

in the decrease of CREB signalling in striatal MSNs under normal conditions (Kaufman et al., 2012). 

Nevertheless, both location-based and subunit-based hypotheses on the dichotomy of NMDAR-

mediated signalling may be partially convergent in the context of HD, as mHtt preferentially potentiates 

GluN2B-type NMDAR-mediated activity (Fan et al., 2009; Fan et al., 2012), even though it does not 

affect either transcription or translation of the subunit proteins (Li et al., 2003b). However, in the light 

of the finding that GluN2B-containing NMDARs can mediate both excitotoxicity and prosurvival 

signalling (Martel et al., 2009; von Engelhardt et al., 2007), it is likely that the location of NMDARs that 

undergo activation largely determines the downstream effect. 

The discovery of disparate effects of NMDAR activation depending on the receptor location has led 

to a hypothesis that an increase in extrasynaptic NMDARs early in the HD pathogenesis might be an 

explanation for the subsequent neurodegeneration and neuronal loss. Milnerwood and colleagues, the 

first group to test this hypothesis in an HD model, investigated the localisation of surface NMDARs in 

striatal brain slices from presymptomatic YAC128 HD mice (Milnerwood et al., 2010). Using 

electrophysiology, the group found that during moderate synaptic activity, NMDAR-mediated currents 

were unchanged in these animals, but intense glutamate spillover-generating activity significantly 

increased NMDAR-mediated responses in YAC128 slices. The augmented current has been proposed to 

originate from ex-NMDARs that are upregulated in YAC128 mice compared to control animals 

(Milnerwood et al., 2010). Interestingly, these authors also established that GluN1 and both GluN2A 

and GluN2B subunits are elevated at non-synaptic sites and decreased at synaptic locations in YAC128 

striatum (Milnerwood et al., 2010). Further studies on YAC128 cortico-striatal co-cultures unequivocally 

suggested an increased contribution of extrasynaptic NMDARs in MSNs of this HD model, while synaptic 

NMDAR activity was equivalent between mutant and wild-type MSNs (Milnerwood et al., 2012).  
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3.2. Aims 

Current data based on animal HD models point at NMDA receptors as the main drivers of HD 

neurodegeneration and NMDAR localisation as a determinant of the receptor’s downstream signalling 

(Fan & Raymond, 2007; Hardingham et al., 2002; Milnerwood et al., 2006; Milnerwood et al., 2012). 

Thus, the current hypothesis posits that in HD an increase in extrasynaptic NMDARs precedes and 

triggers the neuronal loss, as these receptors are coupled to cell-death signalling pathways. However, 

direct evidence of upregulated ex-NMDARs to date comes from the study on the primary neuronal 

cultures from YAC128 mice only and has not been shown in any other HD model system (Milnerwood et 

al., 2012). The experiments described in this chapter aimed to determine whether there are glutamate 

receptor-related changes in cellular HD models, where we transfected primary hippocampal cultures as 

well as cortico-striatal co-cultures with huntingtin DNA constructs containing either 25 (wild-type 

range) or 97 (mutant range) polyglutamine sequence (see Chapter 2.1 and 2.2). Specifically, the 

purpose of these experiments was: 

1. To determine whether there are changes in total or synaptic/extrasynaptic NMDAR surface 

expression in primary neurons expressing mutant huntingtin. 

2. To determine whether there are changes in total or synaptic/extrasynaptic AMPAR surface 

expression in primary neurons expressing mutant huntingtin. 

3. To establish whether the expression of mutant huntingtin causes alterations in synapse density or 

synaptic protein expression. 

This study is the first to address the synaptic/extrasynaptic glutamate receptor changes in an HD 

model using epifluorescence imaging approach and was a prerequisite for the experiments described in 

subsequent Chapters 5 and 6.  
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3.3. Results 

3.3.1. Changes in GluN1 surface expression in mHtt expressing hippocampal neurons 

In order to study the surface expression and localisation of glutamate receptors in HD, we used a 

neuronal disease model where primary rat hippocampal neurons were transfected using a DNA 

construct containing a sequence coding for the N-terminal fragment of huntingtin protein with mutant 

range 97Q stretch (pBWN-97Q, also referred to as mHtt). Neurons transfected with a construct 

encoding N-terminal huntingtin fragment with 25 polyQ (pBWN-25Q, wild-type) or empty eGFP (pBWN-

eGFP) plasmid, served as healthy controls.  

Figure 3.1 presents examples of hippocampal primary neurons expressing the huntingtin and control 

plasmid DNA. Neurons transfected with the empty eGFP plasmid, as well as neurons expressing the 25Q 

wild-type version of huntingtin, displayed diffuse distribution of the expressed protein (Figure 3.1A-B). 

Mutant 97Q Htt expressing neurons, however, expressed a protein product that formed intracellular 

aggregates that were either nuclear (Figure 3.1C) or located elsewhere in the soma and/or dendrites 

(Figure 3.1D). The majority of pBWN-97Q-transfected neurons developed protein aggregates 24 hours 

after the induction of plasmid DNA expression. The size of protein aggregates varied between neurons, 

with somatic aggregates being typically larger than dendritic inclusions. The nuclear and neuropil 

aggregates in mHtt expressing cultured neurons were comparable to the inclusions observed previously 

in human HD post mortem brain tissue (Becher et al., 1998; DiFiglia et al., 1997; Gutekunst et al., 1999), 

R6 HD animal models (Davies et al., 1997) and mHtt-transfected primary striatal/cortical neurons 

(Milnerwood et al., 2012; Okamoto et al., 2009). 

In order to determine whether mutant huntingtin induces any changes in NMDAR and AMPAR 

surface expression, plasmid DNA expression in hippocampal neurons was induced at DIV9-10 and 

neurons were fixed at DIV12-13, ~72 hours post-induction. Subsequently, neuronal cultures were 

immunolabelled using an antibody against the extracellular epitope of the endogenous GluN1 subunit, 

an obligatory NMDA receptor subunit (Figure 3.2A), or the GluA1 subunit of AMPARs, as well as an 

antibody against synapsin 1, which served as a presynaptic marker (for methods see Chapter 2). 

The density of total surface GluN1 expression was not significantly different between the 

transfection groups (ANOVA: F[2,77] = 2.793, p = 0.067; n = 29, 17.96 ± 1.27 for 97Q; n = 24, 15.68 ± 

1.17 for 25Q; n = 27, 13.86 ± 1.31 for eGFP). When the density of synaptic GluN1 puncta was analysed, 

significant differences were detected between the three groups of neurons (ANOVA: F[2,77] = 5.179, 

p = 0.008). The density of synaptic GluN1 was found to be increased in 97Q (n = 29, 10.06 ± 1.18) 

compared to eGFP (n = 27, 6.08 ± 0.51, p = 0.004) expressing neurons. However, the difference did not 

reach significance when compared to 25Q (n = 24, 7.49 ± 0.84, p = 0.094) neurons. In contrast,  
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Figure 3.1. Primary dissociated hippocampal neurons transfected with pBWN-eGFP, pBWN-25Q or pBWN-97Q 

DNA constructs. 

eGFP (A) and 25Q (B) expressing hippocampal neurons had a diffuse distribution of the expressed protein, while 

97Q (C and D) expressing neurons were characterised by intracellular inclusions formed by aggregated protein 

with no diffuse distribution. The aggregates were primarily nuclear (C) or both nuclear/somatic and dendritic (D). 

Scale bar 20 μm. 
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non-synaptic GluN1 puncta density was found to be unaltered between the three groups (ANOVA: 

F[2,77] = 022, p = 0.978; n = 27, 8.08 ± 1.06 for eGFP; n = 24, 8.18 ± 0.98 for 25Q; n = 29, 7.90 ± 0.90 for 

97Q). Similarly, there were no differences in synapsin 1 puncta between the mutant and control 

neurons (ANOVA: F[2,77] = 1.287, p = 0.282; n = 27, 9.16 ± 0.52 for eGFP; n = 24, 9.79 ± 0.91 for 25Q; 

n = 29, 11.06 ± 1.07 for 97Q), suggesting no change in synapse density (Figure 3.2B). 

Comparisons of mean puncta intensity values did not show any significance in any of the labelled 

proteins (Figure 3.2C). The intensity of total surface GluN1 puncta was comparable between eGFP, 25Q 

and 97Q expressing neurons (ANOVA: F[2,77] = 1.606, p = 0.207; n = 27, 37643.10 ± 1146.28 for eGFP; 

n = 24, 38294.53 ± 1366.37 for 25Q; n = 29, 40632.73 ± 1296.79 for 97Q). The mean intensity of GluN1 

puncta co-localised with synapsin 1 was not significantly different in 97Q neurons compared to control 

neurons (ANOVA: F[2,76] = 2.657, p = 0.077; n = 27, 38867.21 ± 1448.45 for eGFP; n = 24, 40555.8 ± 

1578.98 for 25Q; n = 28, 43510.58 ± 1408.00 for 97Q). Likewise, the mean intensity of synapsin 1 

puncta was not altered between the three groups (ANOVA: F(2,76) = 0.342, p = 0.711; n = 27, 25104.83 

± 1899.70 for eGFP; n = 24, 26128.16 ± 2470.13 for 25Q; n = 28, 27438.24 ± 1805.89 for 97Q). 

3.3.2. Changes in GluA1 surface expression in mHtt expressing hippocampal neurons 

To determine whether there are differences in AMPA receptor surface expression between neurons 

expressing mutant huntingtin and control neurons, the plasmid DNA expression in hippocampal 

neurons was induced at DIV9-10 and neurons were fixed at DIV12-13, ~72 hours post-induction. 

Subsequently, neuronal cultures were immunolabelled using an antibody against the extracellular 

epitope of the endogenous GluA1 subunit, and synapsin 1 (Figure 3.3A). The GluA1 subunit of the 

AMPA receptor was chosen for surface immunolabelling because it plays a major role in “priming” 

AMPARs for trafficking to extrasynaptic sites, followed by their activity-dependent synaptic 

incorporation (Oh et al., 2006). 

Quantification of the density of total surface GluA1 puncta revealed that there were no significant 

differences between eGFP, 25Q and 97Q expressing neurons (ANOVA: F[2,86] = 0.096, p = 0.909; n = 27, 

25.57 ± 2.67 for eGFP; n = 30, 26.83 ± 2.68 for 25Q; n = 32, 27.11 ± 2.45 for 97Q). No statistically 

significant differences were found in the density of synaptic GluA1 (ANOVA: F[2,86] = 1.956, p = 0.148; 

n = 27, 6.97 ± 0.96 for eGFP; n = 30, 6.21 ± 0.99 for 25Q; n = 32, 9.15 ± 1.30 for 97Q) or non-synaptic 

GluA1 (ANOVA: F[2,86] = 0.408, p = 0.666; n = 27, 18.60 ± 2.72 for eGFP; n = 30, 20.62 ± 2.29 for 25Q; 

n = 32, 17.96 ± 2.07 for 97Q). Similar to GluA1 puncta density, synapsin 1 puncta density was also 

unaltered in 97Q expressing neurons compared with control neurons (ANOVA: F[2,86] = 1.552, 

p = 0.218; n = 27, 9.66 ± 1.03 for eGFP; n = 30, 7.88 ± 1.06 for 25Q; n = 32, 10.89 ± 1.49 for 97Q) (Figure 

3.3B).  
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Figure 3.2. Comparison of GluN1/synapsin 1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. 

(A) Representative images of hippocampal neurons expressing pBWN-eGFP (left), pBWN-25Q (middle) and pBWN-

97Q (right), immunostained with antibodies against the GluN1 subunit protein (Alexa Fluor 594, shown in red) and 

presynaptic synapsin 1 (Alexa Fluor 647, shown in white) (scale bar 20 μm). (B) Densities of total GluN1 puncta, 

synaptic and non-synaptic GluN1 puncta as well as synapsin 1 puncta per 10 μm dendrite in hippocampal neurons 

expressing the control/huntingtin plasmid DNA. The expression of mHtt resulted in a significant increase in the 

number of synaptic GluN1 compared to control (eGFP) neurons. Other parameters did not reach statistical 

significance between the three groups. (C) Absolute mean intensity of total GluN1 puncta, synaptic GluN1 puncta 

and synapsin 1 puncta in eGFP, 25Q and 97Q expressing hippocampal neurons. Mutant Htt expressing neurons did 

not display any significant changes in the intensity of either GluN1 (total and synaptic) or synapsin 1. *, p-value 

< 0.05; **, p-value < 0.01. 
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In contrast to the puncta density analysis, analysis of GluA1/synapsin 1 puncta intensity showed 

significant differences between the transfection groups (Figure 3.3C). The mean intensity of total 

surface GluA1 puncta was significantly decreased (ANOVA: F[2,86] = 5.504, p = 0.006) in 97Q (n = 32; 

10264.85 ± 194.46) expressing neurons compared to both eGFP (n = 27; 11467.16 ± 370.77, p = 0.10) 

and 25Q (n = 32; 11416.23 ± 317.15, p = 0.11) expressing neurons. A comparison of the intensity of 

synaptic GluA1 also showed differences between the groups (ANOVA: F[2,76] = 3.557, p = 0.033), 

indicating a significant decrease in 97Q neurons (n = 27, 10682.59 ± 240.92) compared to 25Q neurons 

(n = 26, 11997.65 ± 339.51, p = 0.026) but not when compared to eGFP (n = 26, 11722.42 ± 493.16) 

neurons. Similarly, there were differences in synapsin 1 puncta intensity between the groups (ANOVA: 

F[2,84] = 7.107, p = 0.001). 97Q expressing neurons had significantly decreased synapsin 1 puncta 

intensity (n = 32, 5073.51 ± 324.91) compared to both eGFP (n = 27, 7008.47 ± 453.16, p = 0.002) and 

25Q (n = 28, 6683.31 ± 421.00, p = 0.009) neurons. 

3.3.3. Changes in GluN1 surface expression in mHtt expressing striatal neurons 

The effect of mutant huntingtin on the GluN1 surface expression was also investigated in primary 

striatal neurons from cortico-striatal co-cultures. Being a different neuronal type, these neurons had a 

different morphology compared to hippocampal pyramidal neurons (Figure 3.4A). Striatal neurons were 

nucleofected at DIV0 and the pBWN plasmid expression was induced at DIV9-10. Neuronal cultures 

were then fixed ~72 hours post-induction (DIV12-13) and immunolabelled as described in Chapter 2.5. 

Quantification of the density of total surface GluN1 puncta in striatal neurons revealed that there 

are significant differences in total surface expression between the transfection groups (ANOVA: F[2,9] = 

4.415, p = 0.046). However, subsequent post-hoc testing did not result in a p-value < 0.05, despite a 

visible trend for 97Q neurons to have an increased total density of GluN1 (n = 3, 12.34 ± 2.65 for eGFP; 

n = 5, 14.14 ± 1.32 for 25Q; n = 4, 25.14 ± 5.00 for 97Q). The density of GluN1 puncta co-localised with 

the presynaptic marker was increased (ANOVA: F[2,9] = 5.417, p = 0.029) in 97Q (n = 4, 15.91 ± 2.94) 

neurons compared to 25Q (n = 5, 5.84 ± 1.73 , p = 0.017), but not when compared to eGFP (n = 3, 9.41 ± 

2.02) neurons. No statistically significant differences were detected in terms of the density of 

non-synaptic GluN1 puncta (ANOVA: F[2,9] = 1.152, p = 0.359; n = 3, 2.93 ± 1.08 for eGFP; n = 5, 8.30 ± 

1.72 for 25Q; n = 4, 9.24 ± 4.43 for 97Q). Likewise, the density of synapsin 1 puncta was unaltered 

between 97Q neurons and 25Q/eGFP neurons (ANOVA: F[2,9] = 1.818, p = 0.217; n = 3, 9.77 ± 1.59 for 

eGFP; n = 5, 10.15 ± 1.76 for 25Q; n = 4, 16.29 ± 3.92 for 97Q) (Figure 3.4B). 

Analysis of GluN1/synapsin 1 puncta intensity did not reveal any significant differences between the 

97Q and 25Q/eGFP striatal neurons (Figure 3.4C). The mean intensity of total surface GluN1 puncta was  
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Figure 3.3. Comparison of GluA1/synapsin 1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. 

(A) Representative images of hippocampal neurons expressing pBWN-eGFP (left), pBWN-25Q (middle) and pBWN-

97Q (right), immunostained with antibodies against the GluA1 subunit protein (Alexa Fluor 594, shown in red) and 

synapsin 1 (Alexa Fluor 647, shown in white) (scale bar 20 μm). (B) Densities of total GluA1 puncta, synaptic and 

non-synaptic GluA1 puncta as well as synapsin 1 puncta per 10 μm dendrite in hippocampal neurons expressing 

the control/huntingtin plasmid DNA. The expression of mHtt did not induce any statistically significant changes in 

the density of GluA1 puncta (total, synaptic or non-synaptic) compared to 25Q or eGFP neurons. (C) Absolute 

mean intensity of total GluA1 puncta, synaptic GluA1 puncta and synapsin 1 puncta in eGFP, 25Q and 97Q 

expressing hippocampal neurons. Mutant Htt, in comparison to both 25Q and eGFP, led to a significant decrease in 

total surface GluA1 puncta intensity. A decrease in synaptic GluA1 intensity in 97Q neurons reached significance 

only when compared to 25Q neurons and not when compared to eGFP neurons. The mean intensity of synapsin 1 
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puncta was also found to be decreased in 97Q expressing neurons compared to both 25Q and eGFP neurons. *, 

p-value < 0.05; **, p-value < 0.01. 

unchanged (ANOVA: F[2,9] = 2.026, p = 0.188; n = 3, 26771.41 ± 1428.00 for eGFP; n = 5, 30192.58 

±3112.43 for 25Q; n = 4, 34872.31 ± 2109.45 for 97Q). Also, no changes were detected in synaptic 

GluN1 puncta intensity (ANOVA: F[2,9] = 1.741, p = 0.229; n = 3, 26364.37 ± 1389.56 for eGFP; n = 5, 

30469.30 ± 3905.70 for 25Q; n = 4, 35643.95 ± 2511.10 for 97Q). Similarly, synapsin 1 puncta intensity 

was unchanged between the three transfection groups (ANOVA: F[2,9] = 2.288, p = 0.157; n = 3, 

25539.37 ± 1987.06 for eGFP; n = 5, 24124.88 ± 1886.47 for 25Q; n = 4, 30232.69 ± 2511.36 for 97Q). 

3.3.4. Excitatory synapse density in mutant huntingtin expressing hippocampal neurons 

In order to determine the effect of mutant huntingtin on the density of excitatory synapses, the 

huntingtin/control plasmid DNA expression in hippocampal neurons was induced at DIV9-10 and 

neurons were fixed at DIV12-13, ~72 hours post-induction. Subsequently, neuronal cultures were 

immunolabelled using antibodies against Homer, a postsynaptic marker, and VGlut1, a presynaptic 

marker (Figure 3.5A). Subsequently, hippocampal neurons were imaged and analysed as described in 

Chapter 2. 

The density of both Homer and VGlut1 puncta was comparable between neurons expressing eGFP, 

25Q and 97Q plasmid DNAs (Homer: ANOVA: F[2,79] = 1.042, p = 0.358; n = 25, 7.64 ± 0.56 for eGFP; 

n = 30, 8.91 ± 0.60 for 25Q; n = 27, 7.93 ± 0.80 for 97Q; VGlut1: ANOVA: F[2,79] = 0.094, p = 0.910; 

n = 25, 8.19 ± 0.73 for eGFP; n = 30, 8.42 ± 0.58 for 25Q; n = 27, 8.02 ± 0.69 for 97Q). The density of co-

localised Homer/VGlut1 puncta was also unaltered between the neuronal groups (ANOVA: F[2,79] = 

0.343, p = 0.711; n = 25, 5.02 ± 0.55 for eGFP; n = 30, 5.38 ± 0.47 for 25Q; n = 27, 4.78 ± 0.59 for 97Q) 

(Figure 3.5B). 

A comparison of the Homer puncta mean intensity values revealed no significant differences 

between the neuronal groups (ANOVA: F[2,79] = 0.334, p = 0.717; n = 25, 26597.20 ± 1740.55 for eGFP; 

n = 30, 29202.96 ± 2382.83 for 25Q; n = 27, 27843.55 ± 2459.66 for 97Q). However, significant changes 

were detected in VGlut1 puncta intensity (ANOVA: F[2,79] = 20.781, p = 0.000) (Figure 3.5C). The mean 

intensity of VGlut1 in 97Q expressing neurons (n = 27, 21658.22 ± 671.79) was significantly lower 

compared to eGFP (n = 25, 25804.25 ± 1173.94, p = 0.001), but higher than 25Q expressing neurons 

(n = 30, 18743.23 ± 417.43, p = 0.015). An additional post-hoc test that compared VGlut1 intensity 

between 25Q and eGFP neurons showed that 25Q expressing neurons had significantly lower VGlut1 

puncta intensity (Tukey’s test: p = 0.000).  
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Figure 3.4. Comparison of GluN1/synapsin 1 puncta densities and mean intensities in striatal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. 

(A) Representative images of striatal neurons expressing pBWN-eGFP (left), pBWN-25Q (middle) and pBWN-97Q 

(right), immunostained with antibodies against the GluN1 subunit protein (Alexa Fluor 594, shown in red) and 

synapsin 1 (Alexa Fluor 647, shown in white) (scale bar 20 μm). (B) Densities of total GluN1 puncta, synaptic and 

non-synaptic GluN1 puncta as well as synapsin 1 puncta per 10 μm dendrite in striatal neurons expressing the 

control/huntingtin plasmid DNA. The expression of mHtt resulted in a significant increase in the density of 

synaptic GluN1 compared to 25Q neurons, but not compared to eGFP neurons. No significant changes were 

detected in terms of the density of total surface GluN1 puncta, or non-synaptic GluN1 puncta of synapsin 1 puncta. 

(C) Absolute mean intensity of total GluN1 puncta, synaptic GluN1 puncta and synapsin 1 puncta in eGFP, 25Q and 

97Q expressing striatal neurons. 97Q expressing neurons did not display any significant changes in the intensity of 

either GluN1 (total and synaptic) or synapsin 1 compared to either 25Q or eGFP neurons. *, p-value < 0.05.  
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Figure 3.5. Comparison of Homer/VGlut1 puncta densities and mean intensities in hippocampal neurons 

expressing pBWN97Q, 25Q and eGFP plasmids. 

(A) Representative images of hippocampal neurons expressing pBWN-eGFP (left), pBWN-25Q (middle) and pBWN-

97Q (right), immunostained with antibodies against Homer (Alexa Fluor 647, shown in grey) and VGlut1 (Alexa 

Fluor 594, shown in red) (scale bar 20 μm). (B) Densities of total Homer and total VGlut1 puncta, as well as density 

of co-localised Homer-VGlut1 puncta per 10 μm dendrite in hippocampal neurons expressing the 

control/huntingtin plasmid DNAs. The expression of mHtt did not induce any statistically significant changes in the 

density of Homer or VGlut1 compared to 25Q/eGFP neurons. Similarly, the density of synapses was unaltered 

between the three neuronal groups. (C) Absolute mean intensity of Homer and VGlut1 puncta in eGFP, 25Q and 

97Q expressing hippocampal neurons. There were no significant changes in Homer expression between the three 

transfection groups. However, the intensity of VGlut1 was significantly decreased in both 25Q and 97Q expressing 

neurons compared to eGFP neurons. Additionally, the VGlut1 intensity was significantly decreased in 25Q neurons 

compared to 97Q neurons. *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001. 
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3.4. Discussion 

In this study, a cellular model of HD was used created by transfecting rat primary neurons in vitro 

with DNA constructs encoding N-terminal huntingtin fragments and carrying polyQ sequences in both 

wild-type (25Q) as well as mutant (97Q) range. The expression of 97Q mHtt plasmid DNA resulted in 

aggregate formation, both in the soma and dendrites, at ~24 hours after induction of the plasmid DNA 

expression. The protein aggregates resembled those found in HD human brain (Becher et al., 1998; 

DiFiglia et al., 1997; Gutekunst et al., 1999). Previous work has shown that increased excitotoxic effects 

and changes in NMDAR activity in mHtt expressing dissociated neurons occur as soon as 48-96 hours 

post-transfection (Okamoto et al., 2009). In the experimental work presented here, neurons at 

~72 hours of plasmid DNA expression were analysed. In our experience, the health of 97Q expressing 

neurons started to deteriorate considerably if expressed longer than 72 hours.  

Dissociated neuronal cultures were first developed over 40 years ago (Banker & Cowan, 1977; 

Chumasov et al., 1975; Kim, 1973; Mains & Patterson, 1973). Since then, they have been widely used as 

in vitro models in cellular neuroscience, e.g. to investigate cellular and molecular mechanisms 

underlying neuron development (Shelly et al., 2010), to study adhesion molecules and dendrite 

outgrowth (Tan et al., 2010), axon guidance (Zhu et al., 2007) or synaptogenesis (Chih et al., 2005). 

A major advantage of dissociated neurons, of which primary hippocampal cultures are the most well-

established, is that they can be transfected with plasmid DNA of interest and used as cellular models of 

disease, and enable rapid investigations of synaptic protein expression.  

In this study, we aimed to investigate alterations in the surface expression of glutamate receptors, 

both NMDARs and AMPARs, in hippocampal and striatal neurons expressing mutant huntingtin. 

Specifically, we were interested in the changes in synaptic/extrasynaptic localisation of these receptors. 

Additionally, we aimed to determine if mHtt affects the density of excitatory synapses. In order to 

achieve these aims, we applied immunocytochemistry and epifluorescence imaging. Here, we report 

that mutant huntingtin alters NMDA receptor surface expression, as well as decreases AMPA receptor 

expression without affecting the AMPAR cluster density. No significant changes in the number of 

excitatory synapses were detected in mutant huntingtin transfected neurons, however, changes in the 

expression of synaptic markers could be observed.  

3.4.1. The surface expression of NMDARs is altered in mHtt expressing neurons 

In our study, the expression of the 97Q carrying mutant huntingtin fragment led to a significant 

increase in the density of NMDAR clusters co-localised with presynaptic marker, synapsin 1, compared 

to 25Q wild-type and eGFP control neurons both in hippocampal and striatal cultured neurons. The 

density of synapsin 1 associated with the transfected neurons was unaltered between 97Q and 
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25Q/eGFP neurons, suggesting that the changes in GluN1 density are independent of the density of 

presynaptic connections. The total surface expression of NMDARs was not significantly different in 97Q 

neurons compared to 25Q and eGFP neurons, neither in hippocampal nor striatal cultures. However, 

there was a general trend for these GluN1 puncta density to be increased when mutant huntingtin was 

expressed. Although the mean intensity of both total and synaptic GluN1 puncta had a tendency to be 

increased in 97Q expressing hippocampal and striatal neurons compared to 25Q/eGFP neurons, the 

differences did not reach statistical significance. This suggests that mHtt does not induce considerable 

alterations in the level of NMDAR surface expression per receptor cluster, but rather leads to the 

insertion of NMDARs in additional locations in the neuronal membrane. 

This overall tendency in our cellular HD model for altered surface expression of NMDARs is 

consistent with the majority of results from other HD model systems described previously (Cepeda et 

al., 2001; Chen et al., 1999; Hodgson et al., 1999; Laforet et al., 2001; Li et al., 2003b; Zeron et al., 2002). 

Chen and colleagues conducted one of the first studies that addressed the influence of mutant 

huntingtin expression on the surface expression of NMDARs (Chen et al., 1999). These authors 

employed a cellular model where they transfected human embryonic kidney 293 (HEK293) cells with 

both NMDAR subunits and huntingtin carrying either 15 or 138 polyQ tract (Chen et al., 1999). It has 

been found that cells expressing the expanded protein were characterised by increased NMDAR-

mediated currents, indicative of elevated surface expression of functional receptors, compared to wild-

type Htt expressing neurons, despite comparable levels of NMDAR subunit DNA expression in both 

groups of cells (Chen et al., 1999). Subsequent study by Zeron and colleagues demonstrated that in the 

YAC72 mouse HD model, intrastriatal injection of QA in both 6- and 10-month old animals produced 

MSN loss which was markedly pronounced in the YAC72 animals compared to wild-types (Zeron et al., 

2002), also suggesting higher NMDAR surface expression by the MSNs. The same study found that 

increased sensitivity to NMDAR activation is preserved in cultured MSN prepared from early postnatal 

YAC72 pups, as upon the exposure to NMDA and glycine, these MSNs exhibited a higher proportion of 

apoptotic death compared to control non-HD neurons (Zeron et al., 2002). Electrophysiological 

experiments then revealed that NMDAR-mediated whole-cell current amplitude evoked by an 

application of exogenous NMDA was significantly increased in MSNs from the YAC72 model (Zeron et al., 

2002), solidifying the argument of mHtt-induced elevation in surface NMDARs. In R6/2 model mice, 

carrying an N-terminal fragment of the human HTT with 141–157 CAG repeats (Mangiarini et al., 1996), 

peak whole-cell NMDA-induced current amplitude was also found to be markedly increased in striatal 

brain slices from both presymptomatic and symptomatic R6/2 mice compared to aged-matched control 

animals (Cepeda et al., 2001). Similar results in terms of the NMDAR-mediated current amplitudes have 

been observed in MSNs of HD100 model mice (Laforet et al., 2001). Therefore, the evidence for 

increased NMDAR surface expression in HD models in literature is abundant. The fact that in our study 
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we saw a similar effect, both in hippocampal and striatal neurons expressing 97Q Htt, suggests that the 

presence of mutant huntingtin leads to an increase in the membrane internalisation of NMDA receptors 

regardless of the model system used.  

Although the transfection method for dissociated hippocampal cultures used in this study was 

robust and resulted with a relatively high (~10%) percentage of transfected neurons, we found that the 

transfection of striatal neurons is not equally efficient, as despite trying multiple transfection 

approaches, the transfection rate in these neurons was extremely low (<0.1%). Even with nucleofection, 

the same method of striatal neuron transfection as reported by other groups who utilised the striato-

cortical co-culture system (Fan et al., 2009; Milnerwood et al., 2012), we were not able to overcome the 

problem of low transfection efficiency. For this reason, the experiment described in section 3.3.3 could 

not include enough experimental numbers. One possible explanation for the discrepancy in 

nucleofection efficiency between our and other groups’ nucleofection method was that we were 

attempting to nucleofect neuronal cells of rat origin, while other groups used a murine model. However, 

despite the experiment being incomplete, we found that the general trend for NMDAR surface 

expression in mHtt expressing striatal neurons was similar to that observed in hippocampal cultures. 

The density of extrasynaptic NMDARs was comparable in all transfection groups in both striatal and 

hippocampal neurons. This finding stands in conflict with previous studies that investigated the 

localisation of surface NMDA receptors in HD neurons (Milnerwood et al., 2010; Milnerwood et al., 

2012). Using an electrophysiological approach it has been established that in MSNs from YAC128 

cortico-striatal co-cultures, the level of extrasynaptic NMDARs is elevated while synaptic NMDARs 

remain unchanged (Milnerwood et al., 2012). The data obtained here suggest the opposite, as the 

density of synaptic NMDAR puncta is increased and extrasynaptic NMDARs are unaltered in 97Q 

expressing neurons. A possible explanation for this discrepancy is likely to be the sensitivity of the 

applied technique. Epifluorescence imaging might not provide enough resolving power to accurately 

distinguish between adjacent synaptic and extrasynaptic receptors, assigning them all to a single 

NMDAR cluster and thus affecting the result of NMDAR co-localisation with presynaptic marker. 

A single fluorophore bound to a secondary antibody has a diameter of a few nanometers, while when 

imaging using a resolution-limited system, a single fluorophore is visible not as a few-nanometer-wide 

point, but as an Airy disk with a radius of approximately half the wavelength used (further discussed in 

Chapter 5). Use of higher resolution imaging than epifluorescence microscopy technique which 

overcomes the limit imposed by light diffraction, such as super-resolution microscopy (Bates et al., 

2007; Nair et al., 2013), will provide a more precise measurement of surface receptor localisation. 
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3.4.2. Alterations in the surface expression of AMPARs in mHtt expressing neurons 

The quantification of surface GluA1 AMPAR subunit puncta in hippocampal cultured neurons 

showed that there are no changes in terms of total, synaptic or extrasynaptic GluA1 density in mutant 

huntingtin expressing neurons compared with control neurons. The mean intensity of total surface and 

surface synaptic GluA1 cluster immunolabelling, however, was significantly decreased in the mutant Htt 

expressing neurons. The involvement of AMPAR-mediated transmission in the HD pathomechanism in 

literature is currently ambiguous. Our GluA1 intensity results support the reports where a decrease in 

AMPA receptors or AMPAR-mediated activity was identified (Andre et al., 2006; Cha et al., 1998; Levine 

et al., 1999; Wagster et al., 1994). Cha and colleagues, using a receptor binding assay, have found that 

AMPA receptors were decreased by 15% in early-symptomatic R6/2 HD mice compared to wild-type 

animals, both in the striatum and cortex (Cha et al., 1998). Another group that measured AMPAR-

related changes in symptomatic R6/2 HD mouse striatum using a cell-swelling assay found that striatal 

neurons in R6/2 brain slices swell to a lesser extent in response to AMPAR agonist than wild-type 

neurons (Levine et al., 1999). A significant decrease in the peak total AMPAR-mediated current 

amplitude has been reported in dissociated cortical neurons from R6/2 mice at DIV40 (Andre et al., 

2006). Interestingly, no decrease was detected in the same neurons at DIV21 or DIV80 (Andre et al., 

2006). Our findings of the downregulation of GluA1 surface expression are also consistent with human 

post mortem brain tissue studies where it has been found that AMPAR agonist binding is decreased in 

the HD cortex (Wagster et al., 1994). 

More recent studies, however, have not found strong evidence on alterations in AMPAR expression 

in HD models (Cepeda et al., 2001; Fan et al., 2007; Kolodziejczyk et al., 2014). Although Cepeda and 

colleagues found that in striatal slices from R6/2 symptomatic HD mice, AMPA bath application 

produced smaller peak currents, suggestive of a decreased AMPAR surface expression compared to 

wild-type animals, immunohistochemistry experiments did not identify significant differences in the 

expression of AMPAR subunits, GluA1 and GluA2/3, in the same brain region (Cepeda et al., 2001). Fan 

and colleagues, in a study where MSN cultures from YAC72 HD mice were used, found that kainate bath 

application, an agonist of both kainate and AMPA receptors, produced whole-cell currents of similar 

amplitude as the currents in control MSNs (Fan et al., 2007). Furthermore, the same authors assessed 

the level of surface expression of GluA1 subunit in MSNs using a biotinylation assay, and found that the 

surface expression is comparable between YAC72 and wild-type medium spiny neurons (Fan et al., 

2007). In a study by Kolodziejczyk and colleagues, where the “humanised” Hu97/18 HD model was 

utilised, the authors detected only a modest decrease in spontaneous excitatory postsynaptic 

currents and no significant differences in evoked AMPAR-mediated currents (Kolodziejczyk et al., 2014). 
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The discrepancies in data regarding AMPA receptor alterations in HD possibly occur due to the 

utilisation of different disease models that are at different developmental stages. Especially in the case 

of HD models where dissociated neurons are used, it is difficult to relate the DIV at which neurons are 

subjected to experimental testing to a specific stage of HD. Another difficulty lies in different 

experimental procedures used in the studies mentioned above. Due to the diversity of AMPAR 

composition, immunohistochemistry- or western blot-based quantification of different AMPAR subunits 

might lead to differential results. Moreover, changes in receptor-mediated currents may be attributable 

to altered receptor properties and subunit composition and not only the receptor number. Therefore, 

other experimental techniques will need to be applied to validate the findings regarding AMPA receptor 

surface expression described in this chapter, e.g. whether these results translate to synaptic function 

(see Chapter 5 and 6). 

3.4.3. Changes in excitatory synaptic markers in a cellular model of HD 

In addition to measuring the expression of NMDA and AMPA receptor subunits, we also measured 

the density of excitatory synapses and abundant pre- and postsynaptic proteins in mHtt expressing 

neurons in comparison to control neurons. Our data suggest that the density of excitatory synapses, as 

defined by co-localised VGlut/Homer puncta, is comparable in all three transfection groups. These data 

show that mutant huntingtin does not affect the number of synapses in our cellular HD model. The 

mean intensity of Homer labelling, a postsynaptic marker, was also unaltered in mutant neurons. 

Significant changes, however, were detected in terms of the presynaptic marker intensity labelling; a 

decrease in VGlut1 expression was found in both wild-type and mutant Htt expressing neurons when 

compared to eGFP neurons. 

These results showing altered presynaptic marker expression in presynaptic terminals synapsing on 

the transfected neurons are puzzling, especially in the case of wild-type huntingtin, as the pBWN-25Q 

plasmid DNA did not exert considerable changes in synaptic protein expression in any experiment in the 

past. For 25Q and 97Q to cause a decrease in presynaptic protein expression it would be necessary for 

these protein products to have a transsynaptic function, as in most cases analysed neurons were not 

surrounded by other transfected neurons. 

Changes that occur in the postsynaptic terminal can be communicated transsynaptically and are able 

to influence the presynaptic function. For example, Shank3 has been shown to transsynaptically 

regulate the activity of presynaptic activity and enhance presynaptic bouton size by acting through the 

nrxn–nlgn signalling complex (Arons et al., 2012). Interestingly, Shank3 knockdown or an introduction 

of Shank3 point mutations that are found in cases of the autism spectrum disorder were found to 

impair this transsynaptic effect (Arons et al., 2012). Similar to Shank3, PSD-95 also interacts with nlgn 
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(Futai et al., 2007). Postsynaptic PSD-95 overexpression was shown to decrease the paired-pulse ratio, a 

form of presynaptic short-term plasticity, suggesting a higher probability of neurotransmitter release; 

conversely, downregulation of PSD-95 led to an increase in the PPR and reductions in the amplitude of 

both AMPAR- and NMDAR-mediated EPSCs (Futai et al., 2007). Since mHtt interferes with synaptic 

targeting of PSD-95 (Fan et al., 2009; Shirasaki et al., 2012), it is possible that it also influences the 

proteins of the presynaptic terminal. However, the studies that addressed presynaptic function in HD 

models are ambiguous, as they reported that the pr is either decreased (Li et al., 2003a), increased 

(Cummings et al., 2009), or it does not change (Kolodziejczyk et al., 2014; Li et al., 2004a). Changes in 

the expression of synaptic vesicle fusion machinery proteins were also identified in human post mortem 

HD brains, both in the hippocampus and striatum (Morton et al., 2001). 

In the experiments where we assessed the expression of GluN1 subunit no changes in the expression 

of synapsin 1 were found. Subsequent experiments where GluA1 surface expression was examined, 

however, showed a decrease in synapsin 1 labelling intensity. It is important to mention that in these 

two experiment types different anti-synapsin 1 primary antibodies were applied, the former being 

rabbit polyclonal and the latter mouse monoclonal, in order to avoid the application of two primary 

antibodies raised in the same species. This may be one reason for the discrepancy observed. 

Nevertheless, further experiments will be necessary to assess whether huntingtin indeed is able to 

retrogradly affect proteins of the presynaptic terminal. 

3.5. Conclusions 

NMDAR-mediated signalling is imperative for essential brain functions, including synaptic 

maturation and plasticity; however, their activation may also trigger cell death mechanisms. NMDAR-

mediated excitotoxicity is currently thought to underlie HD neurodegeneration and an increase in 

extrasynaptic NMDARs early in the disease progression is likely to trigger the subsequent neuronal loss, 

as the potentiation of NMDAR-mediated responses has been found in the majority of HD model 

systems. The striatum is not the only region undergoing neurodegeneration in HD, and substantial cell 

loss has also been observed in the GP, cortical layers III, V and VI and hippocampus, especially the CA1 

region. The fact that increased surface expression of NMDARs has been found not only in striatal MSNs, 

but also in cortical and hippocampal neurons, as well as cell lines expressing mutant huntingtin suggests 

that the mechanism of mHtt-induced pathogenesis is similar in different cell types. Likewise, the 

principal finding of the experiments presented here was increased NMDAR density in our cellular model 

of HD consisting of mHtt-transfected hippocampal neurons. The imaging technique applied in this study, 

however, did not detect changes in the NMDARs located in extrasynaptic compartments. Hence, we 

propose that a higher resolution imaging method will be necessary to resolve the proportion of synaptic 

vs extrasynaptic receptors (see Chapter 5). 
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CHAPTER FOUR: THE ROLE OF SAP97 IN HD PATHOGENESIS 

4.1. Introduction 

Neurotransmitter receptors localised at the synapse are critical for CNS development, normal 

synaptic transmission and plasticity, and are associated with multiple membrane-associated guanylate 

kinases (MAGUKs). MAGUKs constitute a superfamily of proteins that can be divided into at least five 

subfamilies classified based on their domain organisation (Montgomery et al., 2004). All MAGUKs are 

characterized by a catalytically inactive C-terminal guanylate kinase (GUK) domain homologous to the 

yeast enzyme encoded by the GUK1 gene (Berger et al., 1989; Kuhlendahl et al., 1998). The most 

thoroughly studied MAGUKs are members of the DLG subfamily and include PSD-95, SAP97, PSD-93, 

and SAP102 proteins (Cho et al., 1992; Montgomery et al., 2004). The prototypical protein that belongs 

to this MAGUK subfamily that was identified first was the Drosophila tumour suppressor DLG (disc 

large), which is an important component of the fly neuromuscular junction (Budnik et al., 1996; De 

Lorenzo et al., 1999; Lahey et al., 1994; Woods & Bryant, 1991). Apart from the GUK domain, DLG-type 

MAGUKs contain three PDZ domains and an SH3 domain (Montgomery et al., 2004; Walsh & Kuruc, 

1992). In addition, located between the SH3 and GUK domains is a HOOK motif (McGee et al., 2001; 

Montgomery et al., 2004; Tavares et al., 2001). PDZ domains, identified first in PSD-95, disc large and 

zona occludens 1 proteins, interact with specific PDZ-binding sites present in e.g. receptor proteins or 

adhesion molecules (Harris & Lim, 2001; Sheng & Sala, 2001). All MAGUK domains serve as protein-

protein interaction modules or are used for protein homodimerisation (Brenman et al., 1996; Olsen & 

Bredt, 2003). Moreover, intramolecular interactions, especially between the GUK and SH3 domains, are 

also possible and serve to regulate the ability of MAGUKs to bind their protein partners (McGee et al., 

2001; Tavares et al., 2001). Members of the DLG MAGUK subfamily are abundant components of 

synapses and play a role not only in stabilising glutamate receptors at the PSD, but also in linking the 

receptors to intracellular signalling cascades, activating signalling molecules and regulating synaptic 

plasticity (Montgomery et al., 2004; Sheng & Pak, 2000; Sheng & Sala, 2001; Walsh & Kuruc, 1992). 

PSD-95 and SAP97 proteins are currently the most extensively studied vertebrate homologues of the 

DLG. Unlike the Drosophila DLG however, these MAGUKs undergo alternative N-terminal splicing that 

gives rise to the α and β isoforms (Schluter et al., 2006; Zhou et al., 2008). The former isoform contains 

a palmitoylation signal consisting of two Cys residues which undergo PAT-mediated palmitoylation; the 

latter isoform contains an L27 protein interaction domain discovered for the first time in Lin-2 and Lin-7 

MAGUKs of Caenorhabditis elegans (Craven et al., 1999; Doerks et al., 2000; Lee et al., 2002). The main 

function of PSD-95 is recruitment of signalling molecules to the postsynaptic density and PSD assembly 

(Harris & Lim, 2001; Kim et al., 1997; Kornau et al., 1995). αPSD-95, the dominant isoform, exists in two 
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quaternary conformations, compact and extended, depending on the palmitoylation state of N-terminal 

cysteines (Jeyifous et al., 2016). The palmitoylated compact form of αPSD-95 associates with glutamate 

receptor subunits, while lack of palmitoylation impairs its trafficking to synapses; moreover, 

depalmitoylation of αPSD-95 at the PSD causes dispersion of synaptic receptor clusters (Chen et al., 

2011; Craven et al., 1999; Firestein et al., 2000; Jeyifous et al., 2016).Through the first and second PDZ 

domains PSD-95 binds directly to the tSXV consensus motif (S standing for Ser, X being any amino acid, 

and V standing for Val) located at the C-termini of NR2A or NR2B subunits of the NMDA receptor 

(Bassand et al., 1999). By binding to NMDAR subunits, PSD-95 promotes synaptic clustering of the 

receptors, links them to downstream cellular signalling cascades and regulates NMDAR-dependent LTP 

and LTD (Brenman et al., 1996; Garcia et al., 1998; Niethammer et al., 1996). PSD-95 also binds the 

GluA1 subunits of AMPA receptor, although indirectly as it requires TARP auxiliary subunits (e.g. 

stargazin) (Leonard et al., 1998). Via its SH3 domain, PSD-95 has been demonstrated to interact with 

huntingtin’s proline-rich region in vitro in a polyQ length-dependent manner, and these two proteins 

were found to be directly associated in the human brain (Gao et al., 2006; Sun et al., 2001). PSD-95 is an 

important element in HD pathogenesis, and one of the proteomic studies has identified PSD-95 as the 

“hub” in the huntingtin interactome (Shirasaki et al., 2012). Presence of a pathological polyQ expansion 

in Htt weakens this interaction mislocalising PSD-95 to extrasynaptic sites, where it has been proposed 

to stabilise extrasynaptic NMDARs (Fan et al., 2009). 

Interestingly, PSD-95 was shown to be involved in regulation of excitotoxicity, as it recruits calcium-

dependent neuronal nitric oxide synthase (nNOS) near the NMDA receptor channels (Aarts & Tymianski, 

2003). Nitric oxide production in neuronal cells induces stress-activated protein kinase p38 and 

contributes to glutamate-induced neurotoxicity (Cao et al., 2004; Cao et al., 2005; Dawson & Dawson, 

1996; Huang et al., 1994; Kawasaki et al., 1997). Suppression of the PSD-95 gene expression was shown 

to attenuate the NMDAR signalling-mediated production of nitric oxide and to be neuroprotective in 

models of ischemia (Aarts et al., 2002; Sattler et al., 1999). Similarly, disruption of the PSD-95-nNOS 

interaction prevented the activation of p38 and glutamate-mediated neuronal death (Cao et al., 2005). 

Interestingly, knockdown of PSD-95 as well as application of nNOS inhibitor reduced NMDAR-mediated 

excitotoxocity in the YAC128 HD model (Fan et al., 2009), suggesting that nNOS plays a role in HD 

pathogenesis. 

Both α and β isoforms of SAP97 are involved in stabilising AMPA and NMDA receptors at the 

postsynaptic membrane (Jeyifous et al., 2016; Schluter et al., 2006). Additionally, βSAP97 holds a major 

role in sorting and trafficking of these receptors from the ER and Golgi to synapses, thus accompanying 

the receptor complexes from early stages of their secretory pathways (Jeyifous et al., 2009; Sans et al., 

2001). Similar to PSD-95, SAP97 isoforms bind the CTDs of GluN2A and GluN2B subunits via the first two 
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PDZ domains (Niethammer et al., 1996; Wang et al., 2005). Unlike PSD-95, however, SAP97 binds 

directly to the GluA1 subunit, without the assistance of TARPs (Cai et al., 2002; Fukata et al., 2005; 

Leonard et al., 1998). Also, while PSD-95 predominantly exists in its α isoform in the brain, β is the 

dominant isoform of SAP97 (Chetkovich et al., 2002; Muller et al., 1995). SAP97 isoforms, apart from 

having alternative N-terminal domains, undergo alternative splicing at two additional sites in the 

transcript sequence. SAP97 may be alternatively assembled at the N-terminal side of the 1st PDZ 

domain, where two different inserts, I1a and I1b, have been identified, and in the region between the 

SH3 and GUK domains where four different inserts, I2, I3, I5 and I4, can be incorporated in multiple 

combinations into the final transcript (McLaughlin et al., 2002) (see Chapter 1.5). Among all the insert 

combinations βSAP97/I1a/I1b/I3 has been identified as the dominant isoform expressed in the brain 

(Lue et al., 1994; McLaughlin et al., 2002; Mori et al., 1998b).  

βSAP97, similar to αPSD-95 protein, exists in isoform-specific conformations. The extended/compact 

conformation change occurs via L27 domain interactions (Nakagawa et al., 2004). The L27 domain of 

SAP97 interacts with the same domain of other SAP97 molecules or other scaffolding proteins (Lee et 

al., 2002; Nakagawa et al., 2004). This L27-L27 interaction allows βSAP97 to adopt its extended 

conformation required to bind NMDAR subunits (Lin et al., 2013; Nakagawa et al., 2004). On the other 

hand, in its compact conformation βSAP97 has been shown to preferentially bind AMPARs (Jeyifous et 

al., 2016). The αSAP97 amino-acid sequence, due to its similarity with αPSD-95, suggests that these two 

proteins assume analogous and perhaps redundant functions. Although an N-terminally truncated 

SAP97, previously considered an equivalent of the αSAP97 variant, has been shown to more often 

adopt the compact conformation (Tully et al., 2012), αSAP97’s actual conformation it is likely to be 

palmitoylation-dependent, as is in the case of αPSD-95 (Jeyifous et al., 2016). Biochemical modification 

of βSAP97 to exchange the L27 domain for the palmitoylation motif derived from PSD-95 (effectively 

mimicking αSAP97) and its expression in hippocampal neurons had similar effects on AMPAR-mediated 

currents as overexpression of PSD-95 (Craven et al., 1999; Schnell et al., 2002). 

Both N-terminal SAP97 isoforms are thought to serve a scaffolding role at the PSD. Due to lower 

relative expression and lack of isoform-specific antibodies, however, the role of αSAP97 is not well 

understood. Recent reports imply that both SAP97 isoforms cluster glutamate receptors at the 

postsynaptic membrane, but they have been suggested to differ in their ability to target receptors to 

the PSD and non-PSD sites (Goodman et al., 2017; Li et al., 2011; Liu et al., 2014; Schluter et al., 2006; 

Waites et al., 2009). Based on electrophysiology results, βSAP97 has been suggested to target both 

AMPARs and NMDARs to extrasynaptic membrane locations, while αSAP97 preferentially clustered 

AMPARs at the synapse (Li et al., 2011). Hence, a model has been proposed suggesting that α and 

βSAP97 play opposing and complimentary roles in regulating glutamatergic neurotransmission (Li et al., 
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2011; Waites et al., 2009). Interestingly however, no effect of αSAP97 overexpression was shown on 

the distribution of NMDA receptors (Li et al., 2011). Moreover, in neurons with PSD-95 knock-down, 

overexpression of βSAP97 resulted in generally increased membrane expression (both synaptic and 

extrasynaptic) of NMDARs, while expression of PSD-95 in these neurons preferentially enhanced 

synaptic NMDAR clustering (Liu et al., 2014; Schluter et al., 2006). Super-resolution imaging revealed 

that both overexpression of α and βSAP97 lead to an increased expression of AMPARs at PSDs 

(Goodman et al., 2017). Moreover, βSAP97 was shown to increase synaptic AMPAR cluster size as well 

as AMPAR density at perisynaptic locations (Goodman et al., 2017). Studies that would investigate the 

impact of SAP97 overexpression on the distribution of NMDARs are currently lacking; however, our 

preliminary results suggest that neither isoform, when overexpressed in hippocampal neurons, 

significantly affects the balance between synaptic and extrasynaptic NMDA receptors (unpublished 

data). 

4.2. Aims 

Changes in MAGUK protein expression in HD models have been studied almost exclusively in the 

context of the dominant form of PSD-95. It is unknown whether other MAGUKs play a role in HD 

pathogenesis and whether they may affect the balance between pro-death and prosurvival NMDAR 

signalling. Because previous electrophysiology results suggested that α and β isoforms of SAP97 play 

opposing roles in regulating the distribution of synaptic vs extrasynaptic surface receptors, especially 

with βSAP97 preferentially enhancing extrasynaptic/total surface NMDAR-mediated currents (Li et al., 

2011; Liu et al., 2014; Schluter et al., 2006), we hypothesize that this isoform may be upregulated in HD 

brains and play a role in HD pathogenesis. Therefore, the aims of this study were: 

1. To determine whether SAP97 expression is altered in mHtt-expressing primary neurons.  

2. To determine whether SAP97 expression is altered in brain tissue of symptomatic YAC128 mice. 

In order to achieve these aims we applied (1) immunocytochemistry and (2) quantitative western 

blot analysis. 
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4.3. Results 

4.3.1. βSAP97 is unaltered in hippocampal neurons expressing mutant huntingtin 

In order to determine whether mutant huntingtin induces any changes in the expression of 

endogenous βSAP97, control and mutant huntingtin plasmid DNA expression was induced in 

hippocampal neurons at DIV9-10 and neurons were fixed at DIV12-13, ~72 hours post-induction. 

Subsequently, neuronal cultures were immunolabelled using a βSAP97-specific antibody, as well as an 

antibody against synapsin 1 (Figure 4.1A), and hippocampal neurons were imaged using conventional 

epifluorescence microscopy. The density of βSAP97, synapsin 1 and the co-localised puncta (i.e. 

synaptic βSAP97) were quantified per 10 μm dendritic length. Furthermore, mean absolute intensity of 

total/synaptic βSAP97 and synapsin 1 puncta was measured (for methods see Chapter 2).  

The density of total βSAP97 puncta was not significantly different between the neuronal groups 

(ANOVA: F[2,87] = 0.241, p = 0.786). βSAP97 density per 10 μm dendrite was comparable between 97Q 

(n = 30, 35.44 ± 1.98) and eGFP/25Q (n = 30, 35.78 ± 1.80 for eGFP; n = 30, 33.94 ± 2.23 for 25Q) 

expressing neurons. The density of synaptic βSAP97 puncta was also similar in 97Q (n = 30, 9.94 ± 1.00) 

and eGFP/25Q (n = 30, 9.76 ± 0.71 for eGFP; n = 30, 10.71 ± 0.86 for 25Q) neurons (ANOVA: F[2,87] = 

0.338, p = 0.714) (Figure 4.1B). Likewise, no significant differences were detected in synapsin 1 puncta 

density between the three neuronal groups (ANOVA: F[2,87] = 1.018, p = 0.366; n = 30, 15.23 ± 0.86 for 

eGFP; n = 30, 15.97 ± 1.26 for 25Q; n = 30, 13.71 ± 1.00 for 97Q) (Figure 4.1B). 

Comparisons of mean βSAP97 puncta intensity values did not show any significant alterations 

(Figure 4.1C). The mean intensity of total βSAP97 puncta was comparable between eGFP, 25Q and 97Q 

expressing neurons (ANOVA: F[2,87] = 1.203, p = 0.305; n = 30, 19187.23 ± 968.17 for eGFP; n = 30, 

18475.66 ± 781.84 for 25Q; n = 30, 20866.96 ± 1486.70 for 97Q). The mean intensity of synaptic βSAP97 

was also similar in 97Q (n = 30, 20797.22 ± 1417.49) neurons compared with eGFP/25Q (n = 30, 

18048.89 ± 952.86 for eGFP; n = 30, 17502.94 ± 726.31 for 25Q) neurons (ANOVA: F[2,87] = 2.715, 

p = 0.072). The mean intensity of synapsin 1 puncta, however, was altered between the three 

transfection groups (ANOVA: F[2,87] = 5.381, p = 0.006), and it was decreased in 97Q (n = 30, 8135.03 ± 

747.21) expressing neurons compared with both eGFP (n = 30, 10700.01 ± 511.27; p = 0.020) and 25Q 

(n = 30, 11108.51 ± 792.81; p = 0.006) expressing neurons. 

4.3.2. SAP97 expression is altered in the YAC128 hippocampus, but not the striatum 

In order to determine whether SAP97 is a part of the pathogenesis of HD in the YAC128 model, we 

measured SAP97 expression in the hippocampus as well as striatum of 43-49 week-old symptomatic 

YAC128 mutant and age-matched control mice. Protein samples were isolated from whole  
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Figure 4.1. Comparison of βSAP97/synapsin 1 puncta densities and mean intensities between hippocampal 

neurons expressing pBWN97Q, 25Q and eGFP plasmid DNAs. 

 (A) Representative images of hippocampal neurons expressing pBWN-eGFP (left), pBWN-25Q (middle) and 

pBWN-97Q (right), immunostained with antibodies against βSAP97 (Alexa Fluor 594, shown in red) and synapsin 1 

(Alexa Fluor 647, shown in white) (scale bar 20 μm). (B) Densities of total βSAP97 puncta, synaptic βSAP97 puncta 

as well as synapsin 1 puncta per 10 μm dendrite in hippocampal neurons expressing the control/huntingtin 

plasmid DNA. Expression of mHtt did not induce significant changes in the number of βSAP97 or synapsin 1 puncta 

compared with controls neurons. (C) Absolute mean intensity of total βSAP97 puncta, synaptic βSAP97 puncta as 

well as synapsin 1 puncta in eGFP, 25Q and 97Q expressing hippocampal neurons. Mutant Htt expressing neurons 

did not display any significant changes in the intensity of βSAP97, however, it decreased the expression of 

presynaptic synapsin 1 compared to both eGFP and 25Q expressing neurons. *, p-value < 0.05; **, p-value < 0.01. 
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striatal/hippocampal tissue homogenates and used for quantitative western blot experiments with 

either a βSAP97 isoform-specific antibody or a panSAP97 antibody binding all isoforms. An antibody 

against beta-actin served as a loading control (for methods see Chapter 2). Anti-DARPP32 antibody 

labelling detected a protein band only in the striatal protein samples and not hippocampal samples 

(Figure 4.2A). Integrated density values were recorded for all the protein bands of interest and then 

normalised to the beta-actin band. 

The βSAP97-specific antibody, directed against the L27 domain, detected a single band in both 

hippocampal and striatal protein samples, representing a protein product of ~110-120 kDa (Figure 4.2B). 

The panSAP97 antibody labelling resulted in multiple protein bands, including two distinct bands in the 

100-120 kDa range (Figure 4.2C). As its target is located within the SAP97 amino acid sequence that 

does not exhibit splicing variation, specifically between the N-terminal L27/palmitoylation and PDZ1 

domains (and before the optional I1a/I1b inserts), this antibody is able to detect all the SAP97 isoforms. 

Among the two bands that were analysed, the upper band appeared at the same molecular weight level 

as the SAP97 band detected with the β isoform-specific antibody, and the lower band had 

approximately 10 kDa lower molecular weight and therefore was defined as a putative αSAP97 band. 

We first investigated the expression of βSAP97 in the YAC128 hippocampus and striatum identified 

using the β isoform-specific antibody. Quantitative western blot analysis revealed that the expression of 

βSAP97 is unchanged in the hippocampus and striatum of the HD model mice compared to aged-

matched control mice (hippocampus: n = 6, 0.896 ± 0.248 for wild-type; n = 8, 1.155 ± 0.189 for 

YAC128; striatum: n = 4, 1.548 ± 0.368 for wild-type; n = 8, 1.428 ± 0.160 for YAC128) (Figure 4.3A). In 

contrast, western blot analysis of the band representing βSAP97 isoform detected by the anti-

panSAP97 antibody showed a statistically significant increase in βSAP97 expression in YAC128 

hippocampus (n = 7, 1.032 ± 0.178 for wild-type; n = 7, 2.004 ± 0.282 for YAC128, p = 0.013) (Figure 

4.3B). No significant changes, however, were found in the YAC128 striatum using the same primary 

antibody (n = 8, 0.419 ± 0.056 for wild-type; n = 8, 0.499 ± 0.092 for YAC128). In order to provide a 

control protein expression measurement we used an anti-DARPP32 antibody on the YAC128 striatal 

protein samples. DARPP-32 expression in the YAC128 striatum was found to be significantly decreased 

compared to the striatum of aged-matched controls (n = 7, 3.200 ± 0.546 for wild-type; n = 8, 1.299 ± 

0.300 for YAC128, p = 0.008) (Figure 4.3C). Analysis of the putative αSAP97 band showed a statistically 

significant increase in this isoform’s expression in the YAC128 hippocampus (n = 7, 1.487 ± 0.252 for 

wild-type; n = 7, 2.499 ± 0.353 for YAC128, p = 0.038), but not the striatum (n = 8, 1.294 ± 0.219 for 

wild-type; n = 8, 1.292 ± 0.224 for YAC128) (Figure 4.4). 
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Figure 4.2. Western blots showing bands representing SAP97 isoforms, DARPP32 and beta-actin proteins. 

(A) Bands representing beta-actin (~43 kDa; loading control) and DARPP32 (~32 kDa; MSN marker) detected in 

striatal protein samples from both YAC128 mutant and wild-type mice. (B) βSAP97-specific antibody labelling 

resulted in detection of a single band of nearly ~120 kDa molecular weight both in YAC128 mouse hippocampus 

and striatum. (C) The anti-panSAP97 antibody detected two distinct bands in the 100-120 kDa range, located 

approximately 10 kDa apart: the upper band with a molecular weight of ~110-120 kDa, and the lower band of 

~100-110 kDa.  
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Figure 4.3. SAP97 expression levels in YAC128/wild-type mouse hippocampus and striatum. 

(A) No significant changes in βSAP97 expression were detected in YAC128 mouse hippocampus or striatum with 

the β isoform-specific antibody. (B) Labelling with the anti-panSAP97 antibody showed a significant increase in 

βSAP97 expression in the hippocampus of YAC128 mutant mice compared with wild-type age-matched animals. In 

contrast, no significant alteration in βSAP97 expression was detected in the YAC128 striatum using the same 

antibody. (C) DARPP32 expression analysis in YAC128 striatum revealed a statistically significant decrease in HD 

animals compared to age-matched controls. *, p-value < 0.05; **, p-value < 0.01. 
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Figure 4.4. Putative αSAP97 expression levels in YAC128 mutant/wild-type mouse hippocampus and striatum. 

(A) A significant increase in αSAP97 was detected in the hippocampus of mutant YAC128 mice compared to 

control animals. (B) Conversely, no significant difference in αSAP97 expression was found between striatal protein 

samples from YAC128 mutant and wild-type animals. *, p-value < 0.05.  
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4.4. Discussion 

In this chapter we aimed to quantify SAP97 expression levels in both cellular and mouse models of 

HD in order to determine whether this PSD protein might be a part of the pathological mechanism of 

HD. Specifically, we sought to determine whether the increase in extrasynaptic NMDARs, seen in the 

YAC128 HD model (Milnerwood et al., 2012), might be explained by changes in βSAP97 expression, as 

this isoform was suggested to preferentially upregulate non-synaptic NMDAR-mediated currents 

(Jeyifous et al., 2009; Li et al., 2011). Other MAGUKs have been shown to be involved in HD 

pathogenesis previously (Fan et al., 2009; Fan et al., 2012; Fourie et al., 2014a; Jarabek et al., 2004; Sun 

et al., 2001; Torres-Peraza et al., 2008). In addition to PSD-95 dysregulation observed in the YAC128 

mice discussed previously (see Chapter 1.5.2), alterations in MAGUKs have been reported also in the 

R6/1 and N171-82Q models (Jarabek et al., 2004; Torres-Peraza et al., 2008). Quantitative western blot 

analyses revealed that in the R6/1 mouse striatum, a PSD-95-to-PSD-93 protein expression switch 

occurs at the PSD (Torres-Peraza et al., 2008), while in the N171-82Q transgenic mice, a decrease in 

PSD‐95 and SAP-102 as well as an increase in PSD-93 expression were observed (Jarabek et al., 2004). 

4.4.1. SAP97 expression changes in HD models 

Our immunocytochemistry and epifluorescence imaging data did not reveal any significant changes 

in the expression of βSAP97 in our cellular model of HD, suggesting that surface NMDAR-related 

changes in the mutant neurons are not associated with alterations in this isoform’s expression. 

However, a possibility exists that no changes in βSAP97 expression were observed due to a too short 

timeframe of mHtt expression. Mutant huntingtin when present in human or animal HD model neurons 

in vivo elicits synaptic changes that usually require a long period of time to occur. Thus, we cannot 

exclude that if mHtt was expressed for longer than 72 hours we would see alterations of postsynaptic 

scaffolding protein expression. Because of a significant deterioration of neuronal health past 72 hours 

of expression of the mutant Htt fragment in hippocampal model neurons used in this thesis such 

experiments could not be performed. Nevertheless, we were able to detect a decrease in synapsin 1 

puncta intensity in mHtt expressing neurons in comparison to control neurons. This finding was 

consistent with results obtained from previous experiments (described in Chapter 3.3.2), thus 

reinforcing the idea of a possible trans-synaptic effect mediated by mutant huntingtin (discussed in 

Chapter 3.4). The density of synapsin 1 puncta, however, was again unchanged, suggesting that the 

number of presynaptic terminals associated with mHtt neurons is comparable to the control neurons. 

On the contrary, changes in SAP97 protein levels were detected in the YAC128 HD mouse model. 

Quantification of SAP97 isoform expression in YAC128 hippocampus using two different anti-SAP97 

antibodies, however, resulted in conflicting results. One of the antibodies used was specific towards the 
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β isoform, as it targeted an amino acid sequence located within the L27 domain, whereas the other 

antibody was able to detect all the SAP97 isoforms as its epitope was positioned in an N-terminal region 

unaffected by alternative splicing. While analysis of the protein band produced by the βSAP97-specific 

antibody did not show any significant alteration in protein expression in YAC128 HD mice, 

quantification of the upper band produced by the anti-panSAP97 antibody revealed a statistically 

significant increase in βSAP97 expression in these mice. Due to the similar location of the bands 

produced by both antibodies relative to the protein size standard it is thought that they represent the 

same SAP97 isoform. It is important to acknowledge, however, that SAP97 displays isoform variation 

that extends beyond the alternatively spliced N-terminal region, therefore both antibodies should 

theoretically detect SAP97 bands of varying sizes. While the anti-panSAP97 antibody did identify 

multiple protein bands, of which we analysed two most distinct bands that were of the expected size 

established based on previous literature (Fourie et al., 2014a; Schluter et al., 2006; Zhang et al., 2015), 

the β isoform-specific antibody recognised only a single SAP97 band. Although it is not impossible that a 

certain brain region may express only one variant of βSAP97, the discrepancy in protein expression 

levels measured using the isoform-specific and panSAP97 antibodies are difficult to explain. We cannot 

exclude a possibility, however, that the two antibodies detected different subsets of SAP97 isoforms 

that are of a similar molecular weight but have different insert composition, and which could not be 

resolved based on size using western blot analysis. Notably, the number of publications that applied the 

anti-panSAP97 antibody outnumbers the literature where the βSAP97-specific antibody was mentioned 

to date (13 versus 4 publications). This fact, together with the information available on the anti-βSAP97 

antibody datasheet, stating the antibody’s tested species reactivity being limited to human and rat, 

leads us to a conclusion that our focus should be on the results obtained with the panSAP97 antibody. 

Due to the additional L27 domain in βSAP97 its molecular size is larger compared to the α isoform 

and equals ~120 kDa when measured in rat and mouse hippocampus (Schluter et al., 2006) or rat spinal 

cord neurons (Zhang et al., 2015) as detected by western blot. On the other hand, the size of αPSD-95 

expressed in rodent brain tissue was shown to be approximately 95 kDa (Schluter et al., 2006). Similar 

molecular sizes of both βSAP97 and PSD-95 have been identified in protein samples derived from 

human post mortem hippocampal and striatal tissue (Fourie et al., 2014a). The L27 domain of βSAP97 

contains ~50 amino acids and has a molecular weight of approximately 8 kDa (Feng et al., 2005; Li et al., 

2004b). However, α- and βSAP97 gene sequence analysis performed by us suggests that the β isoform 

contains an additional amino acid sequence downstream of the L27 domain that is also absent in 

αSAP97. Therefore, according to our analysis, the molecular weight difference between these two 

isoforms is larger than the size of L27 motif and altogether equals to ~10.8 kDa (unpublished 

observations). Thus, we reasoned that the αSAP97 band should be detectable in western blot analysis 

using an antibody binding to both N-terminal isoforms, and should be located within ~10 kDa below the 
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βSAP97 band. Indeed, the anti-panSAP97 primary antibody, binding to an epitope upstream of the 

1st PDZ present in all SAP97 isoforms, detected two distinct bands within the 100-120 kDa range, the 

upper one representing the β isoform and the lower band presumably being the α variant. Analysis of 

the putative αSAP97 band revealed an increase in this isoform’s expression in YAC128 hippocampus, 

but not the striatum. Considering only the results obtained by application of the anti-panSAP97 

antibody, these data suggest that symptomatic YAC128 mutant mice display an overall increase in 

SAP97 expression in the hippocampus, but with no change observed in the striatum. The βSAP97-

specific antibody data implies, however, that this change is not due to specific alterations in the 

β isoform, and therefore other SAP97 isoforms are specifically affected. 

The anti-panSAP97 antibody was used previously to investigate the protein expression in human 

post mortem HD hippocampal and striatal tissue as well as in the hippocampus of YAC128 HD mice 

(Fourie et al., 2014a). Immunohistochemical staining combined with western blot analysis revealed 

statistically significant elevations in total SAP97 expression in dentate gyrus, CA1 and CA3 areas of 

human HD hippocampus compared with control human brain tissue (Fourie et al., 2014a). In contrast, 

no significant changes were found in human HD caudate nucleus or putamen (Fourie et al., 2014a). 

Quantitative western blot analyses presented in this chapter are consistent with the human tissue-

based results presented in the study by Fourie and colleagues (2014) and suggest a role of SAP97 in HD 

pathogenesis that is specific for the hippocampus, but not the striatum. Together with SAP97, 

hippocampal HD human tissue displayed increased expression of the GluN1 subunit protein (Fourie et 

al., 2014a). Although it is unlikely that elevated SAP97 expression itself could lead to a concomitant 

elevation in NMDAR subunit transcription or translation, it is possible that this increase in SAP97 alters 

receptor trafficking and surface expression of NMDARs in the human brain. 

Our western blot data does not, however, agree with the immunocytochemical analyses performed 

by Fourie and colleagues on YAC128 hippocampal tissue, as they did not reveal any changes in the 

expression of total SAP97 in YAC128 mutant versus wild-type hippocampus (Fourie et al., 2014a). These 

discrepancies are surprising, as the tissue used by Fourie and colleagues (2014) came from YAC128 mice 

of similar age as the animals used in the present study. One source of this discord may stem from the 

methods used to quantify the SAP97 expression. While we applied western blots using protein samples 

derived from all the cells present in the entire hippocampal region, Fourie and colleagues quantified 

only the antibody labelling present in dendritic areas of the dentate gyrus, CA1 and CA3 areas (Fourie et 

al., 2014a). Consequently, if SAP97 expression changes occur in the soma they would not be detected 

with the analysis employed by Fourie and colleagues (2014). Nonetheless, the discrepancies in results 

produced by different antibodies and experimental techniques discussed here suggest that these data 
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ought to be interpreted with caution. As no other research group has addressed SAP97 expression 

changes in HD, future studies will be required to resolve this issue. 

As we did not perform immunocytochemical experiments with the anti-panSAP97 antibody on our 

cellular HD model, it remains unknown whether SAP97 protein expression changes occur in other 

SAP97 isoforms in mHtt expressing hippocampal neurons. If, however, overall SAP97 expression is 

elevated in HD hippocampus, as some results presented in this study as well as human brain tissue-

based data by Fourie and colleagues (2014) suggest, it is possible that this increase could underlie the 

LTP deficits seen in HD patients (Orth et al., 2010) and HD model systems (Milnerwood et al., 2006; 

Murphy et al., 2000; Usdin et al., 1999), as in hippocampal neurons overexpressing either of the α/β N-

terminal SAP97 isoform LTP was found to be either occluded or blocked (Li et al., 2011). Given the 

widely recognised role of the hippocampus in the formation and retrieval of memories (Preston & 

Eichenbaum, 2013), it is conceivable that any disruption of the PSD protein organisation in this brain 

region might have detrimental effects on the cognitive and psychological functions. Therefore, 

hippocampal-specific changes in SAP97 expression in HD could be responsible for mood disturbances, 

which occur long before the onset of the HD motor symptoms, as well as for subsequent memory 

deficits seen in later disease stages (Reiner et al., 2011). 

4.5. Conclusion 

In this chapter we tested the hypothesis that SAP97 expression is altered in HD model systems. 

Specifically, we sought to determine whether there is an increase of βSAP97 expression in mutant 

huntingtin expressing neurons or in brain tissue derived from symptomatic YAC128 HD model mice. 

Although we could not identify any changes in the β isoform of SAP97, significant alterations in overall 

SAP97 expression levels were found when an anti-panSAP97 antibody was used. Our quantitative 

western blot results suggest that the expression of other SAP97 isoforms is upregulated in YAC128 

mutant mice and this upregulation is hippocampus-specific, as no alterations were found in YAC128 

striatum. This result is consistent with human post mortem tissue-based studies, where a similar trend 

was identified. Although further experiments are required to validate these findings, our data raise the 

possibility that SAP97 plays a role in the HD mechanism in hippocampus, e.g. characteristic for HD LTP 

deficiency. 
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CHAPTER FIVE: SUPER-RESOLUTION IMAGING OF GLUTAMATE 

RECEPTORS IN A CELLULAR HD MODEL 

5.1. Introduction 

Light microscopy has been one of the most important techniques that has answered multiple 

biological questions. Initially it was used for qualitative observations, and over time has been greatly 

improved to enable high-throughput quantitative measurements of biological specimens in modern day. 

The advancement of microscopy methods mainly involved improvement of the resolving power of 

optical systems. However, at the end of the 19th century two physicists, Ernst Abbe and Lord Rayleigh, 

discovered that there is a limitation to the resolving power of lens-based light microscopy – a limitation 

imposed by the phenomenon of light diffraction (Abbe, 1873; Rayleigh, 1896). A beam of light passing 

through a lens, due to its wave nature, always spreads out to form a larger, diffracted spot of light in 

the image plane. Therefore, the smallest point to which an objective lens can focus a beam of light is 

the size of an Airy disk, a diffraction pattern, the size of which defines the resolution of a microscope 

(Abbe, 1873; Airy, 1835). According to the equation developed by Abbe, the highest achievable lateral 

resolution (𝑑) is equal to 𝑑 =
0.5𝜆

𝑛×𝑠𝑖𝑛𝜃
 where 𝜆 corresponds to the wavelength of light collected by an 

objective lens and 𝑛 × 𝑠𝑖𝑛𝜃 has been termed the numerical aperture (NA) and describes the ability of 

an objective lens to collect light (Abbe, 1873). This means that in theory, only objects that lay 

approximately half a wavelength apart, or at least ~180 nm apart (considering 509 nm light, emission 

spectrum for GFP), can be resolved. The theoretical resolution of light microscopy, however, can only 

be reached under optimal conditions, i.e. assuming large NA, precise alignment of the optical 

components, homogeneous refractive index of the embedding medium and high signal-to-noise ratio 

(Schermelleh et al., 2010). Typically, biological samples are complex and with a considerable out-of-

focus blur which together with existing optical aberrations significantly decrease the maximal 

achievable resolution (Schermelleh et al., 2010). 

The “diffraction barrier” implies that dense structures containing objects smaller than ~200 nm 

cannot be resolved with conventional light microscopy, resulting in a featureless image composed of 

multiple overlapping signals. Alas, this applies to the synaptic structure as well. The size of an average 

postsynaptic density (PSD), with a diameter of 300–400 nm and thickness of 30–60 nm, already 

approaches the diffraction limit (Carlin et al., 1980). Thus, in order to study the ultrastructure of the 

PSD, with its densely packed protein components being at least an order of magnitude smaller in 

diameter compared with the PSD, a microscopy technique that overcomes the resolution limit needs to 

be applied. Until recently, high-resolution imaging of synapses was only possible with electron 
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microscopy (EM) (Arthur & Stowell, 2007; Chen et al., 2008; Hermel et al., 2006), which utilises a 

focused electron beam to illuminate the specimen with immuno-gold labelled target molecules. 

However, EM is technically demanding and specimen preparation for EM with high-density labelling of 

several protein species simultaneously is time-consuming and prone to artefacts (Chen et al., 2008; 

Schermelleh et al., 2010). In this respect fluorescence microscopy is less challenging, allowing for 

multicolour labelling and imaging of multiple molecule species at the same time. Therefore, efficient 

study of the PSD architecture requires a multicolour imaging method with a resolution reaching the 

molecular scale that would allow for precise spatial mapping of different synaptic proteins, and which 

would also be applicable to intact neural circuits in brain tissue as well as live neurons in vitro. 

In recent years, several approaches have been developed and applied for sub-diffraction limit 

fluorescence imaging of biological samples. So-called “super-resolution” imaging methods achieve 

<100 nm resolution by temporally or spatially isolating fluorescent molecules, in contrast to imaging all 

the molecules simultaneously (Fernandez-Suarez & Ting, 2008). The stimulated emission depletion 

(STED) method was one of the first super-resolution imaging techniques developed (Hell & Wichmann, 

1994). STED achieves super-resolution via spatially limiting the number of active fluorophores by using 

two laser beams, one used for fluorescence excitation and a surrounding doughnut-shaped STED beam 

for fluorescence de-excitation (Hell & Wichmann, 1994). When the two light beams are superimposed, 

with the STED beam having an intensity equal to 0 at its centre, only fluorophores at the centre of the 

STED pulse can be activated, achieving up to 20 nm lateral resolution (Donnert et al., 2006; Donnert et 

al., 2007; Hell & Wichmann, 1994; Klar et al., 2000). 

Super-resolution imaging modalities that enable the imaging of single molecules include 

photoactivation localisation microscopy (PALM) and stochastic optical reconstruction microscopy 

(STORM) methods (Betzig et al., 2006; Henriques et al., 2011; Huang et al., 2008). These localisation 

microscopy techniques are based on a common fundamental principle that the position of a single 

molecule can be localised with nanometer accuracy if (A) the photon-emitting molecules are spatially 

isolated by ~200 nm at any instant and (B) enough photons are collected (Schermelleh et al., 2010; 

Thompson et al., 2002; Yildiz et al., 2003). After multiple rounds of imaging to activate different 

populations of single molecules, their individual positions are estimated and a super-resolution image is 

reconstructed. On the technical side, PALM methods exploit photoactivatable fluorescent proteins that 

are endogenously expressed in a form of a genetic fusion with the protein of interest (Betzig et al., 

2006). STORM methods, in contrast, use conventional immunolabelling techniques to target a photo-

switchable dye to the protein of interest (Baddeley et al., 2011; Heilemann et al., 2008; Rust et al., 

2006). 
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In STORM, photo-switchable dyes are switched on and off multiple times, which is observed as 

fluorophore blinking, allowing for the construction of an image based on high-accuracy localisation of 

individual molecules with up to 20 nm resolution (Bates et al., 2007; Rust et al., 2006). The original 

STORM technique used cyanine Cy3 and Cy5 dyes that formed an optical switch that could be turned on 

and off for hundreds of cycles before permanently photobleaching (Rust et al., 2006). Red laser 

illumination (633 nm) was first used to excite Cy5 reporter dyes and switch them to the stable dark 

state. Illumination with a green laser (532 nm) then converted Cy5 back to its fluorescent state via 

energy transfer from the Cy3 molecule (Rust et al., 2006). In each STORM imaging cycle only a fraction 

of the fluorophores are active to give an optically resolvable set of light-emitting fluorophores. Direct 

STORM (dSTORM) is an evolution of that technique utilising conventional organic fluorophores that also 

can be reversibly photobleached (Baddeley et al., 2009; Heilemann et al., 2008; van de Linde et al., 

2011). In dSTORM, the spatial isolation of fluorescent molecules is achieved by inducing the 

fluorophores to enter a reversible non-fluorescent dark state from which they then return to the 

fluorescent state in a stochastic manner, where only a small subset of fluorophores are active at any 

given instant (Baddeley et al., 2009; Heilemann et al., 2008). After the photon collection, the position of 

single fluorophores is determined by fitting their emission patterns with a model function (Baddeley et 

al., 2009; Wolter et al., 2011). As a result, dSTORM imaging provides a list of single-molecule 

coordinates which are used to reconstruct an artificial image of the labelled specimen (Baddeley et al., 

2009; Heilemann et al., 2008), thus offering a powerful tool for studying the synaptic ultrastructure. 

Among all the single molecule imaging techniques available, dSTORM is particularly convenient due to a 

number of commercially available photostable fluorescent dyes with high signal-to-noise ratio 

conjugated with secondary antibodies which allow for relatively simple sample preparation (Fernandez-

Suarez & Ting, 2008). 

Super-resolution imaging has enabled the visualisation of synaptic components and their 

interactions that were previously hidden beneath the diffraction limit, and is particularly applicable to 

the study of receptor protein localisation (Baddeley et al., 2011; Dani et al., 2010). In order to study 

protein components of excitatory synapses, localisation-type super-resolution microscopy has mostly 

been performed on cultured cells, both fixed and live, although imaging on brain tissue sections has 

also been demonstrated (Andreska et al., 2014; Dani et al., 2010; Goodman et al., 2017; MacGillavry et 

al., 2013). Dani and colleagues provided the first sub-diffraction fluorescent images of synaptic proteins. 

They labelled different combinations of pre- and postsynaptic proteins in mouse brain tissue sections 

and applied three-colour 3D dSTORM, revealing their relative axial and radial distributions in PSD and 

CAZ, as well as their locations from the synaptic cleft (Dani et al., 2010). In this study, the authors 

determined that Bassoon and Piccolo exist in their extended conformations and are organised at the 

active zone perpendicular to the presynaptic membrane, as opposed to Homer being in an almost 
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parallel orientation relative to the postsynaptic membrane (Dani et al. 2010). Moreover, based on the 

known distance between presynaptic Bassoon and postsynaptic Homer, estimated to be ~150 nm, the 

authors observed that PSD-95 is located nearest to the postsynaptic membrane of all the scaffolding 

proteins studied (Dani et al., 2010).  

Subsequently, single molecule imaging methods were used by other research groups to image major 

scaffolding proteins within the synapse. Andreska and colleagues applied two-colour dSTORM to study 

the location of BDNF at glutamatergic synapses of fixed cultured hippocampal neurons. These authors 

found that BDNF is primarily localised at the presynaptic terminal in 60 nm diameter granular structures, 

which were found to co-localise with VGlut (Andreska et al., 2014). MacGillavry and colleagues used 

PALM to image sub-synaptic protein clusters and map their spatial distribution in single PSDs of live 

hippocampal neurons. The authors labelled multiple postsynaptic proteins and found that synaptic 

scaffolds, including PSD-95, GKAP, Shank3 and Homer, are not distributed in a homogenous fashion; 

instead they exist in subsynaptic clusters (MacGillavry et al., 2013). Moreover, PSD-95 clusters were 

found to be preferentially co-localised with AMPARs compared to NMDARs (MacGillavry et al., 2013). In 

a study by Nair and colleagues, a combination of super-resolution techniques was applied, including 

dSTORM and PALM, in order to demonstrate that, in hippocampal spines, surface AMPARs are 

organised in stable subsynaptic clusters termed nanodomains (Nair et al., 2013). In addition, the 

authors determined through dSTORM imaging that when PSD-95 was knocked down or overexpressed, 

the number of AMPAR nanodomains per spine decreased or increased respectively (Nair et al., 2013). In 

2016, Tang and colleagues via application of 3D STORM and PALM proved the existence of 

transsynaptic “nanocolumns”, where protein machinery responsible for SV priming and fusion is 

organised in nanometre-scale clusters at the active zone and is precisely aligned with receptor 

nanodomains at the opposite side of the synapse (Tang et al., 2016). These presynaptic protein 

nanoclusters were found to be composed of RIM proteins, whose gradient guides SV fusion and release 

following action potential invasion (Tang et al., 2016). Furthermore, activation of postsynaptic NMDARs 

was found to induce postsynaptic changes that were followed by realignments of the presynaptic RIM 

nanoclusters (Tang et al., 2016). In a recent study from our research group, dSTORM imaging was used 

to determine the roles of N-terminal SAP97 isoforms in regulating surface expression of AMPA 

receptors (Goodman et al., 2017). This localisation microscopy method enabled us to determine that 

while both α- and βSAP97 enhance synaptic localisation of AMPARs at the PSDs, βSAP97 also increases 

AMPAR clusters at the PSD edge and surrounding perisynaptic locations (Goodman et al., 2017). Apart 

from differences in regulation of receptor distribution, the two SAP97 isoforms were found to have 

opposing influence on synaptic function, as while αSAP97 expressing neurons were characterised by 

enlarged presynaptic active zones, βSAP97 had a negative effect on the number of presynaptic 

terminals, size of the dendritic arbour and dendritic spine maturation (Goodman et al., 2017). Since 
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localisation microscopy has entered the field of neuroscience, it has already been used by multiple 

groups to reveal the PSD organisation previously accessible only with complicated EM-based methods. 

It is beyond doubt that microscopy methods that break the diffraction limit will contribute to even 

greater understanding of the synaptic protein architecture and function in multiple synapse types in the 

future. 

5.2. Aims 

In Chapter 3 we attempted to determine the surface distribution of NMDA and AMPA receptors in a 

cellular model of HD. Those experiments did not reveal significant changes in the density of 

extrasynaptic NMDARs, and we suspected this result might have occurred due to limited resolution of 

the imaging technique used. As glutamate receptor complexes are of a size much smaller than the 

diffraction limit of standard light microscopy, we propose that a higher resolution method might more 

reliably measure the proportion between synaptic and extrasynaptic receptors in HD neurons. 

Therefore, we applied dSTORM super-resolution imaging technique to achieve the following aims: 

1. To determine the relative synaptic versus extrasynaptic surface expression of NMDA receptors in 

primary hippocampal neurons expressing mutant and wild-type huntingtin. 

2. To determine the relative synaptic versus extrasynaptic surface expression of AMPA receptors in 

primary hippocampal neurons expressing mutant and wild-type huntingtin. 

3. To determine whether co-expression of SAP97 isoforms prevents the synaptic/extrasynaptic NMDA 

receptor balance shift in primary hippocampal neurons expressing mutant huntingtin. 

To date, NMDA receptor distribution has only been studied in MSNs of the YAC128 mouse HD model 

and only using an electrophysiology approach. Here, we provide evidence for altered NMDAR and 

AMPAR surface distribution in a cellular HD model acquired with dSTORM imaging. To date, this is the 

first study to address the synaptic abnormalities in a model of a neurological disease using a super-

resolution imaging method. 
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5.3. Results 

5.3.1. Super-resolution imaging of GluN1 in a cellular model of HD 

In order to study the distribution of surface NMDARs in a cellular model of HD (described in Chapter 

3) using dSTORM super-resolution microscopy, primary rat hippocampal neurons were co-transfected 

using pBWN-97Q/pBWN-25Q or pBWN-eGFP constructs and a construct encoding the GluN1 subunit 

protein with an N-terminal FLAG epitope. Htt/eGFP plasmid DNA expression was induced at DIV9-10 

and neurons were fixed at DIV12-13, ~72 hours post-induction. Subsequently, neuronal cultures were 

immunolabelled using an antibody against extracellular FLAG epitope attached to the overexpressed 

GluN1 subunit protein, as well as an antibody against Homer, which served as a marker of the 

excitatory PSD (Figure 5.1A-C). Both surface expression and distribution of Flag-GluN1-containing 

NMDARs were investigated. The distribution of surface NMDARs is presented as distance of the Flag-

GluN1 subunit labelling in relation to the border of postsynaptic Homer labelling, such that distances 

below zero indicate synaptic receptors, located inside the PSD, and distances above 100 nm represent 

the proportion of receptors outside the PSD, i.e. extrasynaptic receptors. Flag-GluN1 labelling located 

above 0 nm but below 100 nm outside the PSD was defined as perisynaptic receptors (Goodman et al., 

2017) (for methods see Chapter 2). 

First, we compared the total surface Flag-GluN1 labelling area normalised to the total dendritic 

surface area (measured using the MAP2 immunostaining) between the neuronal groups. No statistically 

significant changes were found in the surface area of Flag-GluN1 labelling (ANOVA: F[2,42] = 3.045, 

p = 0.0582; n = 15, 0.074 ± 0.012 for eGFP; n = 14, 0.089 ± 0.009 for 25Q; n = 16, 0.115 ± 0.014 for 97Q) 

(Figure 5.1D). Quantification of the distribution of Flag-GluN1-containing NMDAR labelling revealed that 

in 97Q expressing neurons the distribution is shifted relative to the distribution in eGFP and 25Q 

neurons (distance relative to synaptic edge: n = 15, median = 40 nm, IQR = -20-140 nm for eGFP; n = 14, 

median = 40 nm, IQR = -40-120 nm for 25Q; n = 16, median = 60 nm, IQR = 0-180 nm for 97Q) (Figure 

5.1E). By dividing the Flag-GluN1 labelling fractions based on their localisation, we found that 97Q 

expressing neurons have a significantly decreased synaptic fraction of GluN1 labelling (ANOVA: F[2,42] 

= 7.069, p = 0.0023; n = 16, 0.223 ± 0.018) compared to both 25Q (n = 14, 0.336 ± 0.033, p = 0.0043) 

and eGFP (n = 15, 0.320 ± 0.017, p = 0.0133) expressing neurons (Figure 5.1F left). No significant 

differences were detected in the fraction of perisynaptic Flag-GluN1 labelling (ANOVA: F[2,42] = 0.992, 

p = 0.380; n = 16, 0.340 ± 0.015 for 97Q; n = 14, 0.348 ± 0.018 for 25Q; n = 15, 0.317 ± 0.015 for eGFP) 

(Figure 5.1F middle). The three neuronal groups differed in the fraction of GluN1 labelling localised at 

extrasynaptic sites (ANOVA: F[2,42] = 10.330, p = 0.0002), with 97Q neurons having a significantly 

increased extrasynaptic Flag-GluN1 fraction (n = 16, 0.437 ± 0.016) compared to 25Q (n = 14, 0.316 ± 

0.024, p = 0.002) as well as eGFP (n = 15, 0.363 ± 0.018, p = 0.0343) expressing neurons (Figure 5.1F
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right). No significant differences were found in Flag-GluN1 distribution between 25Q and eGFP 

expressing neurons (Figure 5.1F). 

5.3.2. Super-resolution imaging of GluA1 in a cellular model of HD 

To examine the distribution of surface GluA1-containing AMPA receptors in our HD model using 

dSTORM imaging, primary rat hippocampal neurons were co-transfected with pBWN-97Q, pBWN-25Q 

or pBWN-eGFP plasmid DNAs and a plasmid encoding the GluA1 subunit protein with an N-terminal 

FLAG sequence (Cheyne & Montgomery, 2008). Htt/eGFP plasmid DNA expression was induced at 

DIV9-10 and neurons were fixed at DIV12-13, ~72 hours post-induction. Subsequently, neuronal 

cultures were immunolabelled using an antibody against the extracellular FLAG epitope attached to the 

overexpressed GluA1 subunit, and an antibody against Homer (Figure 5.2A-C). We analysed the total 

Flag-GluA1 surface expression and its distribution relative to the edge of Homer labelling (for methods 

see Chapter 2). 

No statistically significant changes were found in the surface area of Flag-GluA1 labelling normalised 

to the total dendritic surface area (ANOVA: F[2,33] = 2.564, p = 0.0922; n = 12, 0.203 ± 0.0124 for eGFP; 

n = 12, 0.180 ± 0.019 for 25Q; n = 12, 0.141 ± 0.015 for 97Q) (Figure 5.2D). The general trend of Flag-

GluA1 distribution was comparable between eGFP, 25Q and 97Q expressing neurons (distance relative 

to synaptic edge: n = 12, median = 60 nm, IQR = 0-140 nm for eGFP; n = 12, median = 40 nm, IQR  

= -20-140 nm for 25Q; n = 12, median = 60 nm, IQR = -20-180 nm for 97Q) (Figure 5.2E). The synaptic 

Flag-GluA1-containing AMPAR fraction was found to be unaltered in 97Q Htt expressing hippocampal 

neurons compared with the control 25Q/eGFP neurons (ANOVA: F[2,33] = 0.083, p = 0.920; n = 12, 

0.252 ± 0.022 for 97Q; n = 12, 0.263 ± 0.030 for 25Q, n = 12, 0.247 ± 0.030 for eGFP) (Figure 5.2F left). 

However, 97Q expressing neurons had significantly decreased perisynaptic fraction of the Flag-GluA1 

labelling (ANOVA: F[2,33] = 6.527, p = 0.004; n = 12, 0.328 ± 0.013) compared to both 25Q and eGFP 

neurons (n = 12, 0.390 ± 0.010, p = 0.005 for 25Q, n = 12, 0.378 ± 0.015, p = 0.029 for eGFP) (Figure 5.2F 

middle). There were no statistically significant differences between the three neuronal groups in the 

fraction of extrasynaptic Flag-GluA1 labelling (ANOVA: F[2,33] = 1.323, p = 0.280; n = 12, 0.374 ± 0.036 

for eGFP; n = 12, 0.346 ± 0.030 for 25Q, n = 12, 0.420 ± 0.031 for 97Q) (Figure 5.2F right). 
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Figure 5.1. Super-resolution imaging of Flag-GluN1 in a cellular model of HD. 

Representative super-resolution images of hippocampal neurons transfected with (A) pBWN-97Q, (B) pBWN-25Q, 

(C) pBWN-eGFP and co-transfected with the Flag-GluN1 subunit of the NMDA receptor. Immunolabelling was 

performed using antibodies against surface Flag (cyan) to label overexpressed GluN1 subunit protein, and 

postsynaptic Homer (red) to label PSDs (scale bar 1 μm). White lines represent traced dendritic outlines 

determined based on MAP2 labelling. (D) Quantification of Flag-GluN1 labelling area expressed as a percentage of 

total dendritic area. No statistically significant changes were found in Flag-GluN1 labelling area between 97Q, 25Q 

and eGFP neurons. (E) The distribution of Flag-GluN1 in 97Q expressing neurons was shifted towards the 

extrasynaptic sites compared with eGFP/25Q expressing neurons. The proportion of GluN1 labelling located at 

negative distances and up to 0 nm (the edge of Homer labelling) is referred to as synaptic; the proportion of 

GluN1 located at distances >0 nm and <100 nm is referred to as perisynaptic. Extrasynaptic GluN1 were defined as 

the receptor labelling located at distances ≥100 nm from Homer PSD labelling. (F) Statistically significant 

differences were detected in the fractions of synaptic and extrasynaptic Flag-GluN1 labelling; mHtt expressing 
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neurons had significantly less synaptic NMDA receptors (left) and significantly more extrasynaptic receptors (right). 

No differences were detected in the fractions of perisynaptic NMDARs (F middle). *, p-value < 0.05; 

**, p-value < 0.01; ***, p-value < 0.001. 

 

Figure 5.2. Super-resolution imaging of GluA1 in a cellular model of HD. 

Representative super-resolution images of hippocampal neurons transfected with (A) pBWN-eGFP, (B) pBWN-25Q, 

(C) pBWN-97Q and co-transfected with the Flag-GluA1 subunit of AMPA receptor. Immunolabelling was 

performed using antibodies against surface Flag (cyan), to label overexpressed GluA1 subunit protein, and 

postsynaptic Homer (red) to label PSDs (scale bar 1 μm). White lines represent traced dendritic outlines 

determined based on MAP2 labelling. (D) Quantification of Flag-GluA1 labelling area expressed as a percentage of 

total dendritic area. No statistically significant changes were found in Flag-GluA1 labelling area between 97Q, 25Q 

and eGFP neurons. (E) The distribution of Flag-GluA1 in 97Q expressing neurons was altered compared with 

eGFP/25Q expressing neurons. The proportion of Flag-GluA1 labelling located at negative distances and up to 
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0 nm (the edge of Homer labelling) is referred to as synaptic; the proportion of GluA1 located at distances >0 nm 

and <100 nm are referred to as perisynaptic. Extrasynaptic GluA1 were defined as the receptor labelling located at 

distances ≥100 nm from Homer PSD labelling. (F) Although the synaptic fraction of GluA1 subunits was the same 

in the three neuronal groups (left), the proportion of perisynaptic GluA1 labelling was significantly decreased in 

97Q expressing neurons compared to 25Q/eGFP expressing neurons (middle). No statistically significant 

differences were detected in the extrasynaptic fraction of GluA1 labelling. *, p-value < 0.05; **, p-value < 0.01. 

5.3.3. Regulation of synaptic GluN1 pools with SAP97 isoforms 

In order to determine whether the surface NMDAR distribution can be altered by SAP97 isoforms, 

our HD model neurons were additionally co-transfected with either αSAP97-mCherry or βSAP97-

mCherry DNA constructs (described in Chapter 2). Htt/eGFP plasmid DNA expression was induced at 

DIV9-10, on the same or the following day after SAP97 expression had started, and neurons were fixed 

at DIV12-13, ~72 hours post-induction (or after 72-96 hours of SAP97 isoform overexpression). Both 

α and β isoforms of SAP97, when expressed in primary hippocampal neurons, had distinct punctate 

distribution in dendrites suggesting its synaptic clustering, and with some degree of diffuse expression 

in the soma (Figure 5.3) (Waites et al., 2009). After transfection, neuronal cultures were 

immunolabelled as described in section 5.3.1, using antibodies against the extracellular FLAG epitope 

and postsynaptic Homer (Figure 5.4A-F). Total Flag-GluN1 surface expression as well as distribution of 

surface synaptic, perisynaptic and extrasynaptic Flag-GluN1 labelling in relation to the PSD edge were 

quantified and compared with the neurons without SAP97 isoform overexpression. 

Quantification of surface Flag-GluN1 labelling area showed statistically significant changes in all 

neuronal groups when SAP97 isoforms were overexpressed. In eGFP neurons (ANOVA: F[2,41] = 3.308, 

p = 0.0466), co-expression of αSAP97 significantly increased surface expression of Flag-GluN1, but 

βSAP97 had no effect (n = 15, 0.074 ± 0.012 for eGFP; n = 15, 0.123 ± 0.017 for eGFP/αSAP97, 

p = 0.0362; n = 14, 0.100 ± 0.011 for eGFP/βSAP97) (Figure 5.4G). In 25Q expressing neurons (ANOVA: 

F[2,32] = 3.834, p = 0.0322), αSAP97 also significantly increased Flag-GluN1 surface expression, with 

βSAP97 having no significant effect (n = 14, 0.089 ± 0.001 for 25Q; n = 12, 0.141 ± 0.016 for 

25Q/αSAP97, p = 0.026; n = 9, 0.106 ± 0.020 for 25Q/βSAP97) (Figure 5.4H). A significant effect 

(ANOVA: F[2,36] = 5.644, p = 0.007) of βSAP97 overexpression on Flag-GluN1 was found in 97Q neurons, 

where βSAP97 increased the subunit’s surface expression compared to both 97Q neurons alone as well 

as 97Q neurons overexpressing αSAP97, while overexpression of αSAP97 had no significant effect on 

the surface Flag-GluN1 labelling area (n = 16, 0.115 ± 0.014 for 97Q; n = 14, 0.117 ± 0.013 for 

97Q/αSAP97; n = 9, 0.195 ± 0.028 for 97Q/βSAP97, p = 0.010 and p = 0.016 respectively) (Figure 5.4I). 

SAP97 isoform overexpression did not result in significant changes in surface Flag-GluN1 distributions in 

eGFP (n = 15, median = 40nm, IQR = -20-140 nm for eGFP; n = 15, median = 40 nm, IQR = -40-160 nm 
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Figure 5.3. Representative epifluorescent images of neurons overexpressing SAP97 isoforms fused with 

mCherry fluorescent protein. 

Primary hippocampal neurons were transfected with αSAP97 (A) or βSAP97 (B) attached to mCherry red 

fluorescent protein and labelled for MAP2 protein (cyan) (scale bar = 20 μm). Both SAP97 isoforms had distinct 

synaptic distribution in dendrites, however, some diffuse expression in soma could also be observed. Dendritic 

areas of α- and βSAP97 overexpressing neurons indicated by white squares in A and B were magnified (C, D) to 

demonstrate synaptic clustering of the SAP97 isoforms, as indicated by co-localisation (examples indicated by 

arrows) with presynaptic synapsin 1 (green) (scale bar = 5 μm). 
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for eGFP/ αSAP97; n = 14, median = 40 nm, IQR = -40-160 nm for eGFP/βSAP97) (Figure 5.5A) and 25Q 

neurons (n = 14, median = 40nm, IQR = -40-120 nm for 25Q; n = 12, median = 60nm, IQR = -20-160 nm 

for 25Q/ αSAP97; n = 9, median = 40nm, IQR = -20-140 nm for 25Q/βSAP97) (Figure 5.5B). In 97Q 

neurons overexpressing either α or βSAP97, the Flag-GluN1 distribution was visibly shifted back 

towards the synapse, resembling the distribution observed in control neurons (n = 16, median = 60 nm, 

IQR = 0-180 nm for 97Q; n = 14, median = 40 nm, IQR = -20-120 nm for 97Q/αSAP97; n = 9, median 

= 20 nm, IQR = -40-100 nm for 97Q/βSAP97) (Figure 5.5C). 

Isoform-specific overexpression of SAP97 had a statistically significant effect on 97Q expressing 

neurons in terms of synaptic (ANOVA: F[2,36] = 11.950, p = 0.0001), perisynaptic (ANOVA: F[2,36] 

= 3.463, p = 0.042) as well as extrasynaptic (ANOVA: F[2,36] = 19.300, p < 0.0001) fractions of Flag-

GluN1 labelling. 97Q/βSAP97 neurons displayed a significantly increased fraction of synaptic Flag-GluN1 

when compared to neurons expressing 97Q alone (n = 16, 0.223 ± 0.018 for 97Q, n = 9, 0.376 ± 0.033 

for 97Q/βSAP97, p < 0.0001) (Figure 5.5D). αSAP97 did not significantly alter the fraction of synaptic 

Flag-GluN1 in 97Q expressing neurons (n = 14, 0.227 ± 0.017 for 97Q/αSAP97), however, its 

overexpression significantly increased the perisynaptic fraction of Flag-GluN1 (n = 16, 0.340 ± 0.015 for 

97Q; n = 14, 0.400 ± 0.014 for 97Q/αSAP97, p = 0.028). In contrast, βSAP97 overexpression did not 

affect the perisynaptic Flag-GluN1 fraction in 97Q neurons (n = 9, 0.353 ± 0.027 for 97Q/βSAP97) 

(Figure 5.5E). Both α and βSAP97 isoforms decreased the fraction of extrasynaptic Flag-GluN1-

containing NMDARs in 97Q Htt expressing neurons (n = 16, 0.437 ± 0.016 for 97Q; n = 14, 0.323 ± 0.021 

for 97Q/αSAP97, p = 0.0001; n = 9, 0.271 ± 0.020 for 97Q/βSAP97, p < 0.0001) (Figure 5.5F). 

Conversely, α/βSAP97 overexpression did not significantly alter the synaptic Flag-GluN1 fraction in 

25Q (ANOVA: F[2,32] = 2.301, p = 0.117; n = 14, 0.336 ± 0.033 for 25Q, n = 12, 0.256 ± 0.019 for 

25Q/αSAP97; n = 9, 0.328 ± 0.034 for 25Q/βSAP97) or eGFP (ANOVA: F[2,41] = 0.414, p = 0.664; n = 15, 

0.320 ± 0.017 for eGFP, n = 15, 0.335 ± 0.031 for eGFP/αSAP97; n = 14, 0.353 ± 0.026 for eGFP/βSAP97) 

expressing neurons (Figure 5.5D). SAP97 isoforms did not have any effect on the perisynaptic Flag-

GluN1 in 25Q (ANOVA: F[2,32] = 0.828, p = 0.446; n = 14, 0.348 ± 0.018 for 25Q; n = 12, 0.371 ± 0.011 

for 25Q/αSAP97; n = 9, 0.344 ± 0.015 for 25Q/βSAP97) or eGFP (ANOVA: F[2,41] = 0.274, p = 0.762; 

n = 15, 0.317 ± 0.015 for eGFP; n = 15, 0.306 ± 0.020 for eGFP/αSAP97; n = 14, 0.300 ± 0.014 for 

eGFP/βSAP97) expressing neurons (Figure 5.5E). Likewise, no effect was observed in the extrasynaptic 

Flag-GluN1 fraction in either 25Q (ANOVA: F[2,32] = 1.719, p = 0.195; n = 14, 0.316 ± 0.024 for 25Q; 

n = 12, 0.373 ± 0.021 for 25Q/αSAP97; n = 9, 0.327 ± 0.026 for 25Q/βSAP97) or eGFP (ANOVA: F[2,41] 

= 0.013, p = 0.987; n = 15, 0.363 ± 0.018 for eGFP; n = 15, 0.359 ± 0.022 for eGFP/αSAP97; n = 14, 0.364 

± 0.023 for eGFP/βSAP97) expressing neurons (Figure 5.5F). 
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Figure 5.4. Super-resolution imaging of Flag-GluN1 in a cellular HD model neurons co-transfected with SAP97 

isoforms. 

Representative super-resolution images of α/βSAP97 overexpressing hippocampal neurons transfected with (A/B) 

pBWN-eGFP, (C/D) pBWN-25Q, (E/F) pBWN-97Q and also transfected with the Flag-GluN1 subunit of NMDA 

receptor. Immunolabelling was performed using antibodies against surface Flag tag (cyan), attached to GluN1 

NMDAR subunits, and postsynaptic Homer (red) (scale bar 1 μm). White lines represent traced dendritic outlines. 

(G-I) Quantification of Flag-GluN1 labelling area expressed as a percentage of total dendritic area. In both eGFP 

and 25Q expressing neurons, co-expression of αSAP97, but not βSAP97, significantly increased Flag-GluN1 surface 

expression area (G, H). In 97Q expressing neurons, βSAP97 overexpression significantly elevated the area of 

surface Flag-GluN1-containing NMDARs, with no effect occurring in neurons overexpressing αSAP97. 

*, p-value < 0.05. 

  



148 

 

 

Figure 5.5. Synaptic, perisynaptic and extrasynaptic distributions of Flag-GluN1 in HD model and control 

neurons overexpressing α/βSAP97. 

The distribution of Flag-GluN1 in neurons co-expressing α/βSAP97 and eGFP (A), 25Q Htt (B) and 97Q Htt (C). The 

proportion of GluN1 labelling located at negative distances and up to 0 nm from the PSD edge is defined as 

synaptic. The proportion of Flag-GluN1 located at distances >0 nm and <100 nm are defined as perisynaptic. 

Extrasynaptic Flag-GluN1 are defined as the receptor labelling located at distances ≥100 nm. (D-F) Statistical 

analyses of Flag-GluN1 distributions in α/βSAP97 overexpressing neurons compared to neurons expressing 

eGFP/25Q/97Q alone (denoted by ∅). The proportion of synaptic receptor labelling revealed that 97Q/βSAP97 
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neurons did not show a decrease in synaptic Flag-GluN1 seen in neurons expressing 97Q alone, and 

overexpression of α or β SAP97 isoforms did not change the synaptic Flag-GluN1 fraction in 25Q/eGFP expressing 

neurons (D). Overexpression of αSAP97 significantly increased the perisynaptic Flag-GluN1 fraction in the 97Q 

expressing neurons, but βSAP97 had no effect. No significant effect was found in the perisynaptic receptors in 

control neurons co-transfected with α/βSAP97 (E). 97Q expressing neurons had significantly decreased 

extrasynaptic Flag-GluN1 labelling when overexpressing either α or β SAP97 isoform compared to neurons 

expressing 97Q alone. In contrast, no statistically significant differences were observed in 25Q or eGFP expressing 

neurons when overexpressing α/βSAP97 (F). *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001. 

5.4. Discussion 

In Chapter 3 we applied conventional epifluorescent microscopy to image NMDA and AMPA 

receptor subunits with the intention to measure the relative receptor surface expression levels at 

synaptic and extrasynaptic sites. Due to the resolution limit that this technique was burdened with, it 

was not possible to accurately determine the nature of NMDAR distribution changes in the synapses of 

our cellular HD model. Epifluorescent imaging showed a significant change in the density of only those 

NMDARs that were co-localised with presynaptic marker, i.e. synaptic NMDARs, with no alterations in 

the extrasynaptic receptors. This result was at odds with previous findings on the distribution of 

NMDARs in HD model systems (Cepeda et al., 2001; Chen et al., 1999; Hodgson et al., 1999; Laforet et 

al., 2001; Li et al., 2003b; Zeron et al., 2002), hence we reasoned that in order to precisely resolve 

receptor complexes at distinct membrane locations using an imaging approach, it was necessary to 

apply a more powerful imaging method. Here we present, for the first time, evidence of changes in the 

distribution of glutamate receptors in a HD model acquired with dSTORM localisation microscopy 

technique. 

5.4.1. Distribution of NMDARs in mHtt expressing neurons is shifted towards 

extrasynaptic sites 

With the dSTORM super-resolution imaging approach, we were able to determine that the 

distribution of Flag-GluN1-containing NMDARs is increased at extrasynaptic compartments in mHtt 

neurons compared with wtHtt or eGFP expressing neurons. This increase in ex-NMDARs is accompanied 

by a decrease in synaptically localised NMDARs. As the total surface Flag-GluN1 expression in the three 

neuronal groups was comparable, mHtt does not appear to alter the total number of surface NMDARs, 

but rather seems to mislocalise the NMDARs shifting their distribution towards extrasynaptic locations.  

The finding of increased extrasynaptic NMDARs in our cellular HD model is in line with previous 

studies that investigated the distribution of NMDA receptors in HD models using other techniques 

(Milnerwood et al., 2010; Milnerwood et al., 2012). Results obtained by these groups have already been 
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discussed in Chapter 3. An ambiguity exists, however, whether the increase in ex-NMDARs is 

accompanied by a concomitant decrease in syn-NMDARs or whether it is independent of synaptic 

receptor pools. In the studies by Milnerwood and colleagues, where both YAC128 HD mouse striatal 

sections and dissociated striatal neurons were examined, an increase in ex-NMDAR-mediated current 

amplitude was observed with no alterations to syn-NMDAR-mediated current amplitude (Milnerwood 

et al., 2010; Milnerwood et al., 2012).  

The current model of HD pathogenesis, however, posits that STEP phosphatase activity is 

upregulated at HD synapses and may lead to NMDAR dephosphorylation at Tyr1472, resulting in lateral 

drift of NMDARs out of the PSD (Gladding et al., 2012). NMDARs that drift away from the synapse 

escape endocytosis pathways due to a cleavage of their C-termini by calpains, whose signalling is also 

enhanced in HD (Gladding et al., 2012). Moreover, PSD-95 was found to be upregulated at extrasynaptic 

locations, where it stabilises mislocalised NMDARs (Fan et al., 2009; Fan et al., 2012). It is reasonable to 

assume that this increase in extrasynaptic PSD-95 leads to simultaneous downregulation of this 

scaffolding protein at synapses, as HIP14 palmitoyl transferase activity is reduced in HD (Huang et al., 

2010; Huang et al., 2004). PSD-95 requires N-terminal palmitoylation for synaptic targeting and its 

palmitoylation was found to be deficient in HD (Craven et al., 1999; Huang et al., 2004). Moreover, in 

Hip14−/− mice PSD-95 palmitoylation is decreased (Singaraja et al., 2011). Because PSD-95 clusters 

NMDA receptors at synapses (El-Husseini et al., 2000; Jeyifous et al., 2016), it is conceivable that 

decreased presence of PSD-95 at synapses itself could lead to lower numbers of synaptic receptors. 

In the first study by Milnerwood and colleagues, no changes in NMDAR-mediated transmission were 

observed in YAC128 striatal sections, as measured via field recordings following low/moderate intensity 

of local afferent stimulation (Milnerwood et al., 2010). In a following study, synaptic NMDAR 

transmission was assessed using the whole-cell patch-clamp method, where cultured striatal neurons 

were recorded from following a disinhibition of neuronal network with the K+ channel blocker 4-AP 

(Milnerwood et al., 2012). Using this approach the authors did not observe any NMDAR-related 

changes, implying no abnormalities in syn-NMDAR transmission in YAC128 MSNs, and only blockage of 

these presumably synaptic receptors and NMDA bath application showed alterations in ex-NMDAR 

transmission. The two methods used in these studies, afferent stimulation in combination with field 

recordings as well as network disinhibition might not, however, be sensitive enough to detect fine 

changes in the NMDARs at synapses, as they are based on stimulation of multiple axons synapsing on a 

neuron which even at lower cell densities involves a release of large amounts of glutamate from 

presynaptic terminals. Thus, an application of a more sensitive electrophysiology technique, 

e.g. neuronal paired recordings, may confirm whether syn-NMDARs are downregulated in HD (see 

Chapter 6). 
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With the resolution of dSTORM imaging approximating the size of NMDAR complexes, the resulting 

data likely represent the true NMDAR distribution in synapses of our HD model than the results 

obtained with epifluorescent imaging. We note, however, that both NMDARs and AMPARs analysed in 

this chapter are not exactly equal to the total number of surface receptors for two reasons: (1) as the 

endogenous subunit proteins were still expressed in the neurons, only receptors that contained the 

overexpressed Flag-tagged subunits were labelled, and (2) antibody-epitope binding is not necessarily 

100% efficient. Nevertheless, Flag-GluN1/-GluA1 labelling represents the majority of surface receptors 

and likely reflects receptor distribution changes that occur in a neuron.  

5.4.2. Perisynaptic AMPARs are decreased in mHtt expressing neurons 

Epifluorescent imaging with endogenous GluA1 subunit labelling did not reveal any changes in 

surface GluA1 density in mHtt neurons, but did reveal that total and synaptic GluA1 puncta intensity 

was decreased compared to control neurons (see Chapter 3). dSTORM super-resolution imaging 

revealed that both synaptic and extrasynaptic fractions of Flag-GluA1-containing AMPARs are 

comparable between the neuronal groups, but the perisynaptic Flag-GluA1 fraction, i.e. those receptors 

located at <100 nm from the synapse edge, was significantly downregulated in mutant neurons 

compared with both control neuronal groups. 

AMPARs mediate fast neurotransmission at excitatory synapses and their half-life of about 20 hours 

and exchange within second or tens of millisecond range during periods of high synaptic event 

frequency suggests their relatively fast turnover rate (Heine et al., 2008; Huh & Wenthold, 1999; 

O'Brien et al., 1998). Perisynaptic sites are particularly important for AMPARs, as before their insertion 

into the PSD, they are actively inserted into the perisynaptic membrane (Makino & Malinow, 2009; 

Tardin et al., 2003; Yudowski et al., 2007). Moreover, the perisynaptic membrane is also the site of 

AMPAR endocytosis (Man et al., 2000; Petralia et al., 2003). Therefore, AMPARs exist in a dynamic 

equilibrium between the perisynaptic and synaptic locations. However, while the number of AMPAR 

slots at the PSD is strictly regulated by synaptic scaffolds, it is uncertain how the density of perisynaptic 

AMPARs is regulated (Jeyifous et al., 2016; Zheng et al., 2011). It is possible that a decrease in 

perisynaptic AMPARs reflects decreased AMPAR turnover in HD synapses, which in the long term may 

lead to a decrease in synaptic AMPAR activity, as seen in some HD models (Andre et al., 2006; Cha et al., 

1998; Levine et al., 1999; Wagster et al., 1994). 

Alterations in the proportion of perisynaptic AMPARs might also affect their activity-dependent 

receptor insertion into the synapse (Tardin et al., 2003). Therefore, a decrease in AMPARs readily 

available for insertion into the PSD might make the synapse unable to undergo potentiation and 

increase its strength in response to presynaptic activity. Indeed, deficits in synaptic plasticity have been 
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observed in both HD patients (Orth et al., 2010) and mouse models of the disease (Milnerwood et al., 

2006; Murphy et al., 2000; Usdin et al., 1999). Hippocampal CA3-to-CA1 LTP induction was found to be 

impaired in mice expressing 72-80 CAG repeat mHtt, the HdhQ92/HdhQ111 mice, and CAG140 HD mice 

(Lynch et al., 2007; Simmons et al., 2009; Usdin et al., 1999). Similarly, LTP impairment at CA1 synapses 

in the R6/2 HD mice is also present even before the onset of neuronal cell loss and an overt phenotype 

(Murphy et al., 2000). The synaptic plasticity deficits have been attributed to a decrease in BDNF 

expression, as increasing BDNF was found to restore LTP in HD mice (Lynch et al., 2007; Simmons et al., 

2009). BDNF plays an important role in the hippocampal LTP induction and maintenance (Bramham & 

Messaoudi, 2005; Waterhouse & Xu, 2009), as CA3-CA1 LTP was found to be impaired in bdnf-/- mice 

(Korte et al., 1995). In addition, BDNF was found to regulate both the transcription and phosphorylation 

of GluA1 and GluA2 subunits in hippocampal neurons as well as promote synaptic delivery of GluA1-

containing AMPARs into CA1 synapses (Caldeira et al., 2007). In YAC128 HD mice, BDNF production is 

downregulated due to the ex-NMDAR-induced CREB shut-off (Milnerwood et al., 2010). If enhanced ex-

NMDAR signalling leads to a decrease in BDNF also in our cellular HD model, this might influence AMPA 

receptor turnover and therefore explain the lower levels of perisynaptic GluA1 observed with dSTORM 

imaging. Also, although the difference in total Flag-GluA1 between mutant and control neurons did not 

reach statistical significance, the mHtt neurons had a tendency for a lower Flag-GluA1 surface 

expression - an effect we saw previously with epifluorescent imaging and which could also be explained 

by BDNF downregulation. 

5.4.3. α and βSAP97 prevent the NMDAR shift to extrasynaptic sites in HD model neurons 

Our dSTORM super-resolution imaging data reveal that overexpression of SAP97 isoforms influences 

the total surface Flag-GluN1 expression in both control and mutant neurons. αSAP97 overexpression 

led to an increase in Flag-GluN1 surface labelling area in both eGFP and wtHtt neurons, suggesting an 

overall increase in Flag-GluN1-containing NMDAR surface expression. Conversely, βSAP97 had no effect 

on surface Flag-GluN1 expression in these control neurons. Previous electrophysiological data, however, 

did not detect any changes in total surface NMDAR-mediated current amplitude in neurons 

overexpressing αSAP97 (Li et al., 2011). One possibility is that this increase was not of a large enough 

magnitude to be detected by the method applied by Li and colleagues (2011) to measure total surface 

NMDAR-mediated currents. In contrast, αSAP97 had no effect on the surface expression of NMDARs in 

mHtt expressing neurons, while βSAP97 significantly increased the surface Flag-GluN1 pools. 

Overexpression of SAP97 has been shown to affect glutamate receptor expression previously and 

multiple groups have reported that SAP97 promotes the surface expression of various ion channels by 

inhibiting their endocytosis (Dunn et al., 2014; Lavezzari et al., 2003; Matsumoto et al., 2012; Nooh et 

al., 2014). Glutamate receptor endocytosis in neurons is clathrin-dependent (Carroll et al., 1999; Man et 
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al., 2000), and in the case of NMDA receptors occurs through binding of a clathrin-adaptor protein AP-2 

to the C-terminus of GluN2B subunit (Roche et al., 2001). It was found that binding of MAGUKs, 

including PSD-95 and SAP97, to the NR2B’s C-terminus overrides the endocytic motif-mediated NMDAR 

internalisation (Lavezzari et al., 2003; Roche et al., 2001). Although authors of these studies did not 

explicitly state which isoform they were studying, it is likely that both α and β isoforms of these 

MAGUKs exert this effect. Notably, increased surface expression is not limited to NMDARs in neurons 

overexpressing βSAP97, as a similar effect has been shown with AMPARs (Nakagawa et al., 2004). 

Nakagawa and colleagues reported an increased AMPAR-mediated current rectification, a measure of 

synaptic GluA1 homomeric receptor incorporation, in hippocampal neurons overexpressing βSAP97 

(Nakagawa et al., 2004). Moreover, two other groups have reported that in neurons with endogenous 

PSD-95 knock-down, overexpression of βSAP97 rescued the decrease in synaptic AMPARs by increasing 

total surface GluA1-containing receptors, whereas expression of αPSD-95 plasmid DNA in those 

neurons rescued specifically synaptic AMPAR clusters (Liu et al., 2014; Schluter et al., 2006). 

Although overexpression of αSAP97 had a positive impact on the total surface Flag-GluN1 expression 

in eGFP and wtHtt control neurons, neither α- nor βSAP97 isoform overexpression had any significant 

effect on NMDAR distribution in the two neuronal control groups. Overexpression of N-terminal SAP97 

isoforms followed by super-resolution imaging using the same dSTORM setup as used in this thesis has 

been performed recently, but exclusively in the context of AMPA receptors and in non-HD primary 

hippocampal neurons (Goodman et al., 2017). In that study, we found that both SAP97 isoforms 

significantly decreased the extrasynaptic fraction of surface AMPARs, with βSAP97 having an additional 

effect in increasing the proportion of perisynaptic AMPA receptors (Goodman et al., 2017). In the 

context of those results, our present data suggest that SAP97 isoform overexpression has a differential 

effect on AMPA versus NMDA receptor distribution, as in this chapter we show no difference in NMDAR 

distribution in eGFP neurons overexpressing either α or β isoform of SAP97. 

However, electrophysiology experiments performed by Li and colleagues suggest that βSAP97 is a 

negative regulator of syn-NMDARs and that it drives NMDARs into the extrasynaptic membrane (Li et al., 

2011). Since these authors used SAP97 plasmids based on a different vector backbone than the DNA 

constructs applied in this thesis, this could explain the differences between the results. However, we 

performed preliminary experiments in which we transfected hippocampal neurons either with eGFP or 

the same SAP97 plasmid DNAs as Li et al. (2011), and these data also suggest there are no significant 

differences in NMDAR distribution between these neuronal groups (unpublished dSTORM imaging data). 

Thus, the electrophysiology results stand in conflict with our dSTORM imaging data presented here. 

A possible explanation for the discrepancy may be the finding that βSAP97 delays spine maturation, and 

neurons overexpressing this isoform have a lower number of mature functional synapses and a higher 
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frequency of immature filopodia (Goodman et al., 2017). Moreover, it was found that βSAP97 acts in a 

transsynaptic fashion to negatively influence the function of presynaptic terminals (Goodman et al., 

2017). This could have resulted in lower amplitude of syn-NMDAR-mediated and higher amplitude of 

total surface NMDAR-mediated currents (Li et al., 2011). Although we did not perform an analysis of 

synapse maturity in eGFP/βSAP97 or Htt/βSAP97 transfected neurons, it is possible that our analysis 

included non-functional filopodial PSDs, as they also contain Homer protein (Gasperini et al., 2009). 

In contrast, both α- and βSAP97 significantly altered the NMDAR distribution in mHtt expressing 

neurons, as simultaneous expression of either isoform prevented the surge of extrasynaptic receptors 

and maintained these ex-NMDARs at similar levels as seen in control neurons. The two SAP97 isoforms, 

however, differed in their ability to promote NMDAR expression at synaptic and perisynaptic sites; 

while βSAP97 overexpressing HD neurons had a significantly increased fraction of synaptic receptors, 

the α isoform instead led to an increase in the perisynaptic NMDAR fraction. Thus, our super-resolution 

imaging data suggest that overexpression of α- versus βSAP97 has a selective and differential effect on 

the NMDAR distribution in distinct pools in neurons expressing mutant huntingtin. Moreover, they 

suggest that βSAP97 not only promotes the overall surface NMDAR expression, but also has the ability 

to promote synaptic clustering of NMDARs in HD neurons. 

Recent work from our research group suggests that βSAP97 possesses a unique ability to promote 

the expression of AMPARs both at synapses and perisynaptic sites when overexpressed in wild-type 

hippocampal neurons (Goodman et al., 2017). Although this was not studied in this thesis, it is possible 

that overexpression of βSAP97 in mHtt neurons would result in a restoration of the perisynaptic 

AMPARs to normal levels. Moreover, it is within the realm of possibility that this ability of βSAP97 to 

increase AMPAR clusters at synapses would have a positive effect on LTP induction and its maintenance 

in the hippocampus of animal HD models. 

Both α and β isoforms of SAP97 play a role in stabilising glutamate receptors at the synapse (Jeyifous 

et al., 2016; Schluter et al., 2006; Waites et al., 2009). In contrast to αSAP97, βSAP97 plays an additional 

active role in trafficking of glutamate receptors to the dendritic membrane, both during baseline 

conditions and in response to synaptic activity (Lin et al., 2013). If PSD-95 is downregulated at synaptic 

sites in HD (Fan et al., 2009; Singaraja et al., 2011) and its loss at synapses is not compensated for by 

any other scaffolding protein, this downregulation would result in a decrease in syn-NMDAR pools. Thus, 

overexpression of either SAP97 isoform might compensate for the PSD-95 loss and create docking sites 

for the receptors at synapses. However, our data demonstrate that in mHtt neurons overexpressing the 

α isoform, it is perisynaptic NMDARs that are upregulated and synaptic receptors remain at levels 

similar to those seen in neurons expressing mHtt alone. This result is puzzling, as electron microscopy 
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data indicates that βSAP97 is more often localised at perisynaptic locations than αSAP97 (Waites et al., 

2009). The role of perisynaptic NMDARs is unknown and it is uncertain whether they contribute to 

excitotoxicity to the same degree as extrasynaptic NMDARs located further away from the PSD 

(Hardingham & Bading, 2010). However, as in the case of AMPARs, they may represent a receptor pool 

that is available for recruitment into the PSD. Another possibility is that the creation of receptor 

docking sites at the PSD alone is not sufficient to keep the NMDARs at the synapse, and overexpression 

of αSAP97 only delays the NMDAR drift to extrasynaptic locations. Structurally, αSAP97 closely 

resembles the dominant isoform of PSD-95 and also contains a palmitoylation signal at its N-terminus 

possibly required for its function as a synaptic scaffold (Craven et al., 1999; Waites et al., 2009). 

However, the efficiency of αSAP97 targeting into the synapse in neurons expressing mHtt is still to be 

determined. In contrast, βSAP97 significantly increased the synaptic NMDARs in mutant Htt neurons, 

presumably due to its dual role in both stabilising as well as driving the receptor complexes into the 

synapse. Consistent with their receptor clustering function, however, both isoforms significantly 

decreased the proportion of ex-NMDARs. 

It is not clear why only αSAP97 and not βSAP97 promotes surface NMDAR expression in eGFP/wtHtt 

neurons and why the two SAP97 isoforms alter the NMDAR distribution only in mHtt neurons, and 

these results will require a functional validation. However, we propose that the ability of SAP97 to 

maintain low ex-NMDAR levels may be harnessed in order to sustain normal synaptic transmission and 

perhaps prevent the induction of cell death-associated pathways in neurons with the HTT mutation. 

Although it was not tested in this present study, based on our dSTORM results we reason that 

overexpression of SAP97 has the potential to restore the normal level of perisynaptic AMPARs in mHtt 

expressing neurons and reduce synaptic plasticity deficits seen in animal HD models. 
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5.5. Conclusion 

In this chapter, we used dSTORM super-resolution imaging in order to visualise surface glutamate 

receptors and study their distribution in our cellular model of HD. Our results reveal that the 

distribution of NMDARs in mHtt expressing neurons is shifted towards extrasynaptic sites compared to 

control neurons. Alterations were also found in the distribution of GluA1-containing AMPARs, as mHtt 

had a lower proportion of perisynaptic AMPARs, but their synaptic levels were found to be unchanged, 

suggesting that mHtt specifically affects the synaptic versus extrasynaptic balance of NMDARs. 

Overexpression of either α- or βSAP97 N-terminal isoforms was found to prevent the increase in ex-

NMDARs in the HD model, while having virtually no effect on the NMDAR distribution in control 

neurons. In addition, overexpression of βSAP97 had a greater effect on clustering NMDARs closer to the 

PSD in the HD neurons compared to the α isoform, but it also led to an elevation in total surface 

receptor expression. Current data suggests that βSAP97 plays an exclusive role in promoting surface 

and/or synaptic receptor pools, presumably through its role in receptor trafficking. Altogether, our 

results show that in mHtt expressing neurons, manipulating SAP97 isoform expression can alter the 

distribution of surface NMDA receptors by promoting their synaptic localisation, potentially impeding 

the ex-NMDAR-mediated induction of cell death signalling pathways. 
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CHAPTER SIX: ELECTROPHYSIOLOGICAL VALIDATION OF FUNCTIONAL 

GLUTAMATE RECEPTOR CHANGES IN A CELLULAR 

MODEL OF HD 

6.1. Introduction 

The study of NMDAR distribution in wild-type and HD model neurons to date relied largely on 

electrophysiological experiments: physiological classification of receptor localisation defines the 

receptors that can be stimulated during normal or low-frequency synaptic activity as synaptic, and 

those that are not activated during normal synaptic events as extrasynaptic (Fourie, 2013; Hardingham 

et al., 2002; Milnerwood et al., 2010; Milnerwood et al., 2012; Rosenmund et al., 1995; Thomas et al., 

2006). Multiple electrophysiological protocols have been developed in order to isolate or measure 

extrasynaptic NMDAR-mediated responses. The method most prevalent in the literature takes 

advantage of the property of MK-801 as a potent NMDAR antagonist that blocks only NMDAR channels 

that are in an open state (Ransom & Stec, 1988). In a study by Rosenmund and colleagues, the authors 

sought to determine the contribution of synaptic NMDARs in the pool of total surface NMDA receptors 

using single-cell micro-island hippocampal cultures (Rosenmund et al., 1995). To do this, synaptic 

NMDARs were blocked by inducing autaptic EPSCs via brief neuronal depolarisation in the presence of 

MK-801 (Rosenmund et al., 1995). Surface NMDAR-mediated currents were recorded using patch-

clamping by applying saturating concentrations of exogenous NMDA before and after MK-801 blockade 

and their results suggested that ~80% of NMDARs in autaptic hippocampal neurons are localised 

synaptically (Rosenmund et al., 1995). In another study that also examined NMDAR currents in 

hippocampal autapses, extrasynaptic NMDAR-mediated currents were isolated using MK-801 followed 

by bath application of high potassium to induce action potential firing and glutamate release (Thomas 

et al., 2006). After blockade of syn-NMDARs, application of exogenous NMDA activated only the 

extrasynaptic proportion of receptors, which were found to account for ~30% of total NMDAR-

mediated currents (Thomas et al., 2006). The results obtained by Thomas and colleagues also showed 

that ex-NMDAR complexes in hippocampal neurons contain both GluN2A and GluN2B subunits (Thomas 

et al., 2006). 

In 2002, Hardingham and colleagues employed multi-electrode arrays to record from cultured 

hippocampal neurons to monitor calcium spikes following an application of bicuculline, a GABA 

receptor channel antagonist (Hardingham et al., 2002). Bicuculline caused synchronous bursts of action 

potentials in those neurons and led to activation of syn-NMDARs (Hardingham et al., 2001; Hardingham 

et al., 2002). Subsequent application of MK-801 blocked the open syn-NMDARs and allowed for 

measurements of ex-NMDARs-mediated currents upon bath application of exogenous glutamate 
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(Hardingham et al., 2002). This was the pioneering study to demonstrate that syn-NMDAR activity 

induces CREB phosphorylation, whereas ex-NMDAR activity generates CREB shut-off and reduces BDNF 

expression (Hardingham et al., 2002).  

Milnerwood and colleagues applied the whole-cell patch-clamp technique to record from cultured 

YAC128 HD mouse MSNs (Milnerwood et al., 2012). Fast application of exogenous NMDA produced a 

current mediated by all surface NMDARs (both synaptic and extrasynaptic), and the steady state 

amplitude of this current as well as charge transfer were found to be increased in mutant HD neurons 

by ~50% compared to wild-type MSNs (Milnerwood et al., 2012). Inclusion of cortical neurons into the 

YAC128 MSN cultures resulted in a co-culture system that partially recapitulated the cortico-striatal 

pathway and, most importantly, provided glutamatergic input onto MSNs (Milnerwood et al., 2012). 

Therefore, these authors applied 4-AP, an antagonist of delayed rectifier KV channels (Russell et al., 

1994), in order to increase neuronal firing and glutamate release from cortical presynaptic terminals 

which allowed for the activation of syn-NMDARs located on the postsynaptic MSNs (Milnerwood et al., 

2012). Although syn-NMDAR-mediated currents were found to be unaltered between wild-type mutant 

YAC128 MSNs, blockade of these synaptic receptors with MK-801 and subsequent application of 

exogenous NMDAR agonist revealed that both peak amplitude and charge of currents mediated by 

ex-NMDARs are elevated in the YAC128 HD model MSNs (Milnerwood et al., 2012). 

The contribution of ex-NMDARs in a pool of total surface NMDA receptors can also be assessed 

without the use of MK-801. For example, Li and colleagues used paired whole-cell recordings to 

measure synaptic NMDARs, and exogenous NMDA application to measure total surface NMDAR-

mediated currents in dissociated hippocampal neurons overexpressing N-terminal SAP97 isoforms (Li et 

al., 2011). In neurons overexpressing βSAP97, it was found that synaptic NMDAR-mediated currents are 

decreased while the total current is increased relative to wild-type neurons, suggestive of this SAP97 

isoform promoting extrasynaptic localisation of NMDA receptor pools (Li et al., 2011). Therefore, this 

combination of synaptic and total surface receptor current measurements provides an indirect but 

relatively precise method to assess the changes in synaptic vs extrasynaptic receptor distribution. 

In brain sections, activation of ex-NMDARs can be achieved by application of DL-threo-β-

benzyloxyaspartic acid (TBOA), a drug that blocks glutamate uptake from extracellular space via glial 

and neuronal EAATs (Shigeri et al., 2001; Tzingounis & Wadiche, 2007). This compound was shown by 

Milnerwood and colleagues to generate glutamate spillover and activate ex-NMDARs in YAC128 striatal 

brain sections (Milnerwood et al., 2010). Results of that study showed that the ex-NMDAR charge is 

elevated in mutant HD mouse striatal neurons compared to wild-type neurons (Milnerwood et al., 

2010). The localisation of surface NMDARs was also studied in the hippocampus of the YAC128 HD 
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model, whereby whole-cell patch-clamping was performed in acute hippocampal YAC128 brain sections 

in order to measure glutamate receptor-mediated currents in CA1 pyramidal cells followed by 

stimulation of Schaffer collaterals, the axons of pyramidal cells residing in the CA3 hippocampal region 

and which synapse on the CA1 neurons (Fourie, 2013; Szirmai et al., 2012). Using this method, it was 

determined that syn-NMDAR-mediated current amplitude and charge are comparable between wild-

type and YAC128 mutant CA1 neurons (Fourie, 2013). Subsequent application of TBOA was used to 

measure the current generated by the surface NMDARs (Fourie, 2013). Subtraction of synaptic NMDA-

mediated current from the total current was then performed to obtain a current trace mediated by 

ex-NMDARs. The difference between wild-type and mutant HD CA1 neurons in total or extrasynaptic 

NMDAR-mediated current charge, however, did not reach statistical significance (Fourie, 2013). 

Therefore, these data suggest that NMDAR localisation is unaltered in hippocampal CA1 pyramidal 

neurons of the YAC128 HD model (Fourie, 2013). 

6.2. Aims 

Electrophysiological methods are indispensable in the field of neuronal physiology, as they provide 

the most optimal means to study the function of neuronal receptors and channels. All synaptic-related 

changes determined with non-electrophysiological techniques should be validated functionally in living 

neurons, as there is no guarantee that receptor complexes observed with e.g. imaging techniques are 

functional or participate in normal synaptic transmission. 

In order to determine whether our previous findings of altered surface glutamate receptor 

distribution in a cellular HD model, and their subsequent reversal with SAP97 isoforms, translate into 

neuronal function, we performed whole-cell patch-clamping in our hippocampal neurons. The aims of 

the present study were: 

1. To determine whether AMPAR-mediated synaptic currents are altered in mutant huntingtin 

expressing neurons. 

2. To determine whether NMDAR distribution is shifted towards extrasynaptic sites in mutant 

huntingtin expressing neurons. 

3. To determine whether overexpression of SAP97 isoforms affects synaptic AMPAR- or NMDAR-

mediated currents in mutant huntingtin expressing and control neurons. 
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6.3. Results 

6.3.1. Measurements of AMPAR-mediated currents in a cellular model of HD 

To determine whether AMPAR-mediated currents are altered in our cellular HD model, cultured 

hippocampal neurons were transfected at DIV9 with pBWN-eGFP, pBWN-25Q or pBWN-97Q plasmid 

DNA and whole-cell patch-clamp experiments were performed on transfected neurons 72 hours after 

induction of plasmid expression, at DIV12-14. Initial functional analysis of basal excitatory synaptic 

transmission was performed by measuring AMPAR-mediated miniature EPSCs (for methods see Chapter 

2.7.1). Four mEPCS parameters - frequency, amplitude, rise and decay kinetics, were measured and 

compared between the three neuronal groups (eGFP, 25Q and 97Q). 

The frequency of AMPAR mEPSCs was not significantly different in the three neuronal groups 

(ANOVA: F[2,42] = 1.655, p = 0.203; n = 15, 1.374 ± 0.303 Hz for eGFP; n = 16, 1.302 ± 0.242 Hz for 25Q; 

n = 14, 0.791 ± 0.140 Hz for 97Q) (Figure 6.1A). No statistically significant changes were detected in 

mean mEPSC amplitude in 97Q expressing neurons (n = 14, 19.980 ± 0.860 pA) when compared with 

either eGFP (n = 15, 20.652 ± 1.290 pA) or 25Q (n = 15, 22.825 ± 1.317 pA) expressing neurons (ANOVA: 

F[2,42] = 1.576, p = 0.219) (Figure 6.1B). Similarly, mEPCS rise and decay kinetics were equivalent in all 

the neuronal groups (rise: ANOVA: F[2,42] = 1.597, p = 0.215; n = 15, 2.302 ± 0.146 ms for eGFP; n = 16, 

2.618 ± 0.124 ms for 25Q; n = 14, 2.552 ± 0.127 ms for 97Q; decay: ANOVA: F[2,42] = 3.030, p = 0.059; 

n = 15, 5.866 ± 0.251 ms for eGFP; n = 16, 6.764 ± 0.262 ms for 25Q; n = 14, 6.242 ± 0.278 ms for 97Q) 

(Figure 6.1C,D). Cumulative probability analysis of all the mEPSC amplitudes also did not reveal any 

differences between 97Q and eGFP/25Q control neurons (Kruskal-Wallis test: H = 1.558, p = 0.459) 

(Figure 6.1E). 

Subsequently, we performed neuronal paired whole-cell recordings to measure evoked synaptic 

AMPAR-mediated EPSC amplitudes in all three neuronal groups. Pairs of interconnected hippocampal 

neurons were identified, of which the presynaptic neuron was a glutamatergic wild-type neuron 

(untransfected) and the postsynaptic neuron was transfected with eGFP, 25Q or 97Q plasmid DNA (for 

methods see Chapter 2.7.2). The average amplitude of peak monosynaptic AMPAR-mediated currents 

was found to be comparable in all the neuronal groups (ANOVA: F[2,58] = 0.762, p = 0.471). Similar 

amplitude values (excluding EPSC failures) were found in 97Q (n = 22, -33.430 ± 4.184 pA), 25Q (n = 19, 

-38.238 ± 5.459 pA) as well as eGFP (n = 20, -30.532 ± 3.300 pA) expressing neurons (Figure 6.2A). As 

the analysis of mean current amplitude did not show differences between the neuronal groups, we also 

compared the distribution of all the AMPAR-mediated currents including the responses where 

postsynaptic currents failed to occur in response to the presynaptic action potential (EPSC failures). This 

analysis revealed statistically significant differences between the neuronal groups (Kruskal-Wallis  
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Figure 6.1. Analysis of AMPAR-mediated mEPSCs in neurons expressing eGFP, 25Q Htt or 97Q Htt plasmid DNAs. 

No statistically significant differences were found in mean mEPSC frequency (A), amplitude (B), rise kinetics (C) or 

decay kinetics (D) between the three neuronal groups. Similarly, cumulative probability analysis of all the mEPSC 

amplitudes did not indicate statistically significant changes in any of the three neuronal groups (E). (F) Exemplary 

traces of mEPSCs recorded from neurons expressing eGFP (top), 25Q (middle) and 97Q Htt (bottom). 
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test: H = 14.030, p = 0.0009). Specifically, in 25Q expressing neurons, the EPSC amplitude distribution 

was shifted rightwards reflecting an increased frequency of higher amplitude AMPAR-mediated 

currents compared to eGFP expressing neurons (n = 436 for 25Q; n = 516 for eGFP; p = 0.0007). 

However, the distribution in 97Q neurons was not significantly different when compared to either eGFP 

or 25Q neurons (Figure 6.2B). Analysis of the average AMPAR EPSC failure rate did not reveal any 

differences between the three neuronal groups (ANOVA: F[2,58] = 0.543, p = 0.584; n = 20, 0.110 ± 

0.028 for eGFP; n = 19, 0.068 ± 0.024 for 25Q; n = 22, 0.083 ± 0.031 for 97Q) (Figure 6.2C). 

6.3.2. Measurements of synaptic and total NMDAR-mediated currents in HD model 

neurons 

To explore the effect of mHtt on the amplitude of NMDAR-mediated currents, we first performed 

neuronal paired whole-cell recordings. In order to measure currents specifically mediated by the 

synaptic receptors, we depolarised the postsynaptic neuron during the recordings to remove the Mg2+ 

block of the NMDAR channel and included the AMPAR antagonist CNQX in the aCSF (for methods see 

Chapter 2.7.2). The amplitude of NMDAR-mediated currents was calculated by averaging an area of 

5ms around the current peak. Statistical analysis of NMDAR current amplitude detected significant 

differences between the three neuronal groups (ANOVA: F[2,52] = 11.090, p < 0.0001). 97Q expressing 

neurons were found to have significantly lower NMDAR EPSC amplitudes (n = 22, 26.763 ± 3.790 pA) 

compared to both 25Q (n = 16, 74.260 ± 10.020 pA, p < 0.0001) and eGFP (n = 17, 53.811 ± 8.494 pA, 

p = 0.0284) expressing neurons, while no significant differences were found between eGFP and 25Q 

expressing neurons (Figure 6.3A). 

In order to measure total surface NMDAR-mediated currents, we applied exogenous NMDA onto the 

dendrites of transfected neurons voltage-clamped at +40 mV via a picospitzer (Li et al., 2011) (for 

methods see Chapter 2.7.3). Comparison of the mean current amplitudes revealed no significant 

differences between the three neuronal groups (ANOVA: F[2,43] = 0.850, p = 0.435). The total NMDAR-

mediated current in 97Q expressing neurons was of comparable amplitude to those measured in both 

25Q and eGFP control neurons (n = 16, 242.717 ± 47.980 pA for eGFP; n = 14, 195.261 ± 37.216 pA for 

25Q; n = 16, 274.021 ± 39.533 pA for 97Q) (Figure 6.3C). 
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Figure 6.2. Comparison of synaptic AMPAR-mediated EPSC peak current amplitudes between neurons 

expressing eGFP, 25Q Htt or 97Q Htt plasmid DNAs. 

No significant changes in synaptic AMPAR EPSC peak amplitudes were observed between the three neuronal 

groups when averages, excluding EPSC failures, were analysed (A; each data point represents the average 

amplitude for each paired recording). Cumulative probability analysis of all the AMPAR EPSC current amplitudes 

including EPSC failures revealed that 25Q expressing neurons had significantly increased frequency of higher 

amplitude currents compared to eGFP neurons, but no statistically significant changes were detected between 

eGFP/25Q neurons and 97Q expressing neurons (B). All three neuronal groups had a comparable average 

frequency of AMPAR EPSC failures (C). Exemplary traces of synaptic AMPAR-mediated currents in 97Q and control 

eGFP/25Q neurons together with one example presynaptic action potential are shown in (D). 
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Figure 6.3. Comparison of synaptic and total surface NMDAR-mediated current amplitudes between neurons 

expressing eGFP, 25Q Htt or 97Q Htt plasmid DNAs. 

Statistically significant changes in syn-NMDAR-mediated current amplitude were found between the three 

neuronal groups; 97Q neurons on average had a decreased current amplitude compared to both eGFP and 25Q 

control neurons (A). Example traces of syn-NMDAR-mediated currents in 97Q and control eGFP/25Q neurons are 

shown in (B), together with one example presynaptic action potential. No significant changes in total surface 

NMDAR-mediated current amplitude were observed between the three neuronal groups (C). Example traces of 

total NMDAR-mediated currents in 97Q and control eGFP/25Q neurons are shown in (D). In both (A) and (C) each 

data point represents the average amplitude for each recording. *, p-value < 0.05; ****, p-value < 0.0001. 
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6.3.3. Influence of SAP97 isoform overexpression on evoked AMPAR-mediated currents 

in HD model neurons 

We subsequently sought to determine whether overexpression of either α or β N-terminal SAP97 

isoforms can alter glutamate receptor-mediated currents in eGFP/Htt expressing neurons. We 

therefore co-transfected hippocampal neuronal cultures with pBWN-eGFP, pBWN-25Q or pBWN-97Q 

plasmid DNA together with either the α or β isoform of SAP97. pBWN plasmid expression was induced 

on DIV9-10, i.e. 0-24 hours post-transfection, and whole-cell patch-clamp experiments were performed 

after 72 hours of eGFP/Htt expression (and 72-96 hours of SAP97 isoform overexpression). 

We first analysed evoked monosynaptic AMPAR EPSC amplitudes (excluding EPSC failures). Figure 

6.4 shows example traces of monosynaptic and polysynaptic AMPAR-mediated currents in eGFP/Htt 

neurons overexpressing α or βSAP97. When the average AMPAR EPSC amplitudes were analysed 

(Figure 6.5A), no statistically significant differences in mean peak current amplitude were found 

between eGFP expressing neurons and eGFP neurons overexpressing either SAP97 isoform (ANOVA: 

F[2,47] = 1.013, p = 0.371; n = 20, -30.532 ± 3.300 pA for eGFP; n = 19, -30.633 ± 3.093 pA for 

eGFP/αSAP97; n = 11, -39.229 ± 8.230 pA for eGFP/βSAP97). AMPAR-mediated peak current amplitude 

was comparable between α- or βSAP97 overexpressing 25Q neurons and neurons expressing 25Q alone 

(ANOVA: F[2,40] = 0.065, p = 0.937; n = 19, -38.238 ± 5.459 pA for 25Q; n = 10, -39.350 ± 5.531 pA for 

25Q/αSAP97; n = 14, -36.196 ± 6.015 pA for 25Q/βSAP97). Likewise, neither N-terminal SAP97 isoform 

overexpression had any statistically significant influence on the peak current amplitude in 97Q 

expressing neurons (ANOVA: F[2,52] = 1.521, p = 0.228; n = 22, -33.430 ± 4.184 pA for 97Q; n = 20, 

-33.415 ± 2.750 pA for 97Q/αSAP97; n = 13, -47.117 ± 11.566 pA for 97Q/βSAP97). 

Analysis of the average AMPAR EPSC failure rate between eGFP, 25Q and 97Q neurons revealed that 

overexpression of either N-terminal SAP97 isoform in these neurons did not significantly influence the 

EPSC failure frequency in any of the transfection groups (eGFP: ANOVA: F[2,47] = 0.990, p = 0.380; 

n = 20, 0.110 ± 0.028 for eGFP; n = 19, 0.076 ± 0.025 for eGFP/αSAP97; n = 11, 0.050 ± 0.031 for 

eGFP/βSAP97; 25Q: ANOVA: F[2,40] = 0.742, p = 0.483; n = 19, 0.068 ± 0.024 for 25Q; n = 10, 0.097 ± 

0.047 for 25Q/αSAP97; n = 14, 0.041 ± 0.024 for 25Q/βSAP97; 97Q: ANOVA: F[2,52] = 1.019, p = 0.368; 

n = 22, 0.083 ± 0.031 for 97Q; n = 20, 0.050 ± 0.017 for 97Q/αSAP97; n = 13, 0.032 ± 0.019 for 

97Q/βSAP97) (Figure 6.5B). 

Subsequently, we performed cumulative probability analysis of all the AMPAR mediated EPSC 

amplitudes (including EPSC failures). This analysis revealed that overexpression of βSAP97 in eGFP 

neurons shifted the amplitude distribution rightwards, indicating an increased frequency of higher 

amplitude currents compared to neurons expressing eGFP only (Kruskal-Wallis test: H = 33.460,   
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Figure 6.4. Exemplary traces of evoked AMPAR EPSCs in eGFP, 25Q and 97Q cells overexpressing either the α or 

β isoform of SAP97. 

The monosynaptic peak current amplitudes (indicated by arrows) were of comparable magnitude when α/βSAP97 

isoforms were overexpressed in eGFP (A), 25Q (B) and 97Q (C) expressing neurons. The top row shows one 

example presynaptic action potential. 
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p < 0.0001; n = 516 for eGFP; n = 443 for eGFP/βSAP97, p = 0.0001), while in eGFP/αSAP97 neurons the 

distribution was unchanged (n = 250 for eGFP/αSAP97) (Figure 6.5C). There were no statistically 

significant differences in the frequency of current amplitudes between 25Q, 25Q/αSAP97 and 

25Q/βSAP97 expressing neurons (Kruskal-Wallis test: H = 2.217, p = 0.330; n = 436 for 25Q; n = 217 for 

25Q/αSAP97; n = 304 for 25Q/βSAP97) (Figure 6.5D). Similar to eGFP neurons, overexpression of 

βSAP97 increased the frequency of higher amplitude EPSCs in 97Q expressing neurons (Kruskal-Wallis 

test: H = 126.300, p < 0.0001; n = 569 for 97Q; n = 433 for 97Q/βSAP97, p < 0.0001), but overexpression 

of αSAP97 had no significant effect (n = 257 for 97Q/αSAP97) (Figure 6.5E). 

6.3.4. Influence of N-terminal SAP97 isoform overexpression on syn-NMDAR-mediated 

currents in HD model neurons 

Lastly, we sought to determine whether α or β N-terminal SAP97 isoforms can alter the current 

amplitude mediated by syn-NMDARs in mutant huntingtin expressing neurons. As described in section 

6.4.4, hippocampal neuronal cultures were simultaneously transfected with inducible pBWN-eGFP, 

pBWN-25Q or pBWN-97Q plasmids as well as either α- or βSAP97-encoding non-inducible plasmid DNA. 

pBWN plasmid expression was induced 0-24 hours post-transfection, and paired whole-cell patch-clamp 

recordings of synaptic NMDAR EPSCs were performed 72 hours after eGFP/Htt expression (and 72-96 

hours after SAP97 isoform overexpression). 

Analysis of evoked syn-NMDAR EPSCs revealed that SAP97 α or β isoform overexpression does not 

have any significant effect on the current amplitude in either eGFP or 25Q expressing neurons. eGFP 

neurons (n = 17, 53.811 ± 8.494 pA) had a comparable current amplitude to both eGFP/αSAP97 (n = 15, 

71.855 ± 21.74 pA) and eGFP/βSAP97 (n = 11, 73.373 ± 13.590 pA) expressing neurons (ANOVA: F[2,40] 

= 0.534, p = 0.590). Similarly, syn-NMDAR-mediated current amplitude was not significantly different 

between 25Q/αSAP97 (n = 14, 78.509 ± 16.646 pA) and 25Q/βSAP97 (n = 10, 90.433 ± 15.325 pA) 

expressing neurons (ANOVA: F[2,37] = 0.318, p = 0.730) compared to neurons expressing 25Q Htt alone 

(n = 16, 74.260 ± 10.020 pA). In contrast, N-terminal SAP97 isoform overexpression was found to 

significantly increase syn-NMDAR EPSC amplitudes in 97Q neurons (ANOVA: F[2,51] = 14.690, 

p < 0.0001). Compared to 97Q expressing neurons (n = 22, 26.763 ± 3.790 pA), both 97Q/αSAP97 

(n = 19, 64.237 ± 11.020 pA, p = 0.035 with Dunnett’s test/ p = 0.0486 with Tukey’s multiple 

comparisons test) and 97Q/βSAP97 (n = 13, 120.192 ± 22.047 pA, p < 0.0001 regardless of statistical 

test used) co-expressing neurons had significantly higher syn-NMDAR EPSC amplitudes. Moreover, an 

additional statistical comparison (Tukey’s test) revealed that 97Q/βSAP97 neurons have significantly 

higher amplitude currents compared to 97Q neurons overexpressing αSAP97 (p = 0.0075) (Figure 6.6D). 
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Figure 6.5. Comparison of synaptic AMPAR-mediated current amplitudes between α/βSAP97 overexpressing 

eGFP, 25Q Htt and 97Q Htt neurons. 

(A) Comparison of monosynaptic AMPAR EPSC amplitudes (excluding EPSC failures). No statistically significant 

changes in mean amplitude of synaptic AMPAR-mediated currents were identified between any of the three 

neuronal groups when overexpressing α/βSAP97 (neurons without SAP97 overexpression are denoted by ∅; each 

data point represents the average amplitude for each paired recording). (B) Comparison of AMPAR EPSC failure 

rate. No statistically significant differences in EPSC failure rate were detected in eGFP, 25Q or 97Q neurons 

compared to the same neurons overexpressing either of the N-terminal SAP97 isoforms. (C-E) Cumulative 

probability plots representing the distribution of all the evoked AMPAR-mediated current amplitudes (including 

EPSC failures). eGFP/αSAP97 neurons showed a similar amplitude distribution compared to neurons expressing 

eGFP alone, however, eGFP/βSAP97 neurons showed an increased frequency of higher amplitude EPSCs (C). 

Overexpression of the SAP97 isoforms did not have any effect on the amplitude distribution in 25Q expressing 

neurons (D). Although 97Q and 97Q/αSAP97 neurons had comparable EPSC amplitude distribution, 97Q/βSAP97 

neurons showed an increased frequency of higher amplitude of EPSC amplitudes compared to neurons expressing 

97Q only (E). 
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Figure 6.6. Comparison of syn-NMDAR-mediated current amplitudes in eGFP, 25Q and 97Q neurons 

overexpressing N-terminal SAP97 isoforms. 

(A-C) Example traces of evoked syn-NMDAR-mediated currents in all three transfection groups with and without 

α/βSAP97 isoform overexpression. Each figure shows one example presynaptic action potential. (D) Comparison 

of average syn-NMDAR EPSC amplitudes between neurons expressing eGFP/25Q/97Q only (denoted by ∅) and 

neurons also overexpressing either of the N-terminal SAP97 isoforms (each data point represents the average 

amplitude for each paired recording). α/βSAP97 overexpression was found to have no significant effect on the 

amplitude of evoked NMDAR EPSCs in control eGFP and 25Q expressing neurons. However, statistically significant 

changes were found when SAP97 isoforms were overexpressed in 97Q neurons; overexpression of both α and β 

isoforms of SAP97 significantly increased the average current amplitude when compared to neurons expressing 

97Q alone, but βSAP97 had a larger effect than the α isoform. *, p-value < 0.05; **, p-value < 0.01; ****, p-value < 

0.0001.  
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6.4. Discussion 

6.4.1. Synaptic AMPAR-mediated currents are unaltered in mHtt expressing neurons 

Our previous epifluorescence imaging experiments, discussed in Chapter 3, revealed a decrease in 

mean fluorescence labelling intensity of the endogenous GluA1 subunit of AMPA receptor in neurons 

expressing mHtt compared to eGFP and wtHtt expressing control neurons. If the expression of AMPAR 

per receptor cluster was decreased, this could be reflected as a decrease in synaptic AMPAR-mediated 

current amplitude in these HD model neurons. Analyses of both AMPAR-mediated miniature or evoked 

current amplitudes suggest however, that there are no changes in synaptic AMPAR-mediated 

transmission in neurons expressing mHtt compared to control neurons. This is consistent with our 

dSTORM super-resolution imaging data (see Chapter 5), where surface distribution of GluA1-containing 

AMPARs was examined, and where we did not observe any statistically significant changes in total 

surface or synaptic AMPAR expression. Therefore, the discrepancy between epifluorescence imaging 

and electrophysiology data is unlikely to be due to GluA1 subunit-specific changes in the mutant HD 

neurons. Rather, our dSTORM imaging results suggest that it is the perisynaptic AMPARs that are 

downregulated in these neurons. As we only measured currents mediated by synaptic AMPARs during 

normal synaptic transmission, changes in the perisynaptic receptors would not be detected with the 

paired whole-cell recording method applied in the present study. As both dSTORM imaging and 

electrophysiology data suggest that the number of AMPARs at the synapse does not change in our 

cellular HD model, it is plausible that the decrease in GluA1 labelling intensity observed with 

epifluorescence imaging in Chapter 3 reflects a downregulation of non-synaptic, and perhaps 

perisynaptic, AMPARs. 

As mentioned in Chapter 3, the evidence on AMPAR involvement in the HD pathomechanism is 

unclear. While some research groups reported a decrease in AMPAR expression (Andre et al., 2006; Cha 

et al., 1998; Levine et al., 1999; Wagster et al., 1994), others found little evidence on the existence of 

AMPAR-related alterations in HD (Cepeda et al., 2001; Fan et al., 2007; Kolodziejczyk et al., 2014). 

Although Andre and colleagues reported a decrease in total AMPAR-mediated current amplitude in 

cortical neurons from the R6/2 mice, these results are ambiguous as the decrease was only visible at 

DIV40 and not at DIV21 or DIV80 (Andre et al., 2006). Fan and colleagues found that total AMPAR-

mediated currents are comparable between wild-type and YAC72 mutant striatal neurons, as assessed 

by AMPA/kainate bath application (Fan et al., 2007). Also, although human post mortem brain tissue 

studies suggest decreased AMPAR expression in HD, it is difficult to interpret whether this decrease is a 

part of HD mechanism or a result of the final disease stage (Wagster et al., 1994). 
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In a study by Cepeda and colleagues where AMPAR-mediated current amplitude and density in 

neurons from R6/2 striatal brain slices were investigated, the authors found a decrease in the total 

current amplitude/density when AMPA was bath applied, but no changes in AMPAR-mediated 

transmission were observed in these neurons using calcium imaging (Cepeda et al., 2001). As only 

GluA2-lacking AMPARs are permeable to Ca2+ ions, these results might suggest that the AMPAR-related 

changes are isoform specific. Our analysis of mEPSC rise and decay kinetics, which are often indicative 

of AMPAR subunit composition, were unchanged between mHtt and eGFP/wtHtt expressing neurons, 

indicating that if there are isoform-specific alterations of surface AMPAR expression in HD, it does not 

affect receptor complexes at the synapse. 

Similar to our HD model neurons, no major changes in any of the mEPSC parameters have been 

observed in cortico-striatal co-cultures from the YAC128 HD model (Kolodziejczyk & Raymond, 2016), 

however, in the “humanised” Hu97/18 HD mouse cortico-striatal brain slices, a decrease in mEPSC 

frequency was reported (Kolodziejczyk et al., 2014). Interestingly, discrepancies exist not only between 

different disease models, but also within the same model when MSNs are co-cultured with different 

neuronal types. While mEPSC frequency and amplitude were found to be unaltered in YAC128 mutant 

MSNs co-cultured with cortical neurons, when co-cultured with thalamic neurons, HD MSNs displayed 

lower mEPSC frequency, lower peak mEPSC amplitude as well as higher frequency of lower amplitude 

mEPSCs compared to wild-type MSNs (Kolodziejczyk & Raymond, 2016). 

The frequency of AMPAR-mediated mEPSCs, although trending towards decreased values in mHtt 

neurons, did not reach statistical significance in this study. Lower mEPSC frequency, combined with 

unaltered synapse density and mEPSC amplitude, would be suggestive of a higher rate of 

neurotransmitter release failure, which in turn could explain decreased expression of presynaptic 

proteins synapsin 1 and VGlut, observed previously in epifluorescence imaging data (Chapter 3). It is 

possible however, that the potential transsynaptically-induced changes of the presynaptic terminal by 

Htt is not severe enough to be visible in mEPSC experiments where only low-amplitude spontaneous 

synaptic events involving individual quanta of neurotransmitter are recorded. mEPSC frequency analysis 

is only one of the methods able to detect presynaptic function alterations and perhaps application of 

another technique, e.g. paired-pulse ratio or FM 1-43 dye loading/unloading, could provide a better 

assessment whether postsynaptically expressed wt-/mHtt indeed interferes with the SV release 

machinery. 

Although the average amplitude of evoked AMPAR-mediated currents with or without the 

incorporation of EPSC failures into analysis was comparable between the three neuronal groups, the 

cumulative probability distribution of all AMPAR-mediated currents revealed an increased frequency of 
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higher amplitude synaptic currents in neurons expressing wtHtt compared to eGFP expressing neurons. 

In YAC18 mouse MSNs, overexpression of the wtHtt containing a polyQ tract of 18 glutamines was 

shown to increase PSD-95 palmitoylation and synaptic clustering (Parsons et al., 2014). This increase in 

PSD-95 at the PSD in theory should result in an increase in the number of synaptic AMPARs, as it had 

been demonstrated in hippocampal neurons (Schnell et al., 2002; Stein et al., 2003). Surprisingly, 

recordings from YAC18 MSNs did not indicate any differences in mEPSC frequency or amplitude 

(Parsons et al., 2014). However, as it was pointed out by Parsons and colleagues, PSD-95 expression 

might not be as critical for synaptic AMPAR expression in MSNs as it is in hippocampal neurons, 

especially at basal synaptic activity levels (Parsons et al., 2014). 

Together, our data indicate that mutant huntingtin does not play a major role in regulating AMPAR-

mediated synaptic transmission in hippocampal neurons. Our data are similar to those previously 

described in the well-studied YAC128 HD mouse model, suggesting that for AMPAR function, the 

disease phenotype is maintained in vitro. 

6.4.2. Extrasynaptic NMDARs are upregulated in the cellular HD model 

In order to functionally validate the dSTORM imaging results, where we found a shift in NMDAR 

surface expression towards extrasynaptic sites in our cellular HD model, we used both paired whole-cell 

patch-clamp recordings as well as exogenous NMDA application. Consistent with our dSTORM super-

resolution imaging data, neuronal paired whole-cell recordings revealed a significant decrease in the 

strength of synaptic NMDAR-mediated signalling in mutant HD neurons. Neuronal paired recordings, 

where a single wild-type presynaptic neuron was stimulated to release neurotransmitter that activated 

a relatively low number of postsynaptic terminals on a transfected cell (Montgomery et al., 2001; 

Pavlidis & Madison, 1999), ensure precise measurement of exclusively syn-NMDAR-mediated currents. 

While the syn-NMDAR EPSC amplitude was found to be decreased in mHtt expressing neurons 

compared to both eGFP and wtHtt control neurons, the average total surface NMDAR-mediated current 

amplitude (containing both synaptic and extrasynaptic components) was comparable between all three 

neuronal groups. This result clearly indicates that extrasynaptic NMDAR number is elevated in neurons 

expressing the mutated version of huntingtin, which at least in part occurs at the expense of synaptic 

receptor pools. 

Increased ex-NMDAR levels observed in our electrophysiology data presented here is consistent with 

the studies performed by Milnerwood and colleagues, where ex-NMDAR-mediated currents were 

reported to be elevated in YAC128 HD MSNs (Milnerwood et al., 2010; Milnerwood et al., 2012). Two 

discrepancies, however, are visible between our data and the previous studies. The first one concerns 

the current amplitude mediated by syn-NMDARs, which was decreased in our HD model but was found 
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to be unaltered in YAC128 HD MSNs (Milnerwood et al., 2010; Milnerwood et al., 2012). This issue has 

already been discussed in Chapter 5, where we proposed that differences in experimental approaches 

applied to measure the synaptic currents may underlie these differing results. The second disparity 

relates to the total NMDAR-mediated current. Multiple earlier studies reported an overall increase in 

the whole-cell NMDAR-mediated current, usually measured by NMDA/glutamate bath application 

(Cepeda et al., 2001; Laforet et al., 2001; Mangiarini et al., 1996; Zeron et al., 2002). Neither the 

methods applied by those authors, nor the method applied in this study does discriminates between 

synaptic and extrasynaptic receptors and yet in our study we did not observe changes in the total 

current between mutant and control neurons. However, NMDA application via picospitzer that was 

employed in this current work, as opposed to agonist bath application, does not activate all the 

NMDARs present on the cell surface, but only a fraction of them located on the dendritic tree. NMDARs 

have been shown to be present not only on dendrites but also at the surface of soma where they were 

found to outnumber AMPA receptors (Dodt et al., 1998). The presence of presynaptic NMDARs at axon 

terminals of both pyramidal as well as medium spiny neurons is also widely recognised (Fink et al., 

1990; Johnson & Jeng, 1991; Krebs et al., 1991; Pittaluga & Raiteri, 1992; Wang, 1991). Therefore, 

agonist added in the bath solution would activate not only the dendritic NMDARs, but also the somatic 

and presynaptic receptors. Although synaptic connections can be formed on the somatic membrane, 

the majority of excitatory synapses occur on spines located on proximal and distal dendrites (Hering & 

Sheng, 2001). It is unknown whether these somatic or presynaptic NMDARs play a role in HD 

pathogenesis at all, or whether glutamate that is thought to spill over from the synaptic cleft in HD 

would be able to reach NMDARs located away from the dendritic membrane, however, the discrepancy 

between our and previous results might arise from whole-cell versus dendritic-only NMDAR activation. 

6.4.3. βSAP97 increases the probability of higher amplitude synaptic AMPAR-mediated 

currents in a cellular model of HD 

Although we did not detect any mHtt-induced changes in AMPAR-mediated synaptic transmission, 

the effect of the overexpression of the α and β isoforms of SAP97 on the amplitude of evoked AMPAR 

EPSCs was investigated as an important control to determine whether the effects of SAP97 isoforms 

were specific to NMDARs. Previous electrophysiological studies that examined the roles of both α and β 

isoforms suggested that these N-terminal SAP97 variants, when overexpressed in hippocampal neurons, 

differentially regulate synaptic AMPAR pools; αSAP97 was shown to increase the average synaptic 

AMPAR-mediated current amplitude and βSAP97 led to its decrease both during basal synaptic 

transmission (Waites et al., 2009) as well as following the induction of LTP (Li et al., 2011). 

In the current research, αSAP97 did not alter AMPAR EPSC amplitude not only in mHtt expressing 

neurons, but also in wtHtt or eGFP expressing neurons. A plausible explanation why our results are not 
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in agreement with those reported previously might be a difference in the density of neuronal cultures 

used for electrophysiology experiments. As the cell density used in our experiments was ~75 cells/mm2, 

which was approximately 50% lower compared to 165 cells/mm2 density cultures used by Waites and 

colleagues (2009) and Li and colleagues (2011), this could have led to induction of homeostatic 

plasticity mechanisms, i.e. global changes in surface receptor expression in response to chronic changes 

in cell excitability (Turrigiano, 2008). In homeostatic plasticity studies, blockage of active (voltage-gated) 

conductances or AMPA receptor channels is used in order to activate global plasticity mechanisms that 

result in enhanced accumulation of AMPARs at the postsynaptic membrane. Such neurons exhibit 

higher mEPSC and evoked EPSC amplitudes (O'Brien et al., 1998; Wierenga et al., 2005). It is possible 

that at lower cell densities each neuron would receive fewer synaptic inputs and of lower total intensity, 

therefore such neurons would upscale their surface synaptic AMPAR expression in order to maximise 

the quantal amplitude of spontaneous EPSCs (Biffi et al., 2013; Fong et al., 2015; Ivenshitz & Segal, 

2010; Liu & Tsien, 1995).  

Lower density neuronal cultures could have led to an elevation of AMPAR expression at the PSD 

prior to transfection and thus the overexpression of the αSAP97 isoform might not have been able to 

upregulate the synaptic AMPAR density further at basal levels of neuronal activity. To determine 

whether this was the case, we performed preliminary experiments where we transfected wild-type 

neurons with either αSAP97-mCherry plasmid (used in this thesis) or αSAP97-eGFP (used in the study by 

Waites and colleagues [2009] as well as Li and colleagues [2011]). We found that the amplitudes of 

AMPAR EPSCs were comparable between these two neuronal groups (unpublished data), suggesting 

that surface AMPAR expression is similar with these plasmids. However, the evoked AMPAR EPSC peak 

amplitudes seen in our data are much lower in control (eGFP expressing) neurons compared to wild-

type hippocampal neurons from previous studies (on average -30 pA versus -256 pA reported by Waites 

and colleagues [2009]). In higher density neuronal cultures, an elevated number of synaptic 

connections often leads to masking of the monosynaptic AMPAR-mediated current peak by populous 

polysynaptic inputs (personal observation). If the monosynaptic AMPAR EPSC is unresolvable and the 

polysynaptic current amplitude is measured instead, this would lead to a higher average current 

amplitude, which in our view might have occurred in the previous studies. Apart from a lack of 

influence of αSAP97 overexpression on EPSC amplitude in eGFP/wtHtt expressing neurons, we did not 

observe any effect of this SAP97 isoform on AMPAR currents in our HD model neurons either, which is 

consistent with limited interference of mutant huntingtin with AMPAR-mediated synaptic transmission 

(discussed in section 2.5.1). 

Similar to αSAP97, βSAP97 overexpression did not influence the average AMPAR EPSC amplitude 

either in mHtt expressing or in eGFP/wtHtt neurons. However, further analysis revealed an increase in 
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the frequency of higher amplitude EPSCs in mHtt and eGFP neurons overexpressing the β isoform, 

consistent with the role of this SAP97 isoform in not only creating slots at the PSD for glutamate 

receptors but also actively delivering receptor complexes to the synapse (Goodman et al., 2017; Sans et 

al., 2001). Interestingly, no statistically significant effect on the AMPAR-mediated current amplitude 

distribution was observed when βSAP97 was co-expressed with wtHtt. Wild-type huntigtin expressing 

neurons, however, were already characterised by an increased frequency of higher-amplitude AMPARs 

compared to eGFP expressing neurons (see section 6.3.1), suggesting an increase in surface expression 

of this receptor at the postsynaptic membrane. If wtHtt increases the number of PSD-95 molecules per 

PSD when expressed in hippocampal neurons (Parsons et al., 2014), the potentiation of synaptic 

AMPARs might occlude further expansion of these receptor pools that otherwise would be imposed by 

βSAP97 overexpression. Interestingly, our data also imply that compared to SAP97 isoform 

overexpression in our lower-density neuronal cultures, wtHtt-driven increases in PSD-95 in the PSD 

have a dominant effect on the synaptic receptor expression. As it was argued by Schlüter and 

colleagues, PSD-95 (especially its prevalent α isoform) is more dominant than SAP97 at the PSD, playing 

a major role in not only being a “slot protein”, but also being responsible for “gating” the incorporation 

of AMPARs to the PSD (Schluter et al., 2006). What is more, this function of PSD-95 is not affected by 

chronic activity, whereas the function of SAP97 appears to be more activity-dependent (Schluter et al., 

2006). 

As in the case of the αSAP97, the effect of βSAP97 overexpression observed in our data stands in 

contrast to the two previous reports (Li et al., 2011; Waites et al., 2009). Due to its higher expression 

level, the role of the β isoform has been addressed in a larger number of studies compared to αSAP97, 

and yet, despite multiple studies the exact role of βSAP97 remains ambiguous. Our data presented here 

support earlier results suggesting that βSAP97 positively influences AMPAR-mediated synaptic strength 

(Howard et al., 2010; Nakagawa et al., 2004; Schluter et al., 2006), as well as support the notion of 

βSAP97 being a scaffolding protein with an additional role in receptor trafficking that clusters AMPARs 

at or near the synapse (Goodman et al., 2017; Jeyifous et al., 2016). However, the existence of 

conflicting reports on the effects of βSAP97 on AMPAR-mediated synaptic transmission (Howard et al., 

2010; Li et al., 2011; Rumbaugh et al., 2003; Schnell et al., 2002; Waites et al., 2009) indicates that 

further studies are critical to determine the actual role of this SAP97 isoform in regulation of AMPAR 

distribution and transmission. 
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6.4.4. SAP97 isoform overexpression prevents the decrease in syn-NMDARs in mHtt 

expressing neurons 

Consistent with previous electrophysiological studies (Li et al., 2011; Schluter et al., 2006), αSAP97 

overexpression had no effect on the NMDAR EPSC amplitude in eGFP as well as wtHtt expressing 

hippocampal neurons. βSAP97 also had little impact on the syn-NMDAR mediated currents in either 

control neuronal group. Similar to the case of AMPARs, there is a lack of consensus in literature 

regarding the role of βSAP97 in regulation of surface NMDARs; while Li and colleagues reported 

decreased NMDAR EPSC amplitude in hippocampal neurons overexpressing this SAP97 isoform, other 

groups did not observe changes in syn-NMDAR-mediated currents between βSAP97 overexpressing and 

wild-type neurons (Li et al., 2011; Nakagawa et al., 2004; Schluter et al., 2006).  

In contrast to those reports, data obtained by Howard and colleagues suggest that the β isoform has 

a positive effect on the size of synaptic NMDAR pools (Howard et al., 2010). In addition, these authors 

reported faster NMDAR EPSC kinetics in immature neurons overexpressing βSAP97 compared to their 

wild-type counterparts at the same developmental stage (Howard et al., 2010). In developing neurons, 

the subunit composition of NMDAR complexes changes as GluN2B-containing NMDARs are replaced 

with GluN2A-containing receptors, which results in a switch in NMDAR EPSC kinetics from slow to fast 

(Cull-Candy & Leszkiewicz, 2004). The finding that βSAP97 overexpression accelerates this 

developmental NMDAR subunit switch further illustrates the disparity in results from different studies, 

all of which were performed at different developmental stages which is likely to significantly contribute 

to the differences observed. Moreover, we have recently observed that βSAP97 delays spine 

maturation (Goodman et al., 2017). While the discord in data obtained by different research groups 

might arise from overexpression of βSAP97 containing different insert composition, the source of 

discrepancies between studies applying the same βSAP97 isoform (as well as the same experimental 

procedures) is harder to pinpoint. 

Although most homeostatic plasticity studies to date have been focusing on changes in AMPAR-

mediated synaptic transmission, NMDARs also undergo this type of global receptor regulation (Perez-

Otano & Ehlers, 2005). Long-term blockade of AMPAR, NMDAR or voltage-gated Na+ channels was 

shown to increase synaptic NMDAR clustering many-fold in cultured hippocampal neurons (Rao & Craig, 

1997). Moreover, NMDAR activity blockade was shown to decrease receptor turnover as well as 

increase the half-life of associated PSD components (Ehlers, 2003; Okabe et al., 1999). If this effect is 

replicated in low-density neuronal cultures, it is therefore possible that slower turnover of PSD 

components make it impossible for βSAP97 to decrease synaptic NMDAR number in eGFP/wtHtt 

neurons within the timeframe of 72-96 hours (that βSAP97 is expressed for in our hippocampal 

neurons) to levels that would be observable with the methods used in the present study. Nevertheless, 
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due to lack of consensus across multiple studies the actual role of βSAP97 in regulation of surface 

NMDAR pools remains to be elucidated. Consistent with the surface receptor accumulation in lower-

density cultures, however, the average NMDAR-mediated current amplitudes recorded in control 

(eGFP) neurons in the present study were of a larger magnitude than those produced by wild-type 

neurons reported by Li and colleagues (2011). While eGFP control neurons in this study had on average 

~54 pA synaptic and ~242 pA total NMDAR-mediated currents, wild-type neurons recorded by Li and 

colleagues generated currents of approximately 30pA and 60pA respectively (Li et al., 2011).  

In contrast to the control eGFP/wtHtt neuronal groups, we found that both α- and βSAP97 isoform 

overexpression in HD model neurons led to an increase in syn-NMDAR-mediated current amplitudes 

compared to neurons expressing mHtt alone. If the lack of significant SAP97-induced changes in syn-

NMDAR transmission in eGFP and wtHtt expressing neurons is due to homeostatic plasticity 

mechanisms driven by a decrease of synaptic inputs, this plasticity is absent in the HD model neurons. 

Mutant huntingtin appears to prevent these homeostatic mechanisms and potentially creates space for 

additional NMDARs to be inserted into the PSD by either N-terminal SAP97 isoform. Moreover, in 

accordance with its dual function in receptor docking as well as trafficking, βSAP97 overexpression was 

found to have a greater effect on synaptic NMDAR-mediated currents than the α isoform. 
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6.5. Conclusion 

Here, we provide functional evidence of synaptic NMDAR transmission impairment in neurons 

expressing mutant huntingtin. This effect was specific for NMDAR-mediated currents, as while syn-

NMDAR EPSCs were found to be decreased in these mutant HD neurons, currents mediated by 

synaptically localised AMPARs were unchanged and comparable to control neurons. Measurements of 

total surface NMDAR-mediated currents, which were found to be equivalent across neuronal genotypes, 

allowed us to establish that in our HD model neurons, the proportion of ex-NMDARs is elevated at the 

cost of syn-NMDARs. Overexpression of either the α or β N-terminal SAP97 isoform had no effect on 

syn-NMDAR transmission in control neuronal groups, but did prevent the decrease in synaptic NMDAR-

mediated currents in mHtt expressing neurons. Moreover, the two isoforms exhibited different levels of 

ability to rescue syn-NMDAR-mediated currents, as while αSAP97 enabled the current amplitude to be 

maintained at levels normally seen in control neurons, overexpression of βSAP97 led to a further 

increase in syn-NMDAR-mediated current amplitude. Thus, electrophysiology results presented here 

concur with our dSTORM super-resolution imaging data described in the previous chapter and further 

support our hypothesis that the two N-terminal SAP97 variants may be used as tools to amend 

abnormal distribution of NMDARs in neurons affected with HD and prevent the damage brought about 

by the activity of extrasynaptic NMDA receptors. 
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CHAPTER SEVEN: GENERAL DISCUSSION 

The primary aim of this thesis was to characterise the synaptic-level changes in that occur in 

Huntington’s disease and examine the mechanisms underlying HD-related synaptic dysfunction. We 

utilised both cellular as well as YAC128 mouse models in order to test the thesis hypotheses delineated 

in Chapter 1.7. Briefly, we first sought to determine whether mHtt expression leads to upregulation of 

extrasynaptic NMDA receptors in our cellular model system. Secondly, we inquired whether the 

alteration in NMDAR surface expression could be brought about by changes in SAP97 isoform 

expression in our cellular as well as mouse HD models. Lastly, we explored the possibility that the 

surface NMDAR distribution can be regulated by changing the expression of α or β N-terminal SAP97 

isoforms. 

7.1. Glutamate receptors in HD – what have we learnt from the laboratory 

models? 

Synapses are the fundamental structural elements of the nervous system, enabling inter-neuronal 

communication and execution of all the brain functions, and in almost every neurological disease 

abnormalities at the synaptic level can be identified. Not surprisingly, both animal and in vitro HD 

models generated to date exhibit synapse function impairments and perturbations in the expression of 

PSD components. In this regard, HD model systems provide invaluable insights into the disease 

mechanism and occurring neuropathological processes that would be otherwise impossible to unveil 

based on post mortem human tissue studies alone. The majority of excitatory synapses in the CNS 

contain ionotropic glutamate receptors, AMPARs and NMDARs, which mediate excitatory 

neurotransmission and synaptic plasticity. Here, we will summarise our current understanding of 

AMPAR- and NMDAR-related pathology in the context of HD. 

7.1.1. AMPA receptors and HD 

Although the involvement of AMPARs in the pathomechanism of HD is unclear due to conflicting 

results reported by different research groups, several recent studies show that basal AMPAR-mediated 

synaptic transmission is unaltered in HD neurons (Fan & Raymond, 2007; Kolodziejczyk et al., 2014). 

Similarly, the data presented in this thesis also do not support that major alterations in synaptic 

AMPARs occur in mutant huntingtin expressing neurons. Although our epifluorescence imaging results 

suggest that the surface AMPAR puncta intensity was decreased in these neurons, these results were 

not replicated with the higher resolution techniques of dSTORM super-resolution imaging or whole-cell 

patch-clamp electrophysiology, and thus, our data indicate that mutant huntingtin does not influence 

the number of synaptic AMPA receptors (Table 7.1).  
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Table 7.1. Summary of AMPA receptor-related changes identified 

in a cellular HD model relative to control neurons. 

              Technique 
 

AMPAR pools 

Epifluorescence 
imaging 

dSTORM super-
resolution imaging 

Patch-clamp 
electrophysiology 

Total surface ↓ (intensity) unaffected n/a 

Synaptic ↓ (intensity) unaffected unaffected 

Perisynaptic n/a ↓ n/a 

Extrasynaptic unaffected unaffected n/a 

   n/a = not applicable 

The decrease previously reported in the PSD scaffolding protein PSD-95 at HD synapses (Fan et al., 

2009; Singaraja et al., 2011) should in theory lead to a decreased number of synaptic AMPARs, 

especially given this scaffolding protein is more often co-localised with AMPARs than NMDARs 

(MacGillavry et al., 2013). The fact that a downregulation of synaptic AMPA receptors is not observed in 

HD models might be due to PSD-95-independent mechanisms, depending on the neuronal type. In 

hippocampal neurons, the absence of PSD-95 can be compensated for by other scaffolding proteins, 

and this is possible due to high-degree functional redundancy between different MAGUKs (Elias et al., 

2006; Howard et al., 2010; Liu et al., 2014; Montgomery et al., 2004; Sans et al., 2000; Schluter et al., 

2006). However, this compensation seems to be effective only for AMPA and not NMDA receptors. In 

contrast to hippocampal neurons, PSD-95 might not be as crucial for the retention of synaptic AMPARs 

in striatal MSNs, as no synaptic AMPAR-mediated transmission alterations were found in the YAC128 

HD striatum. 

According to multiple synaptic plasticity studies (Milnerwood et al., 2006; Murphy et al., 2000; Orth 

et al., 2010; Usdin et al., 1999) however, AMPAR-related abnormalities emerge upon the attempt to 

induce long-term potentiation. We hypothesise that the decrease in perisynaptic AMPAR pools that is 

visible in our dSTORM super-resolution imaging data reflects the inability of HD synapses to undergo 

activity-dependent potentiation and perhaps underlies the cognitive and psychological symptoms 

commonly observed in HD patients (Reiner et al., 2011). Perisynaptic sites consist of zones where 

AMPARs are both inserted into the membrane and internalised back into the cytoplasm (Man et al., 

2000; Petralia et al., 2003; Yudowski et al., 2007). It has been demonstrated that AMPARs are delivered 

to the perisynaptic membrane prior to the expression of LTP, and these perisynaptic receptors cannot 
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be detected immediately after full expression of synaptic potentiation (Yang et al., 2008b). Conversely, 

inhibition of perisynaptic AMPAR delivery results in a blockade of LTP expression (Yang et al., 2008b). It 

would be of interest for the future studies to address the precise mechanism responsible for 

preservation of synaptic AMPAR transmission at basal activity levels, both in hippocampal and striatal 

neurons, and confirm whether downregulation of perisynaptic AMPARs indeed lies at the basis of LTP 

impairments in HD. The latter question could be addressed with experiments involving a rescue of 

perisynaptic AMPAR pools by upregulating the expression of proteins that participate in delivery of 

AMPARs to the membrane surface, of which stargazin (Chen et al., 2000) or βSAP97 (Goodman et al., 

2017; Lin et al., 2013) would be strong candidates for this role. 

7.1.2. NMDA receptors and HD 

The data presented in this thesis suggest that mutant huntingtin induces abnormalities in NMDAR 

surface expression as soon as after 72 hours of its expression in vitro (Table 7.2). As these results are 

consistent with the majority of other studies (Cepeda et al., 2001; Chen et al., 1999; Hodgson et al., 

1999; Laforet et al., 2001; Li et al., 2003b; Milnerwood et al., 2010; Milnerwood et al., 2012; Zeron et al., 

2002), mHtt-induced NMDAR pathology appears to be a common feature of HD model systems. One of 

the main previous discoveries that inspired this thesis was that in striatal neurons of the YAC128 mouse 

HD model, extrasynaptic NMDA receptor pools are upregulated (Milnerwood et al., 2010; Milnerwood 

et al., 2012). With the exclusion of epifluorescent imaging, which did not allow for precise 

discrimination between synaptic and extrasynaptic receptors, our data add to the evidence for mHtt-

driven expansion of extrasynaptic NMDAR clusters. The fact that similar results can be observed in both 

cultured striatal medium spiny neurons (Milnerwood et al., 2012) as well as hippocampal neurons 

suggests that this increase in ex-NMDARs is not cell type-specific. Although the exact mechanism of 

their action is yet to be determined, due to their downstream effects these ex-NMDARs are currently 

thought of as the major drivers of HD neurodegeneration (Hardingham & Bading, 2010; Hardingham et 

al., 2002). 

A considerable amount of research on HD pathomechanism has focused on the subunit composition 

of NMDARs, and multiple studies have claimed GluN2B-containing receptors as the main culprits 

responsible for HD cell death. Indeed, in the YAC128 mutant MSNs the association between PSD-95 and 

GluN2B-containing NMDARs was found to be increased in a polyQ length dependent manner (Fan et al., 

2009) and occurs specifically at extrasynaptic locations (Fan et al., 2012). In fact, receptors carrying 

GluN2B subunits would be well suited for serving this neurodegenerative function, as they display 

slower decay kinetics compared to the GluN2A subunit and therefore allow for more sustained Ca2+ 

entry into the cell (Cull-Candy & Leszkiewicz, 2004). It is not yet clear, however, to what extent these 

properties of GluN2Bs play a role in HD or how critical is their coupling to downstream signalling  
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Table 7.2. Summary of NMDA receptor-related changes identified 

in a cellular HD model relative to control neurons 

              Technique 
 

NMDAR pools 

Epifluorescence 
imaging 

dSTORM super-
resolution imaging 

Patch-clamp 
electrophysiology 

Total surface unaffected unaffected unaffected 

Synaptic ↑ (density) ↓ ↓ 

Perisynaptic n/a unaffected n/a 

Extrasynaptic unaffected ↑ ↑ 

n/a = not applicable 

pathways. Moreover, as MSNs are inherently characterised by high expression of the GluN2B subunit 

protein, further upregulation of GluN2B-containing NMDARs in these neurons is likely to be more 

detrimental to other neuronal types, e.g. hippocampal neurons (Kaufman et al., 2012; Landwehrmeyer 

et al., 1995). Antagonism of GluN2B-containing diheteromeric NMDARs has been tested in HD models 

but resulted in conflicting outcomes; some data showed mitigated death of mutant MSNs (Milnerwood 

et al., 2012), while other data demonstrated no effect (Tallaksen-Greene et al., 2010). 

Another recent NMDAR isoform-specific hypothesis suggests that GluN3A-, and not GluN2B-

containing receptors are the most detrimental in HD and responsible for NMDAR hyperfunction, as 

downregulation of this subunit’s gene led to restoration of normal NMDAR-mediated synaptic 

responses in the YAC128 HD model (Mahfooz et al., 2016; Marco et al., 2013). Regardless of which 

NMDAR subunits contribute to the pathomechanism to a greater degree, it cannot be forgotten that 

NMDARs of diverse subunit composition also serve normal functions throughout the central nervous 

system and their hypofunction is also associated with multiple cognitive and psychological symptoms 

(Adams & Moghaddam, 1998; Moghaddam et al., 1997; Newcomer et al., 2000). Therefore, direct 

intervention in the NMDAR-mediated signalling might not be a preferred strategy for HD treatment. 

7.2. SAP97 and receptor localisation in HD 

Another previous finding which in addition to the work on extrasynaptic NMDARs in the YAC128 

model also prompted the studies described in this thesis was that βSAP97 is a negative regulator of 

synaptic NMDARs, directing these receptors towards the extrasynaptic membrane (Li et al., 2011). 

Based on these results it was hypothesised that upregulation of the β isoform of SAP97 might underlie 
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the increase in ex-NMDARs in neurons expressing mutant huntingtin. However, our data suggest that 

not only do expression changes specific for βSAP97 not occur in either cellular or the YAC128 mouse HD 

model, but also that βSAP97 does not negatively influence synaptic NMDARs in HD model neurons. 

Therefore, this SAP97 isoform is unlikely to be a part of the HD pathomechanism. 

Our recent dSTORM imaging study investigated the influence of α- and βSAP97 overexpression on 

the distribution of surface AMPARs (Goodman et al., 2017). These data showed that both SAP97 

isoforms can enhance AMPA receptor localisation at synapses, but by different mechanisms: αSAP97 

increases the number of receptor binding sites, whilst SAP97 increases surface AMPA receptor density 

at the PSD edge and surrounding perisynaptic sites. βSAP97 also increases the proportion of immature 

filopodia that express higher levels of AMPA receptors (Goodman et al., 2017). In this thesis, we aimed 

to determine the effects of these N-terminal SAP97 isoforms on AMPA- and NMDA-type glutamate 

receptor distribution in a cellular model of HD. Surprisingly, no major changes in AMPAR-mediated 

synaptic transmission were identified in either control or mutant HD neurons when either of the two 

SAP97 isoforms was overexpressed. Instead however, both α- and βSAP97 emerge in our data as agents 

that selectively alter surface NMDAR distribution in mutant huntingtin expressing neurons. Although we 

did not investigate why this effect is specific to HD model neurons, it is probable that the endogenous 

PSD components are being negatively affected in HD (Fan et al., 2009; Fan et al., 2012; Fourie et al., 

2014a; Jarabek et al., 2004; Sun et al., 2001; Torres-Peraza et al., 2008). As it was mentioned above, due 

to their high-degree structural similarity, different MAGUK proteins play redundant roles (Elias et al., 

2006; Howard et al., 2010; Sans et al., 2000; Schluter et al., 2006). In HD synapses, overexpressed 

SAP97 isoforms may take over the functions that are otherwise occupied by other PSD components, 

thus potentially explaining their specificity for mutant huntingtin expressing and not control neurons. 

We observed that either of the two main SAP97 isoforms were able to rescue NMDAR distribution 

by maintaining the number of ex-NMDARs at the levels normally seen in control neurons, and both our 

dSTORM imaging and electrophysiology data are consistent in this regard (Table 7.3). The only 

exception is the effect of αSAP97 overexpression on synaptic NMDAR pools: dSTORM imaging showed 

that this isoform does not prevent a decrease in syn-NMDARs and instead increases perisynaptic 

receptors; electrophysiology results, in contrast, show an increased synaptic NMDAR signalling in mHtt 

neurons overexpressing the α isoform. It is not known whether these perisynaptic receptors respond to 

synaptically released glutamate, but our data suggest that this is possible and therefore could explain 

these two seemingly contradicting results. The GluN1 subunit protein was labelled and imaged during 

dSTORM experiments, and this is an obligatory subunit present in all the NMDA receptor molecules. 

However, the identity of accompanying subunits forming the entire receptor complexes was not 

examined. If synaptically released glutamate does not activate perisynaptic AMPARs and αSAP97 does  
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Table 7.3. Summary of the effects of α/β SAP97 isoform overexpression. 

Symbols + or ++ distinguish magnitudes of the effect. 

        Technique 
 

 
 
NMDAR pools 

dSTORM super-
resolution imaging 

Patch-clamp 
electrophysiology 

αSAP97 βSAP97 αSAP97 βSAP97 

Total surface  - ↑ n/a n/a 

Synaptic - ↑ ↑ (+) ↑(++) 

Perisynaptic ↑ - n/a n/a 

Extrasynaptic ↓ ↓ n/a n/a 

n/a = not applicable 

not prevent the reduction in syn-NMDARs in mHtt expressing neurons, a possibility exists that this 

isoform instead allows for an insertion of higher-conductance receptors into the synapse, which would 

also explain the elevated syn-NMDAR-currents. Regardless of the mechanism in place, our results show 

that upregulation of αSAP97 expression has the potential to prevent or at least delay the mHtt-driven 

NMDAR drift to extrasynaptic sites. Moreover, possibly due to its dual role in trafficking as well as 

anchoring the receptors at the PSD, the β isoform of SAP97 showed a greater effect in synaptic NMDAR 

clustering than αSAP97. Therefore, in our judgement, manipulation of either α- or βSAP97 isoform 

expression can be used to prevent or counteract the NMDAR drift to extrasynaptic sites in HD (see 

Figure 7.1). 

An interesting conundrum arises when one considers that the α isoforms of both PSD-95 and SAP97 

require palmitoylation for their PSD targeting. Due to structural and functional similarities of the two 

PSD proteins, synaptic targeting of αSAP97 should be impaired in HD models, as it is in the case of PSD-

95 (Craven et al., 1999; Fan et al., 2009; Singaraja et al., 2011). The fact that αSAP97 overexpression still 

leads to potentiation of syn-NMDAR-mediated currents might indicate the presence of one of the 

following mechanisms: (1) reduction in αSAP97 palmitoylation is not fully penetrant and some amount 

of the palmitoylated protein is able to traffic into the synapse, or (2) palmitoylation of αSAP97 is 

dependent on enzymes other than HIP14 palmitoyl transferase. If the first mechanism occurred in our 

HD model neurons, it would provide another reason why the β isoform was found to be more effective 

at maintaining synaptic NMDAR pools than αSAP97. 
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Our western blot data demonstrate that expression of neither SAP97 isoform is altered in the 

striatum of symptomatic YAC128 mutant mice. Alterations in overall SAP97 expression including the α 

isoform, however, were identified in mutant YAC128 hippocampus. Although it is not certain whether 

this change also applies to the β isoform, these results are consistent with previous findings in human 

HD post mortem hippocampal tissue (Fourie et al., 2014a). Increasing SAP97 gene expression in the HD 

hippocampus might be a compensatory mechanism used by the pyramidal neurons to counteract the 

decrease in PSD-95 and other PSD scaffold proteins at synapses (Fan et al., 2009; Jarabek et al., 2004; 

Singaraja et al., 2011; Sun et al., 2001; Torres-Peraza et al., 2008). This mechanism might be responsible 

for more delayed and milder hippocampal cell loss in HD compared to striatal MSNs. In addition, this 

may suggest that characteristic HD cognitive and memory deficits associated with the hippocampus, 

which usually precede motor deficits in HD patients, are caused by synaptic dysfunction rather than 

neuronal death. 

Overexpression of N-terminal SAP97 isoforms has been previously reported to render wild-type 

hippocampal neurons unable to undergo LTP, and in the case of αSAP97 overexpression, the activity-

dependent synapse strengthening processes were occluded due to prior upregulation of synaptic 

AMPARs by this isoform (Li et al., 2011; Nakagawa et al., 2004; Waites et al., 2009). However, 

hippocampal LTP is impaired in HD, as shown in multiple disease models as well as HD patients 

(Milnerwood et al., 2006; Murphy et al., 2000; Orth et al., 2010; Usdin et al., 1999). If the overall SAP97 

gene expression is upregulated in the HD hippocampus, as suggested by our western blot data and the 

data obtained by Fourie and colleagues (2014), it encompasses multiple SAP97 isoforms and appears to 

be insufficient to ensure accurate LTP induction. Although in our studies we did not address long-term 

plasticity changes, it is plausible that specific overexpression of α- or βSAP97 has the potential to fully 

rescue activity-dependent synaptic potentiation in mutant huntingtin expressing neurons. 

Yet another issue that remains unresolved is the transsynaptic impairment of presynaptic function 

exerted by mutant huntingtin. As PSD-95 can influence the presynaptic terminal via nrxn-nlgn 

complexes (Futai et al., 2007), its crippled functionality in HD should impact the SV release machinery. 

Although the current data on presynaptic release efficiency in HD, including our electrophysiology 

results, are unequivocal (Cummings et al., 2009; Li et al., 2003a; Li et al., 2004a; Morton et al., 2001), it 

would be of interest to determine whether overexpression of a structurally similar protein that is SAP97 

has the potential to fulfil this transsynaptic role in lieu of PSD-95 and thereby regulate neurotransmitter 

release. 
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Figure 7.1. A model of SAP97-mediated regulation of NMDAR distribution in HD synapses. 

According to the data presented in this thesis, upregulation of αSAP97 (left side of the figure) allows for the 

retention of NMDA receptors at the synapse, which would otherwise drift to extrasynaptic sites due to decreased 

synaptic targeting of PSD-95 in mutant huntingtin expressing neurons. Upregulation of βSAP97 (right side of the 

figure), owing to its twofold function in active trafficking of the receptors and their anchoring at the PSD, leads to 

a more efficient maintenance of the synaptic versus extrasynaptic balance of NMDARs. 
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7.3. Outlook: future directions for HD research 

The discovery of NMDAR hyperactivity in HD models prompted researchers to apply receptor 

antagonists in order to determine their effectiveness at decreasing neuronal death or alleviating the 

disease symptoms. Classical NMDAR blockers when used in the clinic, however, have been shown to be 

burdened with a plethora of undesirable side effects (Gladstone et al., 2002; Lai et al., 2011; Shohami & 

Biegon, 2014). Low-affinity NMDAR antagonists, e.g. memantine or amantadine, although generally 

thought of as well-tolerated in patients and currently utilised as therapeutics for Alzheimer’s disease as 

well as trialed as a potential treatment for HD chorea (Lucetti et al., 2002; Olivares et al., 2012), also are 

not free of adverse effects (Borges & Bonakdarpour, 2017; Kajitani et al., 2016; Stewart, 1987). 

A study by Molero and colleagues, where BACHD:CAG-CreERT2 mice expressing 97 CAG-containing 

HTT only during development (up to postnatal day 21) were used, has demonstrated that suppression 

of mutant huntingtin expression might not be sufficient to halt the neurodegenerative processes in HD 

(Molero et al., 2016). These so-called Q97CRE mice displayed characteristics similar to mice expressing 

the mutant gene throughout life, effectively recapitulating the HD phenotype (Molero et al., 2016). If 

mHtt present only during development is able to exert long-lasting effects that render neurons 

vulnerable to excitotoxicity (Molero et al., 2016), selective HTT gene silencing in adult human patients, 

another therapeutic strategy that has recently reached the stage of clinical trials (Kordasiewicz et al., 

2016), might mitigate HD symptoms but not reverse the disease phenotype. 

For the reasons stated above there is a need for the identification of new therapeutic targets in 

order to design an intervention that could either prevent the onset or reverse the progression of HD. 

With regards to extrasynaptic NMDAR-mediated excitotoxicity, intervention in the mechanisms that 

lead to their upregulation or disruption of ex-NMDAR transmission by targeting their downstream 

signalling components would be preferable strategies for counteracting the HD pathomechanism. 

Assuming that NMDAR movement to extrasynaptic locations also occurs in neurons of HD patients, 

N-terminal SAP97 isoforms utilised in this thesis constitute potential therapeutic targets for HD due to 

their properties in promoting synaptic NMDAR localisation. The next step in determining whether the 

adjustment of N-terminal SAP97 isoform expression could be a potential approach for HD prevention 

and treatment is overexpression of these proteins in a more physiological context, e.g. ex vivo brain 

slices derived from an animal HD model, or in HD animal models in vivo. Specifically, it would be of 

interest to investigate whether these two isoforms could only be used as preventive measures, or 

whether their upregulation would also have the capacity to retroactively reverse the NMDAR drift to 

extrasynaptic locations. 
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7.4. Summary 

The data presented in this thesis provide further evidence for abnormal surface expression of NMDA 

receptors in Huntington’s disease and confirms, by means of both super-resolution localisation imaging 

as well as functional electrophysiological methods, that accumulation of extrasynaptic NMDARs is a 

universal feature of mutant huntingtin expressing neurons. At the same time, no profound AMPA 

receptor-related abnormalities have been identified in these neurons, suggesting that the HD 

pathomechanism is specific to NMDARs. Moreover, we provide an approach to controlling the NMDA 

receptor distribution by regulating the expression of individual α or β N-terminal SAP97 isoforms. 

According to our results, both α- and βSAP97 constitute potential therapeutic targets for HD; by 

preventing the NMDAR shift to extrasynaptic sites, these two SAP97 isoforms allow for the 

maintenance of normal synaptic NMDAR transmission. Taken together, the data described in this thesis 

support the majority of previous findings on mHtt-induced synaptic dysfunction as well as provide new 

clues towards designing an effective HD therapy in the future. 
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