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Neurological and psychiatric diseases are the leading cause 
of  disability in Canada, and the prevalence of  age–related 

neurodegenerative diseases is rapidly increasing with the aging 
population.1 Alzheimer disease (AD), Parkinson disease (PD), 
and Huntington disease (HD) share some common clinical and 
pathogenic features. All can impact cognition, movement, and mood 
at some stage of  disease.2-4 Common mechanisms include insoluble 
protein deposits with impaired protein degradation, oxidative stress 
with mitochondrial dysfunction, and synaptic changes that occur 
before clinical manifestations.5-9 Although more rare than AD and 
PD, studying HD has advantages for leading the effort to develop 
neuroprotective therapies. Since HD is an inherited, monogenic 
disorder, the cohort of  affected patients is well–defined. Predictive 
genetic testing identifies people destined to manifest HD, affording 
the possibility of  intervention to delay disease onset and extend high–
quality life.10 Moreover, genetically accurate mouse models of  HD 
that exhibit phenotypes similar to human HD11,12 are invaluable for 
investigating pathogenic mechanisms.
Huntington disease
HD is inherited in an autosomal dominant fashion caused by expansion 
of  a polymorphic CAG repeat in exon1 of  the gene HTT, encoding 
the protein huntingtin with an expanded polyglutamine tract (mutant 
huntingtin; mHTT).13 Recent estimates of  prevalence in populations 
of  European descent have increased to 17.2 per 100,000, largely as a 
result of  two factors—availability of  the genetic test and increased life-
span;14 however, certain populations in Asia and Africa have a much 
lower prevalence.2 Age of  onset is inversely correlated with CAG 
repeat length.15 The disease manifests with a clinical triad of  movement 
disorder, psychiatric disturbance, and cognitive decline, progressing to 
death 15-20 years following the motor diagnosis (for review, see 16). The 
movement disorder typically includes involuntary dance–like, or jerky, 
movement called chorea, deficits in voluntary motor coordination, 
and impairments of  speech, swallowing, and balance. Depression and 
anxiety are the most common psychiatric manifestations and cognitive 
impairment involves frontal executive dysfunction, impaired recall, and 
deficits in skilled learning. Currently, no disease–modifying agents are 
available and treatment is symptomatic.2

Striatal medium–sized spiny projection neurons, which receive 
glutamatergic afferents from the cortex and thalamus and project to 
other basal ganglia nuclei, are affected earliest and most severely by 
degeneration.17 As well, certain layers of  cortex are also vulnerable. 
Recent reports using human autopsy brain tissue indicate that 
predominance of  mood versus movement disorders correlate with 
more severe neuronal loss in striatal striosomes/anterior cingulate 
cortex versus primary motor cortex.18 Since predictive testing can 

identify healthy individuals carrying the mutation associated with HD, 
two world–wide observational studies have elucidated changes that 
occur prior to clinical diagnosis of  HD.10,19 These include significant 
atrophy of  the striatum—up to 40% loss at the time of  diagnosis—as 
well as prominent loss of  cortical white matter. Magnetic resonance 
spectroscopy (MRS) has shown chemical changes that distinguish 
controls from prodromal versus early stages of  HD.20 Notably, advances 
in detection of  femtomolar quantities of  protein in cerebrospinal fluid 
(CSF) samples have revealed increasing levels of  mHTT through the 
prodromal and early– to mid–stages of  HD.2 Use of  such biomarkers 
will enable interventional trials to delay onset of  a clinical diagnosis. 
Synaptic dysfunction: An early pathogenic feature of 
Huntington disease
Accumulating data implicate synaptic dysfunction as among the 
earliest changes in a variety of  neurodegenerative disorders. Synaptic 
transmission changes occurring in the pre–manifest stages of  
several HD mouse models include: increased cortical excitability; 
altered balance of  synaptic/extrasynaptic NMDA–glutamate 
receptor distribution on striatal spiny projection neurons, leading to 
downstream changes in survival/death pathways; altered plasticity at 
cortical–striatal synapses; and increased inhibitory synaptic activity.21-23 
As the phenotype progresses, there is a profound loss of  potassium 
conductances in astrocytes and striatal neurons, which increases 
neuronal excitability.23-25 Evidence suggests there are enhanced levels 
of  dopamine in the early stages and reduced dopamine input in late 
stages of  HD.26 These changes have been targeted by several drugs in 
recent clinical trials. Pridopidine, reportedly a “dopamine stabilizer” as 
a partial agonist at dopamine receptors, has completed two phase III 
studies with promising results in improving the movement disorder.27,28 
Tetrabenazine, which inhibits vesicular dopamine transporter type 2 
thereby depleting vesicular stores and reducing dopamine release, is 
highly effective in controlling chorea, but has significant side effects.29 
Memantine, which selectively blocks extrasynaptic NMDA receptors 
while preserving activity of  synaptic receptors, improves motor 
performance and skilled motor learning and protects against striatal 
degeneration in HD mice.30,31 Memantine has also been studied 
in a small phase II study of  early HD with MRS/MRI and clinical 
endpoints (NCT01458170), but the results are not yet reported. Finally, 
deep brain stimulation of  the globus pallidus, to re–balance opposing 
output pathways of  the striatum, is in the early stages of  investigation; 
a small number of  patients found benefit on error/performance 
monitoring.32,33

Mitochondrial dysfunction, altered calcium regulation, 
and metabolic changes in HD
Mitochondrial dysfunction, energy metabolism, oxidative stress, and 
calcium homeostasis have all been implicated in HD, as well as other 
neurodegenerative diseases. Huntingtin associates with mitochondria34 
and mitochondrial respiration is impaired in cells expressing mHTT.35 
Consistent with this, lower ratios of  ATP to ADP have been identified 
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AD, PD, and HD. With HD trials leading the way, therapies that use 
genetic tools to directly lower levels of  damaged, misfolded proteins 
are becoming a real possibility and can be generalized to a number of  
heritable neurological disorders, including familial AD and PD.
Acknowledgments
Funding was provided by the Canadian Foundation of  Health Research 
FDN-143210.
Conflict of interest
None to declare.
References
1. Neuroscience Canada. Brain facts [Internet]. Brain Foundation Canada; 2016 [cited 

2016 Jun 1]. Available from: http://braincanada.ca/files/NeuroScience_Canada_
Brain_Facts.pdf

2. Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, et al. Huntington 
disease. Nat Rev Dis Primers. 2015; 1:15005.

3. Forstl H, Kurz A. Clinical features of  Alzheimer’s disease. Eur Arch Psychiatry Clin 
Neurosci. 1999; 249(6):288-90.

4. Galvin JE, Pollack J, Morris JC. Clinical phenotype of  Parkinson disease dementia. 
Neurology. 2006 Nov 14; 67(9):1605-11.

5. Carvalho C, Correia SC, Cardoso S, Placido AI, Candeias E, Duarte AI, et al. The 
role of  mitochondrial disturbances in Alzheimer, Parkinson and Huntington 
diseases. Expert Rev Neurother. 2015; 15(8):867-84.

6. Herms J, Dorostkar MM. Dendritic Spine Pathology in Neurodegenerative 
Diseases. Annu Rev Pathol. 2016 May 23; 11:221-50.

7. Martini-Stoica H, Xu Y, Ballabio A, Zheng H. The autophagy–lysosomal pathway 
in neurodegeneration: A TFEB perspective. Trends Neurosci. 2016 Apr; 39(4):221-34.

8. Radi E, Formichi P, Battisti C, Federico A. Apoptosis and oxidative stress in 
neurodegenerative diseases. J Alzheimers Dis. 2014; 42 Suppl 3:S125-52.

9. Verkhratsky A, Parpura V, Pekna M, Pekny M, Sofroniew M. Glia in the pathogenesis 
of  neurodegenerative diseases. Biochem Soc Trans. 2014 Oct; 42(5):1291-301.

10. Paulsen JS, Long JD, Johnson HJ, Aylward EH, Ross CA, Williams JK, et al. Clinical 
and biomarker changes in premanifest Huntington disease show trial feasibility: A 
decade of  the PREDICT-HD Study. Front Aging Neurosci. 2014; 6:78.

11. Pouladi MA, Morton AJ, Hayden MR. Choosing an animal model for the study of  
Huntington’s disease. Nat Rev Neurosci. 2013 Oct; 14(10):708-21.

12. Menalled L, Brunner D. Animal models of  Huntington’s disease for translation to 
the clinic: Best practices. Mov Disord. 2014 Sep 15; 29(11):1375-90.

13. A novel gene containing a trinucleotide repeat that is expanded and unstable on 
Huntington’s disease chromosomes. The Huntington’s Disease Collaborative 
Research Group. Cell. 1993 Mar 26; 72(6):971-83.

14. Fisher ER, Hayden MR. Multisource ascertainment of  Huntington disease in 
Canada: Prevalence and population at risk. Mov Disord. 2014 Jan; 29(1):105-14.

15. Langbehn DR, Hayden MR, Paulsen JS. CAG–repeat length and the age of  onset in 
Huntington disease (HD): A review and validation study of  statistical approaches. 
Am J Med Genet B Neuropsychiatr Genet. 2010 Mar 5; 153B(2):397-408.

16. Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH, et al. 
Huntington disease: Natural history, biomarkers and prospects for therapeutics. 
Nat Rev Neurol. 2014 Apr; 10(4):204-16.

17. Vonsattel JP, DiFiglia M. Huntington disease. J Neuropathol Exp Neurol. 1998 May; 
57(5):369-84.

18. Waldvogel HJ, Thu D, Hogg V, Tippett L, Faull RL. Selective neurodegeneration, 
neuropathology and symptom profiles in Huntington’s disease. Adv Exp Med Biol. 
2012; 769:141-52.

19. Tabrizi SJ, Scahill RI, Owen G, Durr A, Leavitt BR, Roos RA, et al. Predictors 
of  phenotypic progression and disease onset in premanifest and early–stage 
Huntington’s disease in the TRACK-HD study: Analysis of  36-month observational 
data. Lancet Neurol. 2013 Jul; 12(7):637-49.

20. Sturrock A, Laule C, Wyper K, Milner RA, Decolongon J, Dar Santos R, et al. 
A longitudinal study of  magnetic resonance spectroscopy Huntington’s disease 
biomarkers. Mov Disord. 2015 Mar; 30(3):393-401.

21. Botelho EP, Wang E, Chen JY, Holley S, Andre V, Cepeda C, et al. Differential 
synaptic and extrasynaptic glutamate–receptor alterations in striatal medium–sized 
spiny neurons of  aged YAC128 Huntington’s disease mice. PLoS Curr. 2014 May;6.

22. Plotkin JL, Day M, Peterson JD, Xie Z, Kress GJ, Rafalovich I, et al. Impaired TrkB 
receptor signaling underlies corticostriatal dysfunction in Huntington’s disease. 
Neuron. 2014 Jul 2; 83(1):178-88.

in lymphoblasts from HD patients.36 Mutant HTT–induced reduction 
in PGC1-alpha, a master regulator of  energy metabolism, has been 
implicated in mitochondrial dysfunction37 and drugs to counter this 
mechanism are under investigation in preclinical studies.38,39 Calcium–
induced calcium release via IP3 receptors has been shown to be 
enhanced in HD mouse models,40 leading to depletion of  endoplasmic 
reticulum calcium stores and a compensatory increase in calcium 
influx through plasma membrane store–operated channels, which may 
contribute to spine loss in striatal neurons.41 Three large clinical trials 
targeted some of  these mechanisms. Creatine is thought to boost ATP 
levels, but a large phase III study, CREST-E, was recently halted for 
futility. Co-enzyme Q10, a component of  complex 1 in mitochondria 
with anti–oxidant properties, showed promise in an initial study;42 
however, a follow–up 5–year trial (2-CARE) was also halted for 
futility. Dimebon, which exerts neuroprotection, in part through a 
mitochondrial mechanism,43 showed no effect in a phase II study.44 
Transcriptional dysregulation as a pathogenic 
mechanism in HD
Transcriptional dysregulation is another central mechanism in HD 
pathogenesis. Huntingtin has a role in shuttling between nucleus 
and cytoplasm and likely has important physiological roles in both 
compartments.45 However, with the CAG repeat expansion, mHTT 
has the capacity to interact with a variety of  transcription factors in the 
nucleus and alter transcriptional regulation, which may be especially 
important at times of  stress.46 Trafficking of  mHTT can be modulated 
by post–translational modifications, including phosphorylation, 
sumoylation, and protease cleavage, which may play a major role in 
regulating its access to the nucleus.47 A downstream consequence of  
these changes is altered histone acetylation levels; histone deacetylase 
inhibitors have been tested in mouse models and a dose–finding study 
in humans.48 Further work is required in this area. 
Role of inflammation and altered protein homeostasis in 
HD pathogenesis
Inflammation and clearance of  misfolded proteins are also important 
areas of  investigation in HD, as in other neurodegenerative disorders. 
Microglia (central nervous system) and macrophages (peripheral 
nervous system) show enhanced activation.49 To target this mechanism, 
there is an ongoing clinical trial of  Laquinimod (NCTO2215616), 
which has already shown neuroprotective effects in progressive 
multiple sclerosis.50 Reduction of  mHTT levels is a primary goal 
of  therapeutic development. To this end, HD mouse models have 
shown that upregulation of  autophagy and/or manipulation of  post–
translational modifications of  mHTT can enhance its clearance with 
beneficial effects.51 An exciting recent development is genetic therapy 
used to lower levels of  HTT in the brain. This has been shown to 
improve phenotype in HD mouse models51 and is now in human 
clinical trials where antisense oligonucleotides are injected intrathecally 
in a phase I study (NCT02519036). 
Conclusions
In the early stages of  disease, protecting synapses and re–balancing 
circuits, as well as mitigating the damaging effects of  oxidative stress/
mitochondrial dysfunction, calcium dysregulation, and inflammation, 
provide promising avenues for further therapeutic development in a 
variety of  neurodegenerative disorders. As well, enhanced clearance 
of  misfolded proteins by using antibodies or upregulating endogenous 
cellular pathways (e.g. autophagy) represents a common target for 

FEATURE



UBCMJ Volume 8 Issue 1 | September 201611

metabolism. Hum Mol Genet. 2005 Oct 1; 14(19):2871-80.
37. Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcriptional 

repression of  PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunction 
and neurodegeneration. Cell. 2006 Oct 6; 127(1):59-69.

38. Chiang MC, Cheng YC, Nicol CJ, Lin KH, Yen CH, Chen SJ, et al. Rosiglitazone 
activation of  PPARgamma–dependent signaling is neuroprotective in mutant 
huntingtin expressing cells. Exp Cell Res. 2015 Nov 1; 338(2):183-93.

39. Xiang Z, Krainc D. Pharmacological upregulation of  PGC1alpha in 
oligodendrocytes: Implications for Huntington’s Disease. J Huntingtons Dis. 2013; 
2(1):101-5.

40. Tang TS, Tu H, Chan EY, Maximov A, Wang Z, Wellington CL, et al. Huntingtin 
and huntingtin–associated protein 1 influence neuronal calcium signaling mediated 
by inositol-(1,4,5) triphosphate receptor type 1. Neuron. 2003 Jul 17; 39(2):227-39.

41. Wu J, Ryskamp DA, Liang X, Egorova P, Zakharova O, Hung G, et al. Enhanced 
store–operated calcium entry leads to striatal synaptic loss in a Huntington’s disease 
mouse model. J Neurosci. 2016 Jan 6; 36(1):125-41.

42. A randomized, placebo–controlled trial of  coenzyme Q10 and remacemide in 
Huntington’s disease. Neurology. 2001 Aug 14; 57(3):397-404.

43. Bharadwaj PR, Bates KA, Porter T, Teimouri E, Perry G, Steele JW, et al. Latrepirdine: 
Molecular mechanisms underlying potential therapeutic roles in Alzheimer’s and 
other neurodegenerative diseases. Transl Psychiatry. 2013; 3:e332.

44. A randomized, double–blind, placebo–controlled study of  latrepirdine in patients 
with mild to moderate Huntington disease. JAMA Neurol. 2013 Jan; 70(1):25-33.

45. Truant R, Atwal RS, Burtnik A. Nucleocytoplasmic trafficking and transcription 
effects of  huntingtin in Huntington’s disease. Prog Neurobiol. 2007 Nov; 83(4):211-
27.

46. Kumar A, Vaish M, Ratan RR. Transcriptional dysregulation in Huntington’s 
disease: A failure of  adaptive transcriptional homeostasis. Drug Discov Today. 2014 
Jul; 19(7):956-62.

47. Ehrnhoefer DE, Wong BK, Hayden MR. Convergent pathogenic pathways in 
Alzheimer’s and Huntington’s diseases: Shared targets for drug development. Nat 
Rev Drug Discov. 2011 Nov; 10(11):853-67.

48. Hogarth P, Lovrecic L, Krainc D. Sodium phenylbutyrate in Huntington’s disease: 
A dose–finding study. Mov Disord. 2007 Oct 15; 22(13):1962-4.

49. Crotti A, Glass CK. The choreography of  neuroinflammation in Huntington’s 
disease. Trends Immunol. 2015 Jun; 36(6):364-73.

50. Kolb-Sobieraj C, Gupta S, Weinstock-Guttman B. Laquinimod therapy in multiple 
sclerosis: A comprehensive review. Neurol Ther. 2014 Jun; 3(1):29-39.

51. Aronin N, DiFiglia M. Huntingtin–lowering strategies in Huntington’s disease: 
Antisense oligonucleotides, small RNAs, and gene editing. Mov Disord. 2014 Sep 
15; 29(11):1455-61.

23. Raymond LA, Andre VM, Cepeda C, Gladding CM, Milnerwood AJ, Levine MS. 
Pathophysiology of  Huntington’s disease: Time–dependent alterations in synaptic 
and receptor function. Neuroscience. 2011 Dec 15; 198:252-73.

24. Ariano MA, Cepeda C, Calvert CR, Flores-Hernandez J, Hernandez-Echeagaray E, 
Klapstein GJ, et al. Striatal potassium channel dysfunction in Huntington’s disease 
transgenic mice. J Neurophysiol. 2005 May; 93(5):2565-74.

25. Tong X, Ao Y, Faas GC, Nwaobi SE, Xu J, Haustein MD, et al. Astrocyte Kir4.1 ion 
channel deficits contribute to neuronal dysfunction in Huntington’s disease model 
mice. Nat Neurosci. 2014 May; 17(5):694-703.

26. Cepeda C, Murphy KP, Parent M, Levine MS. The role of  dopamine in Huntington’s 
disease. Prog Brain Res. 2014; 211:235-54.

27. A randomized, double–blind, placebo–controlled trial of  pridopidine in 
Huntington’s disease. Mov Disord. 2013 Sep; 28(10):1407-15.

28. de Yebenes JG, Landwehrmeyer B, Squitieri F, Reilmann R, Rosser A, Barker RA, 
et al. Pridopidine for the treatment of  motor function in patients with Huntington’s 
disease (MermaiHD): A phase 3, randomised, double–blind, placebo–controlled 
trial. Lancet Neurol. 2011 Dec; 10(12):1049-57.

29. Frank S. Tetrabenazine as anti–chorea therapy in Huntington disease: An open–
label continuation study. Huntington Study Group/TETRA-HD Investigators. 
BMC Neurol. 2009; 9:62.

30. Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD, 
et al. Early increase in extrasynaptic NMDA receptor signaling and expression 
contributes to phenotype onset in Huntington’s disease mice. Neuron. 2010 Jan 28; 
65(2):178-90.

31. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, Ehrnhoefer DE, et al. Balance 
between synaptic versus extrasynaptic NMDA receptor activity influences inclusions 
and neurotoxicity of  mutant huntingtin. Nat Med. 2009 Dec; 15(12):1407-13.

32. Beste C, Muckschel M, Elben S, C JH, McIntyre CC, Saft C, et al. Behavioral and 
neurophysiological evidence for the enhancement of  cognitive control under dorsal 
pallidal deep brain stimulation in Huntington’s disease. Brain Struct Funct. 2015 Jul; 
220(4):2441-8.

33. Wojtecki L, Groiss SJ, Ferrea S, Elben S, Hartmann CJ, Dunnett SB, et al. A 
prospective pilot trial for pallidal deep brain stimulation in Huntington’s disease. 
Front Neurol. 2015; 6:177.

34. Panov AV, Gutekunst CA, Leavitt BR, Hayden MR, Burke JR, Strittmatter WJ, et al. 
Early mitochondrial calcium defects in Huntington’s disease are a direct effect of  
polyglutamines. Nat neurosci. 2002 Aug; 5(8):731-6.

35. Milakovic T, Johnson GV. Mitochondrial respiration and ATP production are 
significantly impaired in striatal cells expressing mutant huntingtin. J Biol Chem. 2005 
Sep 2; 280(35):30773-82.

36. Seong IS, Ivanova E, Lee JM, Choo YS, Fossale E, Anderson M, et al. HD CAG 
repeat implicates a dominant property of  huntingtin in mitochondrial energy 

FEATURE


