
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

β-cell dysfunction in Huntington's disease

Bacos, Karl

2009

Link to publication

Citation for published version (APA):
Bacos, K. (2009). β-cell dysfunction in Huntington's disease. [Doctoral Thesis (compilation), Department of
Experimental Medical Science]. Department of Clinical Sciences, Lund University.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/8a1ce4ac-2af1-489d-bf49-343182e58139




090330

140





4 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
© Karl Bacos 
ISSN 1652-8220 
ISBN 978-91-86253-37-0 
Lund University, Faculty of Medicine Doctoral Dissertation Series 2009:49 



5 

Table of contents 

ARTICLES AND MANUSCRIPTS INCLUDED IN THIS THESIS ........................7 

PUBLISHED ARTICLES NOT INCLUDED IN THIS THESIS .............................8 

ABBREVIATIONS .......................................................................................................9 

INTRODUCTION.......................................................................................................11 

The pancreatic β-cell .................................................................................................................................11 
Glucose-stimulated insulin secretion (GSIS) ........................................................................................................... 11 
Insulin secretion is biphasic ....................................................................................................................................... 14 
Granule translocation.................................................................................................................................................. 14 
Granule priming and exocytosis ................................................................................................................................ 15 
β-cell dysfunction in T2D........................................................................................................................................... 16 

Huntington’s disease................................................................................................................................ 17 
Genetics ........................................................................................................................................................................ 17 
Pathology of the central nervous system.................................................................................................................. 17 
Glucose intolerance in HD ........................................................................................................................................ 18 
Huntingtin .................................................................................................................................................................... 21 
Mitochondrial dysfunction ......................................................................................................................................... 21 
Microtubular trafficking.............................................................................................................................................. 24 

MODELS AND METHODS ...................................................................................... 27 
R6/2 mouse.................................................................................................................................................................. 27 
832/13 INS-1 cell line................................................................................................................................................. 27 
Adenoviral vectors....................................................................................................................................................... 28 
Patch clamp .................................................................................................................................................................. 28 
Micro fluidic card......................................................................................................................................................... 29 
VSVG-trafficking......................................................................................................................................................... 29 
CD4-phogrin................................................................................................................................................................ 30 
FRAP / iFRAP ............................................................................................................................................................ 30 
Velocity of vesicular transport ................................................................................................................................... 31 
Proximity ligation assay (PLA)................................................................................................................................... 31 
Mass spectrometry (MS) ............................................................................................................................................. 32 

AIMS ............................................................................................................................ 33 



6 

SUMMARY AND DISCUSSION OF ARTICLES IN THIS THESIS...................... 34 

Paper I....................................................................................................................................................... 34 
Results ........................................................................................................................................................................... 34 
Discussion .................................................................................................................................................................... 35 

Paper II ..................................................................................................................................................... 36 
Results ........................................................................................................................................................................... 36 
Discussion .................................................................................................................................................................... 36 

Paper III.................................................................................................................................................... 37 
Results ........................................................................................................................................................................... 37 
Discussion .................................................................................................................................................................... 38 

Paper IV .................................................................................................................................................... 38 
Results ........................................................................................................................................................................... 39 
Discussion .................................................................................................................................................................... 40 

MAJOR CONCLUSIONS........................................................................................... 41 

SAMMANFATTNING PÅ SVENSKA (SUMMARY IN SWEDISH) ....................... 42 

ACKNOWLEDGEMENTS ........................................................................................ 45 

REFERENCES ........................................................................................................... 47 

 



7 

Articles and manuscripts included in this thesis 

 
This thesis is based on the following articles, referred to in the text by their roman numerals. 
 
I:  Björkqvist M, Fex M, Renström E, Petersén Å, Wierup N, Gil J, Bacos K, Popovic N, 

Li J.-Y, Sundler F, Brundin P, Mulder H. The transgenic R6/2 mouse model of 

Huntington’s disease develops diabetes due to deficient ββββ-cell mass and im-
paired exocytosis. Hum Mol Genetics 14:565-574, 2005. 

 
II:  Bacos K, Björkqvist M, Petersén Å, Luts L, Maat-Schieman MM, Roos RA, Sundler F, 

Brundin P, Mulder H, Wierup N. Islet β-cell area and hormone expression are un-
altered in Huntington’s disease. Histochem Cell Biol 129: 623-9, 2008. 

 
III:  Bacos K, Malmgren S, Kotova O, Smith R, Mulder H. Perturbation of mitochon-

drial metabolism does not underlie early β-cell dysfunction in a model of Hunt-
ington’s disease. Manuscript 
 

IV:  Smith R*, Bacos K*, Fedele V, Soulet D, Walz H, Obermuller S, Lindqvist A, 
Björkqvist M, Klein P, Önnerfjord P, Brundin P, Mulder H, Li JY. Mutant hunting-
tin interacts with β-tubulin and disrupts vesicular transport and insulin secre-
tion. Manuscript 
* Equal contribution 

 
 
 
 
 
 
 
 
 
 
Published articles are reproduced with permission from Oxford University Press (paper I) 
and Springer (paper II). 
 



8 

Published articles not included in this thesis 

 
Fex M, Olofsson CS, Fransson U, Bacos K, Lindvall H, Sörhede-Winzell M, Rorsman P, 
Holm C, Mulder H. Hormone-sensitive lipase deficiency in mouse islets abolishes 
neutral cholesterol ester hydrolase activity but leaves lipolysis, acylglycerides, fat 
oxidation, and insulin secretion intact. Endocrinology. 2004 Aug;145(8):3746-53. 
 
Björkqvist M, Petersén A, Bacos K, Isaacs J, Norlén P, Gil J, Popovic N, Sundler F, Bates 
GP, Tabrizi SJ, Brundin P, Mulder H. Progressive alterations in the hypothalamic-
pituitary-adrenal axis in the R6/2 transgenic mouse model of Huntington's disease. 
Hum Mol Genet. 2006 May 15;15(10):1713-21. 
 
Anderson K, Rusterholz C, Månsson R, Jensen CT, Bacos K, Zandi S, Sasaki Y, Nerlov C, 
Sigvardsson M, Jacobsen SE. Ectopic expression of PAX5 promotes maintenance of 
biphenotypic myeloid progenitors coexpressing myeloid and B-cell lineage-
associated genes. Blood. 2007 May 1;109(9):3697-705.  
 
van der Burg JM, Bacos K, Wood NI, Lindqvist A, Wierup N, Woodman B, Wamsteeker JI, 
Smith R, Deierborg T, Kuhar MJ, Bates GP, Mulder H, Erlanson-Albertsson C, Morton AJ, 
Brundin P, Petersén A, Björkqvist M. Increased metabolism in the R6/2 mouse model 
of Huntington's disease. Neurobiol Dis. 2008 Jan;29(1):41-51. 
 
 
 
 



9 

Abbreviations 

 
AD   Alzheimer’s disease 
ATP   adenosine triphosphate 
ADP   adenosine diphosphate 
BDNF   brain-derived neurotrophic factor 
cAMP   cyclic adenosine monophosphate 
CPT1   carnitine palmitoyl-transferase 1 
eGFP   enhanced green fluorescent protein 
ER   endoplasmic reticulum 
ETC   electron transport chain 
FADH2  flavin adenine dinucleotide  
GAPDH  glyceraldehyde 3-phosphate dehydrogenase 
GK   glucokinase 
GLP-1   glucagon-like peptide-1 
GLUT   glucose transporter 
GRX   glutaredoxin 
GSIS   glucose-stimulated insulin secretion 
GTP   guanosine triphosphate 
GTT   glucose tolerance test 
HAP1   huntingtin-associated protein 1 
HD   Huntington’s disease 
HEK   human embryonic kidney 
HPRT   Hypoxanthine-guanine phosphoribosyltransferase 
IAPP   islet amyloid polypeptide 
(i)FRAP  (inverse) fluorescence recovery after photobleaching 
IGT   impaired glucose tolerance 
ITT   insulin tolerance test 
JNK   c-Jun N-terminal kinase 
KATP-channel  ATP-sensitive potassium channel 
kDa   kilodalton 
αKDH   α-ketoglutarate dehydrogenase 
KHC   kinesin heavy chain 
KLC   kinesin light chain 



10 

LDH   lactate dehydrogenase 
MALDI-TOF  matrix-assisted laser desorption/ionization-time of flight 
MCS   multiple cloning site 
MFN2   mitofusin 2 
MPT   mitochondrial permeability transition 
MS   mass spectrometry 
MTS   methyl-tetrazolium  
NADH   nicotinamide adenine dinucleotide 
NADPH  nicotinamide adenine dinucleotide phosphate 
NMDA  N-methyl-D-aspartic acid 
NSF   N-ethylmaleimide-sensitive factor 
PC   pyruvate carboxylase 
PDH   pyruvate dehydrogenase 
PFK   phosphofructokinase 
PGC-1α  peroxisome proliferator-activated receptor gamma 1α 
Phogrin  phosphatase on the granule of insulinoma cells 
PKA   protein kinase A 
PLA   proximity ligation assay 
(Q)-PCR  (quantitative) polymerase chain reaction 
ROS   reactive oxygen species 
RRP   readily releasable pool 
SBMA   spinal and bulbar muscular atrophy 
siRNA   short interfering RNA 
SDH   succinate dehydrogenase 
(α-)SNAP  soluble NSF attachment protein 
SNAP-25  synaptosome-associated protein of 25kDa 
SNARE soluble NSF attachment protein receptor  
T2D   type 2 diabetes 
TCA   tricarboxylic acid cycle 
VAMP2  vesicle-associated membrane protein 2 
VSVG   vesicular stomatitis virus G protein 
WT   wild-type 
YFP   yellow fluorescent protein 



11 

Introduction 

 
This thesis covers an area between two research fields; experimental neurology and endocri-
nology. They overlap as several of the neurodegenerative diseases, including Huntington’s 
disease, are associated with an increased risk of diabetes. Why this is the case remains un-
known, but considering the functional similarity of neurons and β-cells, it is not unlikely that 
pathological alterations in one cell type are reflected by similar changes in the other. The first 
half of this introduction is focused on the β-cell and its function. The second half covers 
Huntington’s disease and its pathogenesis. 
 

The pancreatic β-cell 

The pancreas contains both exocrine and endocrine tissue. The exocrine pancreas, which 
constitutes the vast majority of the organ, secretes digestive enzymes into the duodenum, 
thereby facilitating food digestion and nutrient uptake. The endocrine part consists of the 
islets of Langerhans, small clusters of cells dispersed throughout the pancreas. These islets 
contain glucagon producing α-cells, somatostatin producing δ-cells, pancreatic polypeptide 
producing PP-cells, ghrelin producing cells and insulin producing β-cells1, 2. The latter cell 
type comprises 60-80% of the cells in a human islet and has one major function: controlling 
blood glucose levels by secreting insulin. 
 

Glucose-stimulated insulin secretion (GSIS) 

Secretion of insulin is a tightly regulated multi step process that can be divided into a trigger-
ing and an amplifying pathway3 (figure 1). Both pathways start with glucose transporter 
(GLUT) mediated uptake of glucose into the cell by a low affinity, high capacity transporter4. 
Glucose is then phosphorylated by the β-cell hexokinase, glucokinase (GK)5, and metabo-
lized through glycolysis into two molecules of pyruvate. In addition, glycolysis also produces 
two molecules of adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleo-
tide (NADH). Pyruvate enters the mitochondrion where it is converted into acetyl-CoA by 
pyruvate dehydrogenase (PDH), or into oxaloacetate by pyruvate carboxylase (PC). These 
molecules are oxidized in the tricarboxylic acid (TCA) cycle. In the process, six additional 
NADH molecules, two reduced flavin adenine dinucleotide (FADH2) and two guanosine 
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Figure 1. Schematic view of the triggering and amplifying pathways of GSIS. Details are provided in 
the text. 
 

triphospate (GTP) molecules are produced per original glucose molecule. The cytosolic 
NADH produced by glycolysis are funneled into the mitochondria by mitochondrial shut-
tles6 and, together with NADH and FADH2 produced by the TCA cycle, activate the elec-
tron transport chain (ETC). Situated in, or attached to, the inner mitochondrial membrane, 
the four complexes of the ETC are NADH dehydrogenase (complex I), succinate dehydro-
genase (SDH, complex II), coenzyme Q-cytochrome c reductase (complex III) and cyto-
chrome c oxidase (complex IV). Electrons, from reducing equivalents produced by glycolytic 
and TCA cycle metabolism, are passed from complex to complex, via the ubiquinone and 
cytochrome c electron carriers. In the process, hydrogen ions are pumped out from the mi-
tochondrial matrix into the intermembraneous space. This builds up an electrochemical pro-
ton gradient across the inner mitochondrial membrane that is used by the ATP synthase, 
sometimes referred to as complex V, to produce ATP7. ATP is transported into the cytosol, 
resulting in an increase of the cytosolic ATP/ADP ratio and closure of the ATP sensitive K+ 
(KATP)-channels8. Because the current of K+ ions out of the β-cell ceases, the plasma mem-
brane will depolarize9 and voltage-sensitive Ca2+ channels will open10. Due to the electrical 
gradient, Ca2+ rushes into the cell and triggers insulin secretion. While the triggering pathway 
thus has reached completion, insulin secretion can be augmented further by the so called 
amplifying pathway. This became evident almost 20 years ago when Gembal et al. showed 
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that glucose metabolism could further enhance insulin secretion even when the KATP chan-
nels were circumvented and Ca2+ influx was not further increased11. Over the years that have 
passed since the original discovery, many factors have been suggested to contribute to the 
amplifying pathway (as reviewed by Wollheim and Maechler12); some of them will be re-
viewed briefly here.  

ATP not only affects the KATP channel, it is also involved in priming insulin granules 
for exocytosis and can further enhance insulin secretion at stimulatory Ca2+ levels13. In addi-
tion, reducing the ATP/ADP ratio by inhibiting mitochondrial function reduces insulin se-
cretion even though cytosolic Ca2+ levels are kept elevated14. 

GTP levels also increase during glucose metabolism15 and  short interfering (si)RNA 
mediated knock down of the GTP-producing isoform of succinyl-CoA-synthetase, resulted 
in lower levels of cellular GTP and a reduction of insulin secretion. Knocking down the 
ATP producing isoform instead had the opposite effects16.  

NADPH has long been thought to enhance insulin secretion17. More recently it was 
shown that mitochondrial shuttles activated by glucose metabolism cause an increase in the 
NADPH/NADP+ ratio18. This may in turn augment insulin secretion through the redox 
protein glutaredoxin (GRX), possibly by direct effects on insulin granules19.  

Glutamate was shown to be increased upon glucose stimulation of β-cells and stimu-
late insulin secretion independently of mitochondrial metabolism20. As insulin granules are 
loaded with glutamate, it was suggested to have a direct effect on the vesicles21. However, the 
role of glutamate in the amplifying pathway remains controversial as it has been refuted as a 
coupling factor in insulin secretion in some studies22, 23. 

 Malonyl-CoA is increased by glucose metabolism. This molecule inhibits the car-
nitine palmitoyl-transferease (CPT1). As a result, acyl-CoA transport into the mitochondria 
and β-oxidation are reduced. Thus, acyl-CoA may accumulate in the cytoplasm and act as a 
coupling factor stimulating insulin secretion24. Again, however, studies arguing against this 
hypothesis have been published25. 
 Whether cyclic AMP (cAMP) is produced in response to increased glucose metabo-
lism or not is uncertain26-28, but it is an important potentiator of insulin secretion. Via protein 
kinase A (PKA) activation, cAMP increases Ca2+ influx29 and accelerates the refilling of the 
so called readily releasable pool30 (RRP, see next section) of insulin granules. In addition, 
cAMP also increases exocytosis of insulin granules independently of PKA by activating the 
cAMP-GEFII/Rim2 complex31 and thereby vesicle acidification and priming32.  
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Insulin secretion is biphasic 

A mouse β-cell contains ~10 000 insulin granules33. Of these, ~600 are docked to the plasma 
membrane and contain a subset (~10%) of granules that constitute the RRP. These granules  
are primed for exocytosis and can fuse with the plasma membrane immediately upon Ca2+ 
triggering33, 34. The granules in the RRP are secreted during the first phase of insulin secre-
tion, a rapid and transient (~5-10min) response to glucose stimulation characterized by a 
high frequency of secretory events34 (figure 2). After this initial burst of granule secretion, 
the RRP has to be replenished for insulin secretion to continue with its second phase. This 
occurs both by priming of granules in the remainder of docked granules and by translocation 
and priming of granules from the interior of the cell out to the plasma membrane. This is a 
relatively slow process causing exocytotic events to occur with lower frequency. However, 
the second phase will be sustained as long as the β-cell is exposed to stimulatory glucose lev-
els.  
 

 

Figure 2. Insulin secretion is biphasic. Docked and primed vesicles (green) are released during the 
first phase. The second phase of secretion is dependent on release of both previously docked and 
newly recruited granules (red). Figure adapted from Rorsman and Renström34. 
 

Granule translocation  

Granules in the interior of the β-cell have to be translocated to the plasma membrane to be 
secreted. This process is ATP-dependent and relies on the motor proteins kinesin and my-
osin and their transport along cytoskeletal tubulin and actin filaments respectively. Kinesins 
are heterotetramers built up by two heavy (KHC) and two light (KLC) chains. The N-
terminal globular heads of KHC bind to microtubules and move the complex towards the 
plus end of the filament while hydrolyzing ATP. The elongated coiled-coil domain is in-
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volved in dimerization. The C-terminal end of KHC, together with KLC, binds to the cargo 
to be transported35, 36. The involvement of kinesin in insulin secretion was shown by reduc-
ing its expression37, 38 or introducing a dominant negative kinesin mutant39, as this leads to 
reduced granule movement and a blunted insulin secretion in response to glucose. The in-
crease in cytosolic Ca2+ in response to elevated extracellular glucose activates the phos-
phatase calcineurin. In turn, calcineurin dephosphorylates and activates kinesin40. Pharma-
cological inhibition of the phosphatase decreases the amount of insulin released during the 
second phase by ~50%40. Disrupting the microtubule network also decreased insulin release 
by half, but reduced the number of directed granule translocations by as much as 85%41. 
This suggests that diffusion of insulin granules maintains secretion to some degree. The fact 
that ~2000 insulin granules are situated within one granule diameter of the plasma mem-
brane33 supports this assumption. Interestingly, Ivarsson et al. also found that the number of 
kinesin-mediated translocations along microtubular strands depends on random diffusive 
movements by the vesicle, probably through increasing the likelihood of a kinesin/vesicle 
complex to come in contact with a microtubule41. Although kinesins are vital, they do not 
transport the vesicles all the way to the plasma membrane and are therefore not enough to 
sustain stimulated insulin release at a high level. Along the actin filaments located immedi-
ately beneath the plasma membrane, insulin granules are instead transported by Myosin Va. 
Disrupting this motor protein causes a reduction in granule recruitment and insulin re-
lease42,43. Dynein motors, moving towards the minus end of microtubular strands, are in-
volved in retrieving insulin granules after kiss-and-run exocytosis38. 
 

Granule priming and exocytosis 

The acquisition of release competence, a process called priming, is a prerequisite for the exo-
cytosis of an insulin granule. How priming occurs is not yet completely known, however, the 
process is dependent on ATP13 and granular acidification44. Exocytosis of granules requires 
the assembly of SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor) complexes, as do all membrane fusion events in the secretory pathway45, 46. The 
SNARE complex involved in insulin granule release consists of syntaxin 1 and SNAP-25 
(synaptosome-associated protein of 25kDa), situated in and in association with the plasma 
membrane, and synaptobrevin (also called vesicle-associated membrane protein, VAMP2) 
situated in the granule membrane. Together, the three SNARE proteins form a helical bun-
dle tightly binding the granule in close proximity of the plasma membrane. According to the 
most widely supported model, energy released during the formation of this structure medi-
ates the fusion of the plasma and vesicular membranes. The importance of a functional 
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SNARE complex for insulin release has been shown in numerous studies and disturbing any 
of the three components leads to secretory defects47-49. The formation, function and dissocia-
tion of the SNARE complex is regulated by a plethora of other proteins45, 46. Sec1/Munc18-
related proteins are believed to be involved in the formation of SNARE complexes. 
Munc13-1 interacts with syntaxin 1 and may facilitate the conversion from a closed to an 
open state, thereby making it possible for syntaxin 1 to associate with SNAP-25 and synap-
tobrevin50. An opposite function of Munc18-1 has been proposed. Recent data, however, 
suggests that Munc18-1 in association with the granular protein granuphilin also plays a posi-
tive role in SNARE-complex formation51. Synaptotagmins are probably the Ca2+ sensors 
coupling the inflow of ions to the initiation of secretion. There are several different isoforms 
of synaptotagmins and the expression pattern differs from cell type to cell type. In β-cells 
synaptotagmin VII52, 53 and IX54 are important for insulin release. After mediating fusion of 
the granular and plasma membranes, SNARE complexes have to be dissociated and recycled 
for reuse. If not, secretion will be disrupted. The process is ATP-dependent and mediated by 
NSF (N-ethylmaleimide-sensitive factor), which is activated by and binds to the SNARE 
complex through α-SNAP (α-NSF attachment protein)45, 55, 56. Several SNARE and SNARE-
modulating proteins are downregulated in type 2 diabetes (T2D)57 indicating that exocytotic 
defects may contribute to the development of this disease.  
 

β-cell dysfunction in T2D 

In the face of an augmented insulin demand due to insulin resistance, β-cell mass and insulin 
secretory capacity increase to maintain blood glucose and whole body metabolism regulated. 
When this fails, due to metabolic overload, oxidative stress, increased apoptosis and down-
regulation of components in the secretory pathway, diabetes develops58. Apart from in vivo 
metabolic analyses, e.g. glucose tolerance tests showing secretory defects in individuals with 
insulin resistance or T2D, studies on human islets are limited. However, reduced β-cell mass 
as a result of increased apoptosis59 and reduction in secretory capacity due to mitochondrial 
perturbations60, 61 are evident in T2D. An abundance of studies on animal and cell models of 
T2D have been published and these have identified other pathological processes. For exam-
ple, augmented metabolism driven by a surplus of nutrients results in elevated production of 
reactive oxygen species (ROS). β-cells express low levels of antioxidant enzymes62, suggest-
ing that they are more sensitive to these reactive molecules.  In fact, studies have shown that 
elevating levels of ROS scavenging enzymes protect rodents from oxidative stress induced 
diabetes63. Unfolded protein response and endoplasmic reticulum (ER) stress might also 
contribute64. Proteins involved in these processes are upregulated in patients and rodent 
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models of T2D65. Furthermore, saturated lipids induce a stress response by depleting the ER 
of Ca2+ and thereby interfering with protein folding66 and also elevated glucose levels can 
induce ER stress67.  
   
 
 

Huntington’s disease 

 
Huntington’s disease (HD), first described in the second half of the 19th century by George 
Huntington68, is an autosomal dominant neurodegenerative disorder. Apart from the charac-
teristic symptoms emanating from cell dysfunction and death within the central nervous sys-
tem, HD patients also develop and suffer from peripheral pathologies. Among these, im-
paired glucose tolerance is the focus of this thesis. 
 

Genetics 

HD affects 4-8 out of every 100 000 individuals in populations of European descent, while 
the frequency is approximately one order of magnitude lower in Asian and African popula-
tions69. The disease develops due to an expansion of a CAG triplet repeat in the IT-15 gene 
on the short arm of chromosome 470. Alleles with >40 repeats invariably leads to disease de-
velopment while alleles with 36-39 repeats are associated with a reduced penetrance71, 72.  Al-
leles with 27-35 repeats do not cause HD, but are associated with an increased risk of expan-
sion during transmission, especially paternal72. Repeat length also correlates with the age of 
onset of the disease with longer repeat length causing earlier onset73. As a result, repeat sizes 
of ~60 and upwards are associated with juvenile (21 or younger) onset74. The correlation is 
strongest for repeat sizes above 50 and, in total, repeat size accounts for ~65% of the varia-
tion of age at onset72. The remaining variation is accounted for by modifier genes and envi-
ronment75. The gene alteration is dominant and homozygosity does not affect age of onset, 
however, it leads to a more rapid disease progression76.  

 

Pathology of the central nervous system 

The literature on neuronal degeneration and dysfunction and the resulting symptoms of HD 
is abundant. The scope of this thesis allows only a very brief summary of the topic and the 
reader is referred to other sources for more information77, 78.  
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The striatum is the most severely affected region of the brain with the caudate nucleus being 
involved before the putamen79. The neuronal subtypes in the striatum are differentially af-
fected; medium-sized spiny neurons degenerate first while aspiny interneurons are affected 
later in the disease. Apart from striatal degeneration, also cortex80, thalamus81, hypothala-
mus82, cerebellum83, hippocampus84 and brainstem85 degenerate.  
 
Although varying somewhat from case to case, symptoms of HD develop gradually and usu-
ally start with personality changes and involuntary movements of smaller distal muscles. 
Eventually, patients develop the characteristic dance-like (choreatic) movements due to in-
volvement of larger muscle groups. In end stage patients, this is replaced by rigidity, dystonia 
and hypokinesis. Concurrent with the development of locomotor disturbance, cognitive 
function, mood disorder and dementia worsen. The disease progresses for ~15-20 years and 
invariably leads to death. The most common causes of death are pneumonia and cardiovas-
cular disease86. 
 

Glucose intolerance in HD 

Several neurodegenerative diseases are associated with impairments of glucose metabolism87. 
In some, diabetes is a typical component while others are associated with an increased risk of 
diabetes or milder defects in glucose tolerance. HD belongs to the latter group. However, 
the degree of association of HD and diabetes is somewhat tentative due to four facts. First, 
the functional studies performed have identified highly variable frequencies of alterations in 
glucose tolerance, ranging from 0 to 60%. Second, most studies have been small, making 
frequency estimates uncertain. Third, individual data were not presented in all studies, mak-
ing it possible that alterations in just one or a few patients are averaged out by normoglyce-
mic patients. Finally, subjects in some studies are incompletely characterized with regards to 
treatment, disease severity etc. The published functional studies are discussed in the next sec-
tion and summarized in table 1. 
 
Podolsky and coauthors found that 50-60% of HD patients exhibited impaired glucose tol-
erance (IGT)88-90. Fasting plasma insulin levels were slightly elevated and insulin secretion in 
response to an oral glucose tolerance test (GTT) was augmented, suggesting insulin resis-
tance. Schubotz et al. presented similar data in a study where 32% of subjects had abnormal 
GTTs91. In the study from Kremer et al., one out of nine patients exhibited IGT92. In a fol-
low up 2.5 years later of six of the patients, clinical deterioration was apparent but only the 



19 

 
same one patient exhibited impaired glucose tolerance. Two out of eleven patients were de-
termined to be glucose intolerant in a study by Davidson and collaborators93. In addition, 
one subject was normoglycemic but exhibited severely elevated insulin levels during the 
GTT, indicating insulin resistance. Phillipson et al. reported normoglycemia in a group of 
nine patients94. However, plasma insulin levels were not measured in this study. Further-
more, insulin tolerance tests (ITT) were performed and shown to be normal in two stud-
ies95,96. Keogh and coauthors also performed a GTT in five patients, but no differences were 
reported95. The largest and most recently published functional study on HD patients is the 
one by Lalic et al97. They investigated 29 untreated non-diabetic HD patients and found that 
hepatic and peripheral insulin sensitivity was decreased and that insulin secretion was re-
duced. In summary, the outcome of glucose tolerance tests in HD probably depends on the 
patients included in the study. A more severe disease, longer duration of disease and meta-
bolic state of the patients probably increases the chance of detecting differences. For exam-
ple, in the study by Podolsky et al.90 HD patients could be divided into two clearly distinct 
groups, glucose tolerant and glucose intolerant. The mean duration of disease in these 
groups were 4.3 and 8.2 years respectively. In addition to the functional studies, an epidemi-
ological study showed that 10.5% of HD patients in the National HD Research Roster had 
diabetes98. Diabetes was more prevalent in HD patients compared to the control population 
at all age intervals, with differences being largest at young ages.  
 
Mouse models of HD also develop abnormalities in glucose homeostasis. Elevated glucose 
levels have been found in several colonies of R6/2 mice99-108 (see Models and Methods part 
for more information on the R6/2 mouse). In one study, seven week old R6/2 mice were 

Study Insulin 

Podolsky et. al 
Schubotz et. al 

Kremer et. al 
Davidson et. al 

Keogh et. al 
Phillipson et. al 

Lalic et. al 

Reference 

a Number of HD patients with IGT  b No individual data presented 
+ increase, - decrease, +/- no change 

7/14 and 6/10 
8/25 

IGTa 

1/9 +/- 
2/11 +/- 

Nob 
Nob 
Yesb 

+/- 
+/- 

Table 1. Summary of GTTs performed on HD patients 

+ 
+ 

- 

88-90 

91 
92 
93 

94 
95 
97 
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found to have elevated plasma insulin levels despite being normoglycemic100. These changes 
were likely due to corticosterone-induced insulin resistance. At end stage glucose homeosta-
sis deteriorated indicating a failure of the compensatory hypersecretion of insulin. In other 
studies, however, mice did not exhibit elevated insulin levels109 or responded normally to the 
secretagogue glibenclamide, but not to the insulin sensitizers rosiglitazone102 and met-
formin105, indicating that insulin resistance was not a factor. Instead, reduced levels of tran-
scription factors PDX1 and p300 and a resulting decline of insulin content and secretion109 
was proposed to be the cause of glucose intolerance. Studies using a metabolism enhancing 
drug or dietary supplement also hint towards a secretory defect. Reversing PDH inactivation 
with dichloroacetate normalized glucose levels in twelve week old R6/2 mice99. Although 
neither circulating insulin levels nor release was measured, such an effect could possibly be 
attributed to an increased metabolism in the β-cells, but liver may also be a target. Creatine 
supplement increased ATP production and insulin secretion in vitro110 and also improved glu-
cose tolerance in R6/2 mice111. Again, insulin was not measured and results on the effect of 
creatine on glucose homeostasis in humans are conflicting. Therefore, predicting the out-
come of creatine supplements on glucose homeostasis in HD patients is difficult. The R6/1 
mouse, a “sister model” of the R6/2 mouse, is not as well studied. Although some colonies 
have been reported as being normoglycemic112, 113, also R6/1 mice show impairments in glu-
cose homeostasis when challenged with a GTT114. The mice were normosensitive to insulin 
but exhibited reduced β-cell mass and insulin secretion. Finally, also the N171-82Q mouse is 
hyperglycemic115-117 due to severe insulin resistance and reduced β-cell mass117. Treatment 
with Exendin-4, a long lasting glucagon like peptide (GLP)-1 receptor agonist, reversed the 
reduction in islet area and improved insulin sensitivity and blood glucose levels117. 
 
One last important issue has to be addressed and that is the possible contribution of diabetes 
to the development of HD. Insulin signalling has been shown to affect amyloid formation in 
models of Alzheimer’s disease (AD) and diabetes is, although somewhat controversial, asso-
ciated with an increased risk of AD118. Insulin signalling is likewise important for autophago-
cytic clearing of huntingtin aggregates119 implying that diabetes might also affect the risk 
and/or development of HD. However, studies in mice argue against this. First of all, not all 
mice have defective glucose homeostasis. Those mice who do develop a diabetes-like state 
do not exhibit exaggerated neurological phenotypes or have shorter life spans104. In addition, 
DNA-vaccination against mutant huntingtin partially reversed the diabetic phenotype but 
had no effect on neurological findings106. 
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Huntingtin 

Huntingtin, a 350kDA protein encoded by the IT-15 gene, is widely expressed both at the 
mRNA120, 121 and protein122-124 level. At the subcellular level, it is mainly localized in the cyto-
plasm in association with for example vesicles125, 126, microtubule126, 127 and mitochondria128, 129. 
Although the function of huntingtin is still debated, it is clear that abolishing its expression is 
not compatible with life, as knock-out embryos die in utero around embryonic day 8130-132. 
 
Huntingtin is processed by cellular proteases133. Several caspase and calpain cleavage sites 
have been identified in the vicinity of the polyQ domain. Cleavage at these sites produces N-
terminal fragments that are suggested to be toxic. Accordingly, inhibiting these enzymes at-
tenuate cell death and slows progression in HD models133. Caspase-6 mediated cleavage at 
amino acid 586 may be of special importance, as eliminating this site in HD mice hinders 
neurodegeneration134. N-terminal fragments also heavily contribute to the huntingtin aggre-
gates that are formed in HD135-137. In HD patients aggregates have so far been found in 
brain136 and muscle138, while being more widespread in mouse models139. Aggregates were 
originally proposed to be the toxic species underlying neuronal death. However, during the 
last decade this viewpoint has been challenged140, 141 and a study even suggests that aggregates 
may be protective142. There is no consensus on how the expanded polyQ domain causes cell 
dysfunction and death. However, several pathological mechanisms have been proposed and 
a few of them will be summarized in the following sections. 
 

Mitochondrial dysfunction 

Metabolic derangement in general, and mitochondrial dysfunction in particular, has long 
been hypothesized to cause or contribute to the pathogenesis of HD143. This assumption was 
based on a number of findings. For example, HD patients suffer from severe wasting despite 
normal or even increased caloric intake144, 145 and patients with higher body mass index ex-
hibit slower rate of disease progression146. Furthermore, glucose metabolism is reduced147 
and lactate levels increased148 in both presymptomatic and symptomatic HD patient brain. 
Finally, chemical inhibition of complex II of the mitochondrial ETC produces functional 
and histological effects that bear some resemblance to those seen in HD149. 
 
Although a few studies indicate otherwise, most evidence points towards impaired cellular 
energetics in HD (summarized in figure 3). First of all, mitochondrial ultrastructural 
changes150-154 and increased frequency of mitochondrial DNA deletions in leukocytes155 and 
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brain156 of HD patients have been reported. However, the deletion frequency was normal in 
striatum156 and the authors suggested that this might be due to enhanced sensitivity and 
death of neurons with deletion in this brain region. Similarly, in a very small study (three pa-
tients and three controls), mitochondrial DNA deletions were found to be less frequent in 
HD striatum157. Extensive alterations of mitochondrial enzymes have also been reported, 
most frequently for the complexes of the ETC. Expression and/or activity of complex I150, 

158, 159, II/III158, 160-166 and IV158, 161, 163, 167 have been shown to be reduced in HD. Although not 
exclusive to the striatum, changes seem exacerbated in this region. Similar changes have also 
been identified in cell and animal models of HD160, 168-172. Alterations in ETC complex activ-
ity are, however, likely not a primary pathogenetic mechanism of HD since no changes can 
be seen in presymptomatic or grade 1 HD patients or before the onset of neuronal degenera-
tion in HD mice158. Similarly, a cell line established from knock-in striata (STHdhQ111/Q111) 
exhibit reduced ATP production without impairment of ETC complex activity, indicating 
that other factors contribute to the energetic defect173. These could be changes in metabolic 
enzymes upstream of the ETC. SDH, discussed above as complex II, is also a part of the 
TCA cycle and  activities of α-ketoglutarate dehydrogenase174 (α-KDH)  and aconi-
tase166,172,175, also involved in this process, are reduced. In addition, lactate dehydrogenase176 
(LDH) and PDH99, 162, 177, 178 activity is diminished indicating that the lactate/pyruvate conver-
sion and the entry of the latter into the TCA might be perturbed.  
 
Reduced level of peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) is a 
possible cause of the reductions in mitochondrial enzymes. PGC-1α is a transcriptional coac-
tivator regulating expression of for example proteins involved in oxidative phosphorylation. 
Mutant huntingtin binds to the PGC-1α promoter, causing lower transcript levels179. Conse-
quently, transcription of PGC-1α target genes is reduced in HD180. Recently, sequence varia-
tion in the PGC-1α gene has been found to modify the age of onset of HD181, 182. There is 
also evidence for oxidative stress in the mitochondrial pathogenesis, for example increased 
oxidation of metabolic enzymes and mitochondrial DNA183. Together, the mitochondrial 
changes mentioned here contribute to the reduced basal ATP levels154, 184-186 and produc-
tion138, 173, 185 seen in HD and cell models thereof. 
 
Mitochondrial Ca2+ handling is also perturbed in HD. Mitochondria from HD patients and 
models have reduced calcium retention capacity. Therefore, increasing Ca2+ concentration, 
by direct addition of the ion to mitochondrial suspensions or activation of N-methyl-D-
aspartic acid (NMDA) receptors on intact cells, leads to increases in cytosolic Ca2+, reduc-
tions of mitochondrial membrane potential and respiration128, 170, 187-192. Inhibiting the mito-
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chondrial permeability transition (MPT) pore can reverse these changes128, 187, 188. Interestingly 
these effects can, at least in part, be attributed to immediate consequences of mutant hunt-
ingtin. When added to healthy mitochondria, mutant huntingtin interacts with the outer mi-
tochondrial membrane and induces Ca2+ deregulation and loss of mitochondrial membrane 
potential128, 191, 192. Ca2+ handling defects are evident before phenotypic onset in a mouse 
model192, suggesting that they could be central in disease development. More indirect effects 
seem to be mediated by the tumor suppressor protein p53. Mutant huntingtin interacts with 
and enhances the expression of this protein, resulting in mitochondrial depolarization168. 
One possible explanation for the effect of p53 is through its target genes, Bax and Puma, 
which could depolarize the mitochondria. Furthermore, ATP production is vital for mito-
chondrial Ca2+ homeostasis189 and other mitochondrial abnormalities could therefore exacer-
bate these defects at later stages of the disease. The deregulation of mitochondrial Ca2+ han-
dling and opening of the MPT pore is associated with cytochrome c release128 and caspase 
activation193, lending further support to the hypothesis that excitotoxicity underlies cell death 
in HD194. One should keep in mind that many of these studies have been performed on iso-
lated mitochondria and as these respond differently than mitochondria in situ the experimen-
tal results may be somewhat misleading190.  
 
A recent study implicated aberrant mitochondrial fusion and fission in HD pathogenesis154. 
This study reports increased mitochondrial fragmentation in a cell model of HD, possibly 
through aberrant interaction between mutant huntingtin and the mitochondrial fusion pro-
tein mitofusin 2 (Mfn2). Overexpressing this protein, or inhibiting mitochondrial fission, 
reversed mitochondrial fragmentation and normalized levels of ATP and cell death. Fur-
thermore, locomotor activity in a Caenorhabditis elegans model of HD was enhanced by 
Mfn2 expression. 
 
The above mentioned studies all point to mitochondrial dysfunction in HD. However, there 
are also reports suggesting that metabolic alterations outside the mitochondria contribute. 
An unbiased gene expression analysis revealed a significant suppression of glycolytic gene 
expression in striatal cells from a knock-in mouse model195. In addition, the activity of the 
glycolytic enzymes enolase177, phosphofructokinase196 (PFK) and glyceraldehyde 3-phosphate 
dehydrogenase197 (GAPDH) have been found to be reduced. Moreover, an in vivo study 
showed that while cerebral oxygen metabolism is unchanged, glycolytic activity is lower in 
HD subjects than healthy controls198.  
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Figure 3. Schematic view of cellular energetics and aberrations thereof identified in HD. Details are 
provided in the text. 
 

Microtubular trafficking 

A role for huntingtin in intracellular trafficking was first hypothesised 15 years ago, when 
huntingtin was found to associate with vesicles125, 126 and microtubules126. Since then, bio-
chemical and functional studies have provided strong support for this theory. Huntingtin is 
transported with vesicles199 and seems to be a part of the motor protein complexes that 
move cargos along microtubular strands. Evidence for this include the interaction with the 
motor protein dynein200 and huntingtin-associated protein (HAP)-1201. Through the latter, 
huntingtin also interacts with the p150Glued subunit of dynactin202, 203, involved in binding 
dynein motors to vesicles, and KLC204/KHC200, 205. Elevating the huntingtin levels results in 
increased vesicular transport, both in the retrograde (dynein mediated) and anterograde 
(kinesin mediated) direction205-207. Furthermore, siRNA-mediated knock down205-207 or anti-
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body mediated inhibition200 of huntingtin results in reduced trafficking. The phosphorylation 
state of serine 421 of huntingtin influences the directionality of cargo transport as unphos-
phorylated and phosphorylated huntingtin enhances retrograde and anterograde transport, 
respectively. Precisely how this effect is mediated is uncertain but phopsphorylation of hunt-
ingtin enhances the p150Glued/KHC interaction and kinesin mediated transport205. Also 
HAP1 phosphorylation might play a role as it reduces the interaction of HAP1 with KLC208. 
 
Expanding the polyQ stretch of huntingtin leads to disruption of microtubule mediated 
transport of vesicles and mitochondria207, 209-211. Several mechanisms have been proposed to 
underlie these defects (figure 4). (1) Huntingtin aggregates can grow so large they more or 
less completely cover the entire diameter of axons and dendrites, causing a physical block of 
transport212, 213. (2) Levels of soluble p150Glued and KLC are reduced214, 215, possibly through 
recruitment into huntingtin aggregates215. (3) The polyQ expansion enhances the 
HAP1/huntingtin interaction201 and thereby hampers the binding of the motor complex to 
microtubules206. (4) Tubulin acetylation is decreased in HD patient brain and reversing this 
pharmacologically in a cell model results in enhanced binding of KHC, p150Glued and dynein 
to microtubular strands and improves trafficking efficiency216. (5) N-terminal huntingtin frag-
ments associate with mitochondria and reduces the binding of motor complex proteins to 
the organelle. As a result, mitochondrial trafficking to and from the cell body is reduced and 
dysfunctional mitochondria accumulate in nerve terminals217. (6) Del Toro and coworkers 
found that mutant huntingtin disrupted the huntingtin/optineurin/Rab8 complex and sug-
gested that this caused reduced association of vesicles with their motor proteins after excit-
ing the Golgi apparatus218. (7) Finally, an expanded polyQ domain in the androgen receptor, 
the genetic alteration causing spinal and bulbar muscular atrophy (SBMA), activates c-Jun N-
terminal kinase (JNK). This results in the phosphorylation of KHC and inhibition of binding 
of the protein to microtubules219. Mutant huntingtin possibly has the same effect.  
 
Interestingly, the trafficking defects are, at least in vitro, an early event. Szebenyi and cowork-
ers perfused mutant huntingtin into squid axoplasm and detected negative effects on traf-
ficking within minutes211.  
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Figure 4. The expression of mutant huntingtin induces defects in intracellular trafficking. Numbers 
refer to suggested mechanisms discussed in the text. 
 
The defects summarized above result in the reduced release of brain derived neurotrophic 
factor (BDNF)206 and most probably also other factors important for neuronal well being. 
Reduced mitochondrial trafficking cause an accumulation of degenerated mitochondria in 
nerve terminals217. This results in lower ATP levels in the synaptosomal fraction217. Further-
more, components of the different cellular compartments are produced in the cell body and 
thereafter transported to their correct locations. Hampering this process could therefore 
contribute to defects in many locations, for example synaptic dysfunction220. 
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Models and Methods  

 
I will not describe standard methods used in biomedical research here. Information on these 
can be found in the original papers included at the end of this thesis. Instead, I will focus on 
giving more details on the “non standard” models and methods on which this thesis is 
based. 
 

R6/2 mouse  

Since the gene alteration causing HD was identified, several animal models have been cre-
ated. The most widely used and best characterized is the R6/2 mouse221. This model was 
produced by microinjecting a ~2kb DNA fragment containing promoter sequences, the first 
exon and part of the first intron of human huntingtin into mouse embryos. The only result-
ing transgenic mouse was subsequently mated to wild type (WT) CBAxC57BL/6 mice pro-
ducing five different transgenic lines, differing in the repeat length and expression levels of 
the transgene. Originally, the R6/2 line had ~150 CAG repeats, but due to genetic instabil-
ity, this number varies both within and between colonies. Mice used in paper I and IV of this 
thesis had 160-180 repeats. The expression level of the transgene is 75% of that of endoge-
nous huntingtin. R6/2 mice have a phenotype in many ways similar to HD. For example, 
they develop progressive motor dysfunction from four weeks of age, cognitive decline, loss 
of skeletal muscle tissue, weight loss and brain atrophy221. They also exhibit the characteristic 
huntingtin inclusions135 as early at post-natal day one222 in striatum. As the mice grow older, 
aggregates become more numerous and also develop in peripheral tissues109, 139. The major 
demerit of the R6/2 mouse is the lack of extensive neuronal cell loss until late in the dis-
ease222. 
  

832/13 INS-1 cell line 

The original INS-1 cell line was in 1992 generated from an X-ray induced rat insulinoma223. 
Although an improvement compared to preexisting cell lines, the INS-1 cells still exhibited 
one big draw back making it a rather poor model of the in vivo β-cell: the secretory response 
to glucose was diminutive in comparison to freshly isolated pancreatic islets. To improve on 
this, Hohmeier et al. isolated single cell clones of INS-1 cells transfected with the cDNA for 
human insulin224. One of these clones, 832/13, was found to be functionally stable over 
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many passages and secreted insulin in response to glucose at levels more comparable to fresh 
islets, albeit with a left-shifted dose-response curve. Before functional assays, cells are seeded 
in multi-well plates and allowed to reach confluence to maximize the secretory response. 
 

Adenoviral vectors 

In our lab we use adenoviral vectors of serotype five to introduce and investigate the func-
tion(s) of proteins. To accommodate exogenous DNA in the viral genome, parts of the so 
called early genes, involved in triggering viral replication, have been removed. This deletion 
makes the virus replication deficient and viral propagation has to be performed in a cell line,  
human embryonic kidney (HEK) 293, which has been stably transfected with the deleted 
adenoviral genes. In our system, viral vectors are produced by co-transfection of the pJM17 
plasmid containing the gene deleted viral genome and a shuttle plasmid into HEK 293 
cells225. The latter plasmid contains a multiple cloning site (MCS) into which a gene-of-
interest can be inserted. Surrounding the MCS are viral sequences, allowing for homologous 
recombination between the two plasmids to occur. Upon successful recombination, func-
tional virions will be produced, lyse its host cell and infect the remaining cells of the culture 
dish. This yields a cell lysate containing one or more viral clones. Plaque purification is then 
used to isolate single working clones of each virus; a mix of media and melted agarose is 
poured onto HEK 293 cells infected with the original lysate. When this mix solidifies, the 
spread of viral particles produced by a single infected cell is limited to its neighbors, eventu-
ally producing an empty plaque in the monolayer due to cell detachment and lysis. By pick-
ing pieces of agarose immediately above these plaques, clones originating from one viral par-
ticle can therefore be isolated. These isolated clones can then be expanded by infection of 
large amounts of HEK 293 cells producing cell lysates from which a high titer viral stock can 
be purified by cesium chloride gradient centrifugation. The titer of these stocks is deter-
mined by serial dilution and counting of plaques formed in a plaque assay225, 226. In this thesis 
I generated two vectors, Ad-17Q and Ad-69Q, to confer the expression of hemagglutinin-
tagged sequences encoding exon 1 of normal and mutant huntingtin respectively.  
 

Patch clamp 

By utilizing the patch clamp technique one can study single cell electrophysiology, including 
changes in membrane capacitance. As the capacitance depends on the membrane area it re-
flects exo- and endocytosis of vesicles. In paper I, we used the standard whole-cell configu-
ration, meaning that capacitance changes in the whole membrane are recorded. A glass 
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micropipette is attached to the cell by gentle suction force, resulting in the formation of a 
high resistance seal between the pipette tip and the membrane. Further suction disrupts the 
membrane inside the pipette tip resulting in access to the interior of the cell. In this set up, 
soluble constituents of the cytoplasm is replaced by the pipette solution making it possible to 
introduce compounds into the cell interior. By depolarizing the patched β-cell, thereby trig-
gering Ca2+-influx, and measuring the capacitance increase resulting from the fusion of insu-
lin granules to the plasma membrane, one can deduce the number of exocytotic events. 
When performing patch clamp on islet cells, one can not visually distinguish between the 
different islet cell types. However, β-cells can be identified by measuring the Na+-currents 
during depolarization, as these are inactivated in β-cells when the membrane potential is 
lower than -70mV. 
 

Micro fluidic card 

The micro fluidic card, a low density microarray from Applied Biosystems, allows you to si-
multaneously study the expression of up to 380 genes of your choice in a single sample by 
quantitative polymerase chain reaction (Q-PCR). Although not as extensive as a microarray, 
using tens of thousands of probes, it gives more reproducible results. Our laboratory has 
designed a micro fluidic card for the investigation of 46 genes involved in glycolysis, TCA 
cycle metabolism and oxidative phosphorylation, in four parallel samples. An assay for ribo-
somal RNA 18S is included as an obligatory standard from the manufacturer and we have 
also included an assay for hypoxanthine-guanine phosphoribosyltransferase (HPRT) as an 
additional control. Although not complete, this card yields a rather extensive overview of 
expression levels of enzymes involved in the metabolic processes controlling insulin secre-
tion. 
 

VSVG-trafficking 

Vesicular stomatitis virus G protein (VSVG) traffics to the plasma membrane through the 
secretory pathway. One feature of VSVG that makes it a good tool to measure trafficking is 
that it can be synchronized. VSVG misfolds at 39°C and will therefore be accumulated in the 
ER. Upon transfer to 33°C, the protein will fold correctly and be transported through the 
Golgi apparatus and towards the plasma membrane by vesicular trafficking227. It is therefore 
possible to detect alterations in both ER to Golgi and Golgi to plasma membrane transport 
by measuring the relative intensities in the different compartments. In paper IV, we co-
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transfected a yellow fluorescent protein (YFP) tagged VSVG construct with plasmids for the 
17Q or 69Q huntingtin to investigate trafficking in 832/13 INS-1 cells. 
 

CD4-phogrin 

Phosphatase on the granule of insulinoma cells (phogrin) is a dense-core secretory granule 
membrane glycoprotein228. Replacing the luminal domain of phogrin with the extracellular 
domain of human CD4 does not change the subcellular localization229 and the CD4 domain 
will therefore be exposed on the cell surface after exocytosis (figure 5). By transfecting 
832/13 INS-1 cells with the CD4-phogrin fusion construct and stimulating them with glu-
cose in the presence of CD4 antibodies, one can immunocytochemically investigate the lev-
els of exocytosis and ensuing endocytosis. A lower number of stained granules within the 
cell, in the absence of CD4 build up in the cell membrane, implies a defective exocytosis, 
possibly in combination with perturbed endocytosis.  
 

 
Figure 5. The CD4 domain of the fusion protein is exposed on the cell surface upon granule fusion 
to the plasma membrane. Detection of intracellular CD4-phogrin can therefore give an indirect 
measurement of exo- and endocytotic activity. Figure by Ruben Smith. 
 

FRAP / iFRAP 

In addition to the above mentioned VSVG-trafficking experiment, we also performed fluo-
rescent recovery after photo bleaching (FRAP) and inverse FRAP (iFRAP) experiments to 
investigate insulin granule trafficking more specifically. In these experiments, we infected 
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Ad-17Q and Ad-69Q transduced cells with a virus conferring expression of enhanced green 
flurorescent protein (eGFP) tagged islet amyloid poly peptide (IAPP), an insulin granule pro-
tein230. In the FRAP experiment we analyzed ER to Golgi transport by bleaching the Golgi 
with maximum laser power in a confocal microscope. We acquired images of cells incubated 
in a live cell chamber and calculated the fluorescence recovery of the Golgi apparatus after 
normalization for prebleaching fluorescence and continuous bleaching due to repeated laser 
scanning209, 231. 
 
We investigated transport from the Golgi by iFRAP. In this experiment, we bleached every-
thing but the Golgi, making it possible to analyze the fluorescence loss from this organelle. 
Before initiating the experiment, one has to preincubate the cells at room temperature for 
2h. This allows for the build up of fluorescent protein in the Golgi apparatus. In addition, 
cycloheximide is included in the medium to stop protein translation and therefore inhibiting 
the refilling of the Golgi apparatus with newly synthesized proteins. We analyzed measures 
of fluorescence in acquired confocal images and again normalized for initial fluorescence and 
bleaching209, 232.  
 

Velocity of vesicular transport 

We used the eGFP-IAPP virus also to measure the velocity of vesicular movements through 
the cytoplasm. By acquiring high speed confocal scans it is possible to track individual vesi-
cle movements for significant distances. Analyzing the vesicle dislocation from frame to 
frame allows for the calculation of distance, average speed and peak velocities of each vesi-
cle. However, vesicles moving along the z-axis will be missed or underestimated. 
 

Proximity ligation assay (PLA) 

PLA is a novel method for identifying protein-protein interactions233. The two proteins being 
investigated are bound by regular primary antibodies produced in different host species. Sec-
ondary antibodies with attached DNA oligonucleotides are then applied followed by addi-
tion of two linear DNA connector oligonucleotides. If the two proteins are in close prox-
imity, the connector oligonucleotides will be able to pair up with the two oligonucleotides on 
the secondary antibodies forming a circular structure that can be covalently joined by enzy-
matic ligation. This circular DNA then act as a template for rolling circle PCR amplification, 
yielding a transcript with many repeated sequences covalently linked to one of the secondary 
antibodies. These repetitive structures are detected with fluorescent DNA probes (figure 6). 
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Figure 6. Proximity ligation assay is a sensitive method for detection of protein-protein interaction. 
Details are provided in the text. Figure adapted from Soderberg et. al232. 
 
Depending on the quality of the primary antibodies used, PLA can be a very specific 
method. In addition, due to the rolling circle transcription, up to a 1000 copies of detectable 
sequences can be produced making it a very sensitive method. 
 

Mass spectrometry (MS) 

In paper IV we used matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) MS234 to identify single proteins isolated by excision from an SDS-PAGE gel.  For 
MALDI-TOF detection, the protein is digested by a protease, for example trypsin, yielding a 
unique set of peptides (peptide mass fingerprint) by which the protein can be identified. A 
small volume of digested protein is mixed with a suitable acidic matrix molecule solution and 
pipetted onto a target plate. When exposed to laser light, the matrix molecules will be ion-
ized and transfer this ionization to the peptides. The matrix is included to protect peptides 
from direct laser application, which would result in further fragmentation and hamper sub-
sequent identification. The ionized peptides are accelerated in an electrical field (15-25kV) 
towards a detector. The fingerprint of masses detected can then be compared to available 
databases to identify the isolated protein. Trypsin peptides will also be detected as they in-
variably contaminate the peptide mix. These can be used for calibration and will not affect 
identification if manually removed from the data.  
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Aims 

 
This thesis aims at elucidating the pathogenetic mechanisms underlying diabetes and β-cell 
dysfunction in HD. Thereby we hope to identify cellular processes of potential importance 
also for neurodegeneration.  
 
More specifically, the aims are: 

- To further characterize glucose intolerance in R6/2 mice (paper I) 
 

- To investigate whether there are any histological alterations in HD patient pancreas 
that can underlie glucose intolerance (paper II) 

 
- To study the potential involvement of metabolic derangements in β-cell dysfunc-

tion in HD (paper III) 
 

- To assess the contribution of trafficking aberrations in β-cell dysfunction in HD 
(paper IV) 
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Summary and discussion of  articles in this thesis 

 

Paper I 

For a decade it has been known that R6/2 mice are unable to properly control their blood 
glucose levels103. Andreassen and coauthors suggested that this was caused by a reduced ex-
pression of the transcription factor PDX-1 and a resulting loss of insulin secretion109. Using 
a spectrum of imaging, biochemical and functional assays, we set out to further expand on 
these findings.  

 

Results 

We found that the proportion of pancreatic β-cells that display huntingtin aggregates in-
creases with age in R6/2 mice. We observed aggregates in 19 and >95% of β-cells at 7 and 
12 weeks of age, respectively. While there were no aggregates in other islet cell types at 7 
weeks, 24 and 6% of α- and δ-cells respectively had aggregates at 12 weeks. At this stage, 
R6/2 mice were hyperglycemic and hypoinsulinemic, indicating insulin-deficient diabetes. 
This notion was further strengthened by measurements of in vitro insulin secretion from iso-
lated islets. We found that islets from 7 week old R6/2 mice responded normally to both 
glucose and potassium chloride. However, at 12 weeks the response to both stimuli was se-
verely blunted (figure 7A). Concomitant with these changes, we found that β-cell area in-
crease between 7 and 12 weeks in WT mice. This increase was totally absent in R6/2 mice 
resulting in a significantly lower β-cell area at 12 weeks of age (figure 7B). By performing cell 
death and proliferation assays we showed that this was due to diminished β-cell replication as 
 

 
Figure 7. Insulin secretion (A) and β-cell area (B) are reduced in 12 week old R6/2 mice when com-
pared to WT mice.  
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indicated by a 6-fold reduction in the number of bromodeoxyuridine-positive cells in R6/2 
islets. Upon measurement of hormone content, we found that insulin levels in R6/2 mice 
were only one sixth of those in WT pancreata. In an effort to further characterize the secre-
tory defect we utilized patch clamp to measure depolarization-induced exocytosis. The re-
sponse of β-cells from R6/2 mice at 8 weeks of age was largely unaffected while being al-
most completely abolished in cells from 12-week animals. By ultrastructural examination of 
the islets we found a likely cause of this exocytotic defect; as can be seen in figure 8, R6/2 β-
cells were dramatically degranulated. 

 
Figure 8. Electron micrographs show that R6/2 β-cells (B) are dramatically degranulated when 
compared to WT cells (A). (C) Quantification of β-cell granules.  

Discussion 

The mice in our R6/2 colony are insulin resistant. Up until a certain age the pancreatic β-
cells compensate for this by hypersecretion of insulin so that normoglycemia is achieved. 
However, as the mice grow older, this fails and hyperglycemia develops100.  The data pre-
sented in this paper suggest that a reduced capacity to increase β-cell mass and a severe de-
granulation underlie the secretory defect and elevation of blood glucose in R6/2 mice.   
 
While the number of insulin granules is reduced ~25 fold, islet insulin content is “only” re-
duced ~6 fold. Thus, total cellular insulin content is most likely less reduced than granular 
insulin content. Where does the remaining insulin go? One possible explanation is defective 
granulogenesis and a higher than normal fraction of insulin localized to the Golgi apparatus.  
In support of this, we revealed an accumulation of insulin/proinsulin signal in the Golgi by 
immunohistochemistry (see paper IV). The mechanism for the degranulation is unknown to 
us, but some of the proteins involved in vesicle formation at the trans Golgi network235 in-
teract directly or indirectly with huntingtin and/or are altered in HD236-243, suggesting that 
this process may be disturbed. Del Toro and coauthors suggested that the disruption of the 
huntingtin/Rab8/optineurin-complex seen in mutant huntingtin cells perturbed the assem-



36 

bly of clathrin-coated vesicles with their motor proteins and this resulted in an accumulation 
of vesicles in the close proximity of the Golgi apparatus218. However, we could not observe 
similar changes.  

 

Paper II 

Although several reports concerning glucose homeostasis in HD patients have been pub-
lished90, 92, 97, no histological studies on pancreatic tissues from HD patients have previously 
been performed. In this paper we used immunohistochemistry and in situ hybridization to 
investigate the morphology of pancreatic islets in a set of pancreatic sections from grade II-
IV HD patients. 

 
Figure 9. Pancreatic islets from HD patient (A) and control (B) stained for insulin. (C) No difference 
of β-cell area could be identified upon morphometric analysis of insulin stained area.  

 

Results 

Using immunohistochemistry with antibodies against islet hormones, we did not reveal any 
changes in islet morphology or β-cell area (figure 9). Moreover, we found islet distribution 
and number to be normal and hormone expression levels unaltered. As equal fluorescence 
does not necessarily mean that there is no difference of expression, we measured levels of 
insulin mRNA with in situ hybridization. Again, we could not identify any differences be-
tween HD patients and controls. We also stained sections with the EM48 antibody to detect 
possible huntingtin aggregates but found no such structures in any of the sections. 

Discussion 

We show that pathology of the pancreatic islets, if any, in the general HD population is 
milder than that seen in the brain. Whether the islets of diabetic HD patients are more af-
fected remains to be seen, as only one of our subjects were known to be diabetic. It is inter-
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esting to note, however, that this patient had the lowest level of insulin mRNA expression of 
all subjects and the smallest β-cell area in the HD group. We argue against the insulin resis-
tance suggested by the initial studies with GTTs90 as HD patients generally are under-
weight145 and we could not see a compensatory increase of the β-cell mass. Since the publica-
tion of our paper, Lalic et al. found that a group of non-diabetic HD patients, despite having 
an average body mass index of just 20.4, indeed were insulin resistant and unable to com-
pensate for this with increased insulin secretion in response to a glucose challenge97. It is 
possible that this is similar to the situation in the R6/2 mouse, which exhibit replication-
deficient β-cells resulting in the lack of compensation for insulin resistance (paper I and 
Björkqvist et al.100). A more likely reason for reduced insulin secretion is β-cell dysfunction 
without morphologic changes. Several of the processes implicated in HD pathogenesis, e.g., 
mitochondrial metabolism, vesicular trafficking and exocytosis, are all vital for normal insulin 
release and could therefore underlie the secretory defect observed by Lalic et. al. A possible 
cause for insulin resistance in HD is the increased cortisol levels100, 244, 245. Elevated cortisol 
levels can reduce peripheral blood flow and GLUT4 translocation to the plasma membrane, 
thus inhibiting glucose uptake246, and potentially increase glucose production from the liver. 
Another possibility is downregulation of GLUT expression. This is seen in HD brain247, but 
no published studies examining  peripheral tissues exist. Alterations in the insulin signaling 
cascade could also contribute. For example, activation of Akt, a pro-survival kinase protec-
tive in HD models and acting downstream of the insulin receptor, is hampered in HD brain 
and peripheral cells248. 

 

Paper III 

Many studies have implicated aberrations in cellular metabolism in the pathogenesis of 
HD143. As glucose metabolism is the key regulator of insulin release12, such perturbations 
could very well affect β-cell function. Therefore, we studied these processes in vitro.  

Results 

We found that expression of mutant huntingtin (69Q) in 832/13 INS-1 β-cells resulted in 
the formation of aggregates, both cytoplasmic and nuclear, while no aggregates were found 
in cells expressing normal huntingtin (17Q). By static incubation experiments we revealed 
that 69Q cells were unable to elevate insulin secretion to the same degree as 17Q cells when 
exposed to a high glucose concentration (figure 10A). Defective metabolism could explain 
this finding and an initial methyl-tetrazolium (MTS)-assay indicated that metabolic activity 
and redox state were altered by expression of mutant huntingtin. As reduced NADPH levels 
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could contribute to both the MTS-assay finding and the reduced insulin secretion19, we 
measured the NADPH/NADP+ ratio. We observed no differences in 69Q compared to 
17Q cells. Glucose oxidation measured by release of radiolabeled CO2 from 14C-glucose was 
also normal (figure 10B). Gene expression analysis by low density array revealed a few sig-
nificant changes of metabolic enzymes. However, these alterations were not of a magnitude 
that is likely to explain the secretory defect. Finally, we did not detect any changes in mito-
chondrial respiration (figure 10C).  

 
Figure 10. Expression of mutant huntingtin in 832/13 INS-1 cells cause an impairment of GSIS (A). 
This is not due to altered glucose oxidation (B) or impaired mitochondrial respiration (C).  

Discussion 

We show that metabolic defects do not contribute to the dysfunction in our β-cell model. 
However, this does not refute metabolic aberrations completely. Due to toxicity, we could 
not investigate the effects of mutant huntingtin after more than 48 hours and it is possible 
that metabolic defects require more time to develop. Indeed, results from HD patients and 
animal models show that ETC perturbations are not a primary event in HD pathogenesis158. 
The strong toxicity likely depends on the high levels of huntingtin expression due to the use 
of a cytomegalovirus promoter in our vectors. A weaker promoter would most likely allow 
us to investigate the model after prolonged expression. We are therefore working on lentivi-
ral vectors that will allow us to regulate the permanent expression of our transgene by chang-
ing the tetracycline concentrations in the culture medium. Such a vector may allow us to ex-
amine changes over several passages. 

Paper IV 

As glucose metabolism was not altered in our cell model (paper III), the secretory defect 
must instead be caused by other factors. In paper IV we investigated the effects of mutant 
huntingtin on trafficking of insulin granules along the microtubule network. 
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Results 

As in paper III, we found that expression of 69Q huntingtin blunted insulin secretion in 
832/13 INS-1 cells. This was neither due to reduced insulin content nor cell death. The lat-
ter was increased, but not to levels explaining the defective secretion. We next used a VSVG-
YFP construct to investigate intracellular trafficking. Post-Golgi trafficking was perturbed in 
the 69Q cells while ER to Golgi transport was normal. In FRAP and iFRAP experiments we 
obtained results that support these claims. To investigate how this defect affected exocytosis 
of insulin granules, we used a CD4-phogrin construct. This fusion protein localizes to the 
insulin granules and allowed us to get an indirect measurement of granule exocytosis (see 
Models and Methods section above) over time. Exocytosis at the early time points, corre-
sponding to first phase of insulin secretion, was normal in 69Q cells (figure 11). However, 
sustained release was severely blunted. Transport of insulin granules along microtubules is a 
prerequisite for sustained insulin release at a high level. We therefore tracked insulin granules 
visualized by an eGFP-IAPP fusion protein and found that fast moving insulin granules 
were fewer in 69Q cells compared to 17Q cells. In an effort to identify the cause of this ab-
erration, we performed co-immunoprecipitation followed by MALDI-TOF MS to identify 
proteins interacting with mutant huntingtin. In this screen we identified β-tubulin as prefer-
entially interacting with mutant huntingtin. We verified this by co-immunoprecipitation fol-
lowed by western blot (figure 12). To test if this interaction affected microtubule dynamics 
we depolymerized the microtubular network by incubating cells in medium containing noco-
dazol. We then allowed the microtubule to repolymerize for up to 30 minutes. Polymerized  
 

 
 

 

 

Figure 11. Cells expressing 
mutant huntingtin exhibit 
normal first phase of insulin 
secretion. However, reduced 
numbers of CD4-phogrin-
positive granules at the later 
time point indicates that the 
second phase of insulin release 
is blunted.   
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tubulin was isolated by centrifugation and the ratio of polymerized and soluble tubulin was 
determined by western blot. We detected no changes in the efficiency of microtubule assem-
bly or in the amount of polymerized tubulin at steady state in cells expressing mutant com-
pared to normal huntingtin. 
 

 
Figure 12. The β-tubulin/huntingtin interaction is enhanced by an expanded polyQ domain. The left 
panel shows a western blot of HA-tag immunoprecipitates. The right panel shows quantification of 
the fraction of β-tubulin co-immunoprecipitated by the two huntingtin proteins. 
 

Discussion 

We propose that mutant huntingtin causes an insulin secretion defect due to an aberration of 
the insulin granule transport, a process known to be dependent on microtubule filaments41. 
Previously, phosphorylation and inactivation of kinesin due to polyQ induced JNK activa-
tion has been shown to stall fast axonal transport219. However, in our model, inhibiting JNK 
does not improve the secretory defect. Also, we could not identify any direct interaction of 
our huntingtin transgenes with kinesin. Instead, we found that the polyQ expansion en-
hanced the strength of the huntingtin/β-tubulin interaction. This interaction had no effect 
on the dynamics of microtubular polymerization. We therefore propose that mutant hunt-
ingtin acts a physical block of transport, much like a speed bump, thereby reducing the effi-
ciency with which insulin vesicles can travel in the cell. Such a defect is unlikely to be specific 
to insulin granule transport and could therefore also contribute to the trafficking defects 
seen in neuronal cells. Therefore, breaking up the huntingtin/β-tubulin interaction might be 
a target for therapeutic intervention in HD. 
 
 



41 

Major conclusions 

 
 

• R6/2 mice develop glucose intolerance due to a reduced β-cell mass and decreased 
insulin secretion capacity 

• Pancreatic islet morphology is normal in non-diabetic HD patients 
• Short term expression of mutant huntingtin does not cause metabolic perturba-

tions 
• Mutant huntingtin aberrantly interacts with β-tubulin and disrupts insulin granule 

translocation 
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Sammanfattning på Svenska (Summary in Swedish) 

 
Vid Huntingtons sjukdom förstörs regioner i hjärnan som är involverade i bland annat kon-
troll av rörelser, minne och humör. Det gör att patienterna lider av demens, personlighets-
förändringar, depression och mycket karakteristiska dansrörelser (därav det ursprungliga 
namnet Huntingtons chorea, chorea = dans på grekiska). Idag finns inget botemedel mot 
denna sjukdom, och den leder därför till döden ungefär 15-20 år efter att de första motoriska 
symptomen bryter ut. Sjukdomen orsakas av en mutation i den gen som kodar för proteinet 
huntingtin. När detta protein är förändrat stör det den normala cellulära funktionen och 
klumpar ihop sig i så kallade aggregat inne i cellen. Exakt vilka funktionella förändringar i 
cellen som bidrar till sjukdomsutvecklingen är fortfarande oklart och detsamma gäller prote-
inets normala funktion Det har dock föreslagits att förändringar i ämnesomsättning och 
transport inne i cellen är viktiga. 
 
Som flera andra hjärnsjukdomar är Huntingtons sjukdom förknippad med en ökad risk för 
diabetes. Vad detta beror på är oklart men med tanke på de funktionella likheterna mellan 
nervceller och de insulinproducerande β-cellerna är det inte osannolikt att samma sjuk-
domsmekanismer föreligger i båda celltyperna. I det arbete som ligger till grund för denna 
avhandling har jag försökt klargöra dessa mekanismer, i förhoppningen om att hitta nya an-
greppspunkter för framtida behandling. 
 
I det första arbetet undersökte vi en musmodell för Huntingtons sjukdom. Det är sedan tidi-
gare känt att denna musmodell utvecklar ett diabetesliknande tillstånd, och detta har föresla-
gits bero på ett sänkt insulininnehåll i β-cellerna. Vår studie bekräftade detta fynd, men vi 
upptäckte även att flera andra förändringar föreligger. Vi såg att det bildas huntingtin-
aggregat i en stor majoritet av β-cellerna. Parallellt med detta sker en minskning av den totala 
β-cellmassan, och det visade sig bero på att cellerna inte fortplantar sig normalt. I insulinfri-
sättningsförsök upptäcktes dessutom att β-cellerna från de sjuka djuren släpper ut mycket 
mindre insulin än celler från de friska djuren när de stimuleras med glukos (socker). För att 
ta reda på orsaken till detta använde vi oss av elektronmikroskopi, vilket ger bilder med 
mycket stor förstoring.  Då såg vi att de små insulininnehållande blåsor som normalt finns 
inne i cellen var nästan helt försvunna. Därför drog vi slutsatserna att dessa möss utvecklar 
diabetes på grund av att de har ett reducerat antal β-celler. Dessutom har de kvarvarande cel-
lerna en förminskad kapacitet att frisätta insulin. 
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För att undersöka om liknande förändringar föreligger i patienter med Huntingtons sjukdom 
analyserade vi obduktionsmaterial från nio patienter (arbete II). Detta material undersökte vi 
med hjälp av antikroppar mot de hormoner som bildas i pankreas, nämligen insulin, gluka-
gon, somatostatin, pankreatisk polypeptid och ghrelin. Vi kunde dock inte hitta några för-
ändringar vare sig i mängden hormon eller totala mängden β-celler. Denna metod kan dock 
vara väldigt okänslig, så vi mätte insulinmängden även med en metod som mäter insulin-
mRNA, ett förstadum till proteinet. Resultatet förblev dock det samma. Slutligen undersökte 
vi om det fanns några huntingtinaggregat i materialet, men även detta försök gav ett negativt 
resultat. De förändringar vi kunde se i musen finns alltså inte i patienter med Huntingtons 
sjukdom. Detta stämmer med tidigare studier som visar att just den musmodellen lider av en 
väldigt allvarlig sjukdom, till och med värre än den genomsnittlige patienten. Baserat på re-
sultaten drog vi slutsatsen att inga synliga förändringar finns i de insulinproducerande celler-
na från patienter med Huntingtons sjukdom. De defekter som då finns måste i stället bero 
på funktionella störningar som vi inte kunde upptäcka i detta patientmaterial. 
 
För att klarlägga dessa störningar har vi tagit fram en cellmodell för Huntingtons sjukdom. I 
denna modell använder vi oss av speciella virus som vi tillverkat. Med dessa kan vi föra in 
genen för muterat huntingtin i en cellinje vi odlar i petriskålar. Resultat från försök med cel-
ler uttryckande det muterade proteinet visade att de frisätter mindre insulin när de stimuleras 
med glukos. Denna förändring kan bero på många saker. I arbete III undersökte vi hur mu-
terat huntingtin påverkar ämnesomsättningen inne i cellen. Eftersom dessa processer är 
mycket viktiga för regleringen av hur insulinet frisätts är det möjligt att rubbningen av dem 
kan orsaka den defekta insulinfrisättningen. Det visade sig dock att alla undersökningar vi 
gjorde gav normala resultat, och därmed drog vi slutsatsen att metabola förändringar inte 
bidrar till den funktionella defekten. 
 
En annan process som krävs för en väl fungerande insulinfrisättning är transport av insulin-
blåsorna från cellens inre till dess yttervägg. Hur detta fungerar undersökte vi i arbete IV. Till 
skillnad från musmodellen fanns det normala mängder insulinblåsor i de celler vi introduce-
rat muterat huntingtin i. Detta belyser återigen hur allvarlig mössens sjukdom är. Insulinfri-
sättning kan delas upp i en första och en andra fas varav den andra är beroende av transport 
av blåsorna. Våra försök visade att just denna fas påverkades av muterat huntingtin. I näst-
följande försök använde vi oss därför av ett protein som finns i samma blåsor som insulinet. 
Eftersom det dessutom lyser när det utsätt för laserljus av en viss våglängd kan man med 
mikroskop följa hur de individuella blåsorna förflyttar sig inne i cellen. Detta försök visade 
att i celler med muterat huntingtin var det färre blåsor som rörde sig och fler som var stilla. I 
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ett försök att ta reda på orsaken till detta använde vi oss av en metod som kan identifiera de 
proteiner som huntingtin binder till. Då fann vi att tubulin, en byggsten i de vägar som blå-
sorna transporteras längsmed inne i cellen binder till huntingtin. Vi kunde dessutom se att 
muterat huntingtin band starkare till tubulin än vad det friska gjorde. Med dessa resultat som 
bakgrund har vi formulerat följande hypotes: muterat huntingtin binder till insulinblåsornas 
transportvägar och fungerar ungefär som vägbulor. Därmed saktas transporten av blåsorna 
och mindre insulin frisätts. Vi tror dessutom att detta fenomen även kan påverka nervceller-
na. Om detta visar sig vara sant skulle substanser som kan bryta upp dessa vägbulor kunna 
fungera som framtida läkemedel mot Huntingtons sjukdom.  
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