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Abstract 

Huntington’s disease (HD) is an adult-onset, neurodegenerative disease caused 

by an autosomal dominant mutation in the huntingtin (HTT) gene. HD patients suffer 

from motor, cognitive, and psychiatric symptoms. The pathogenic mutation of HD is 

expansion of a CAG repeat in the first exon of the HTT that encodes for a polyglutamine 

(poly-Q) repeat in the huntingtin protein (Htt). HD results in neurodegeneration of the 

striatum and cortex, which is thought to underlie the development of HD symptoms, 

but recent evidence has shown that there are alterations to the connectivity of patients’ 

brains preceding degeneration. This study focuses on how wild type Htt contributes to 

establishing and maintaining synaptic connectivity and how a loss of normal Htt 

function may contribute to the synaptic alterations in HD. 

In this study, I examined the role of wild type Htt in synapse formation and 

maturation synapses in the basal ganglia circuit, and I examined how loss of wild type 

Htt function may affect the pathogenesis of HD. To do so, I created conditional deletions 

of Htt in the mouse brain by crossing a floxed allele of Huntingtin to transgenic Cre lines. 

I conditionally deleted Htt from the cortex and the indirect pathway spiny projection 

neurons (iSPNs) of the striatum using Emx1-Cre and Adora2A-Cre, respectively. I also 

used a knock-in mouse model of HD, the zQ175 mouse, to examine alterations in 

synaptic development caused by the HD mutation. I used imaging and 
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electrophysiological techniques to determine how loss of Huntingtin affected synapse 

number, function, and morphology in the cortex, striatum, and basal ganglia.  

In the cortex and striatum, loss of Htt leads to disruptions in synaptic 

connectivity followed by neuronal stress and death. Htt is critical for moderating the 

formation of excitatory synapse formation in both the cortex and striatum, and that in 

the cortex this function is lost in HD. In the striatum, Htt is required for stabilizing 

striatopallidal synapses, and for proper basal ganglia function.  

In order to explore the molecular mechanisms behind Htt’s control of excitatory 

synapse formation, I investigated its interaction with α2δ-1.  α2δ-1 is a genetic modifier 

of mutant Htt toxicity that our lab had previously identified as the neuronal receptor of 

the synaptogenic Thrombospondin family (TSP) of proteins.  I used in vitro neuronal 

cultures and biochemical analysis to determine how Htt interacts with α2δ-1 and how 

Htt affects TSP/α2δ-1 excitatory synapse formation. I characterized α2δ-1’s biochemical 

interaction with Htt and discovered that Htt postsynaptically suppresses excitatory 

synapses. 

Taken together, these results suggest that wild type Htt functions to moderate 

excitatory activity in the brain. It slows the formation of excitatory connections and 

stabilizes inhibitory ones, which may protect the brain from excitotoxic damage. These 

results show that Htt plays an important role in maintaining neuronal health and the 

establishment of synaptic connectivity in cortical and striatal circuits. 
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1. Introduction  

Huntington’s disease (HD) is a devastating, adult onset, neurodegenerative 

disease. The uncontrolled, choreic movements that typify the disease typically develop 

when patients are in their 30’s or 40’s, and death follows between 15 and 20 years after 

that (Roos, 2010). While motor symptoms are the most obvious sign of HD, patients also 

suffer from cognitive and behavioral problems, including dementia, that may arise 

earlier than the motor defects (Papp et al., 2011). The disease results in major, 

progressive degeneration of the striatum leading to near complete atrophy by the late 

stages of the disease(Vonsattel et al., 1985). Degeneration also occurs in the cortex, albeit 

to a far lesser degree than the striatum, but the rest of the brain is largely spared 

(Vonsattel et al., 1985, Hedreen et al., 1991). The disease is caused by an autosomal 

dominant CAG repeat expansion in the first exon of the huntingtin (HTT) gene that 

encodes for a polyglutamine (poly-Q) repeat in the huntingtin (Htt) protein (HDCRG, 

1993). The repeat length is normally 17-25, but HD develops when the repeat length is 40 

or longer (HDCRG, 1993). The poly-Q expansion of mutant Htt creates a diverse set of 

cellular defects in the neurons of the cortex and striatum, but many aspects of the 

protein’s normal function are unknown. Evidence from human patients and mouse 

models of HD show that there are significant changes to brain connectivity resulting 

from HD, but it is unknown how wild type Htt contributes to synapse formation and the 

establishment of synaptic circuits. 
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In this study, I examined how wild type Huntingtin affects synapse formation 

and connectivity in two cell populations strongly affected by HD: the cortex and the 

indirect pathway neurons of the striatum. These studies revealed that Htt regulates 

excitatory and inhibitory synapse formation. In order to explore a possible mechanism 

through which Htt could control excitatory synapse formation, I investigated Htt’s 

interaction with α2δ-1, a synaptogenic protein that our lab has previously studied.  

1.1 Overview of Huntington’s disease 

In 1872, a young doctor named George Huntington wrote an examination of 

several chorea disorders. The word chorea derives from choreia the Greek word for 

dance. The spastic, involuntary movements of the chorea disorders are said to resemble 

dancing. Dr. Huntington closed his paper with a characterization of a hereditary chorea 

that now bears his name. Huntington’s disease (HD), a neurodegenerative disease, 

develops in adults around mid-life and eventually leaves “…the hapless suffer…a 

quivering wreck of his former self.” (Huntington, 1872) The disorder runs in families 

with choreic parents passing it to their children, but if “…these children go through life 

without it, the thread is broken and the grandchildren and great-grandchildren of the 

original shakers may rest assured that they are free from the disease (Huntington, 1872). 

Huntington also included behavioral changes as part of the disorder; sufferers were 

likely to become insane and suicidal (Huntington, 1872). 
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Dr. Huntington’s account of the disease holds up to the present day. He 

accurately described the choreic movements and the chronological onset that are 

hallmarks of HD. He portrayed the disease as an autosomal dominant disease, despite 

not having the language of Mendelian genetics. Finally, the depression and suicidal 

tendency of the sufferers, as well as the cognitive and psychiatric symptoms, are some of 

the earliest symptoms in HD (Papp et al., 2011). 

HD sufferers usually start to display the motor defects of the disease, which 

include choreic movements and other involuntary movements, in their mid 30s to 40s 

and live 15 to 20 years after the onset of symptoms. These symptoms eventually 

deteriorate into rigidity and a complete loss of motor control (Roos, 2010). HD patients 

may develop dementia, depression, and other psychiatric symptoms before the onset of 

the motor defects (Papp et al., 2011). Juvenile forms of HD also exist with much more 

severe symptoms, including seizures(HDCRG, 1993). 

1.1.1 The pattern of neurodegeneration in Huntington’s disease  

A study of 234 postmortem brains, including almost 200 brains from HD 

patients, defined the pattern of neuronal loss in the disease and connected that pattern to 

the level of disability experienced by HD patients. This resulted in a classification 

system for HD with values ranging from 0 to 4. Class 0 Huntington’s patients have 

minimal striatal neuron death and mild physical symptoms. Each subsequent class of 

patients experiences increased motor disability and neuronal loss, starting with neuron 
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loss in the striatum and eventually extending to the cortical neurons (Hedreen et al., 

1991). Class 4 patients have near complete loss of the striatum along with significant loss 

in the cortex, and physically they are deteriorated to the point where they are 

bedridden(Vonsattel et al., 1985). The striatal projection neurons (SPN) of the striatum 

are preferentially lost early in the disease, but degeneration spreads to other cells as the 

disease progresses (DiFiglia, 1990). Degeneration in the striatum proceeds along the 

dorsal-ventral axis with degeneration first appearing in the dorsal striatum and 

spreading to the ventral striatum as the disease progresses (Vonsattel et al., 1985). 

The SPNs comprise over 90% of the neurons in the striatum, and they are 

subdivided into two distinct populations with distinct axonal projections and protein 

expression profiles (Kita and Kitai, 1988). The SPNs extend their axons to the basal 

ganglia and form inhibitory, GABAergic synapses. Amongst the SPNs, the 

subpopulation that comprises the indirect pathway (iSPNs), which project axons to the 

globus pallidus externus (GPe), is preferentially lost (Reiner et al., 1988, Deng et al., 

2004). The other subpopulation, the direct pathway SPNs (dSPNs), send axons to and 

synapse with the globus pallidus internus (GPi, known as the entopeduncular nucleus 

(EP) in rodents) and substantia nigra (SNr). The dSPNs also degrade, but in grade 1 

patients their axonal projections to the GPi are unaffected, which implies that those 

neurons are still alive (Reiner et al., 1988, Deng et al., 2004). The striatum is a central 
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structure in the basal ganglia circuit, and its loss is thought to underlie the basal ganglia 

circuit dysfunction that drives the major symptoms of HD. 

The basal ganglia circuit is comprised of the striatum, basal ganglia (which 

includes the GPe, GPi, SNr, and the subthalamic nucleus (STN)), thalamus, and cortex 

(Figure 1). The cortex and thalamus form excitatory connections onto the striatum, 

which in turn forms inhibitory connections with the basal ganglia targets. The basal 

ganglia then connect to the thalamus, which in turn sends excitatory connections to the 

cortex and striatum. This creates a recurrent, highly plastic circuit that helps control 

movement, cognition, and motivation (Kozorovitskiy et al., 2012, Besusso et al., 2013, 

Leisman and Braun-Benjamin, 2014). In the striatum iSPNs and dSPNs form distinct 

connections within the basal ganglia, and the differences in their connectivity drive 

opposing effects on the function of the basal ganglia circuit. The dSPNs directly connect 

to the GPi and SNr with inhibitory synapses, which then send inhibitory synaptic 

connections to thalamus. This means that dSPN activity decreases activity in the 

GPi/SNr, which means they inhibit the thalamus less. Therefore, dSPN activity increases 

thalamic activity. Conversely, the iSPNs increase inhibition to the thalamus through 

their activity. The iSPNs form inhibitory synapses onto the GPe, which then inhibits the 

activity of the STN. Thus, iSPN activity increases the activity of the STN. The STN then 

forms excitatory connections onto the GPi/SNr, which results in  
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Figure 1. Diagram of the basal ganglia circuit. Diagram of the primary 

connections formed in the basal ganlgia circuit. Arrows indicate excitatory connections, 

blunt ends indicate inhibitory connections. Light blue = indirect pathway SPNs, dark 

blue = direct pathway SPNs. GPe = globus pallidus externus, GPi = globus pallidus 

internus (also known as the entopeduncular nucleus in rodents), SNr = substantia nigra, 

STN = subthalamic nucelus. 

inhibition of the thalamus. The internal logic of the basal ganglia circuit shows that 

dSPNs remove inhibition from the thalamus and that iSPNs increase thalamic inhibition. 

The selective degeneration of the iSPNs removes the inhibition of movement and is 

thought to underlie the hyperkinetic chorea that defines early HD. Later, as the dSPNs 

also die, the patients lose the disinhibition of movement that leads to freezing and 

bradykinesia that develop in the later stages of HD (Roos, 2010). 

1.1.2 Identification of Huntingtin 

The Huntington’s Disease Collaborative Research Project (HDCRP) identified the 

pathogenic gene and mutation of HD by studying pedigrees in a region of Venezuela 
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with very high rates of HD. In 1983, the HDCRP scientists isolated the mutation to 

chromosome 4 using restriction fragment length polymorphisms (Gusella et al., 1983). 

Ten years later, this group identified the specific gene responsible for HD, IT15, which 

they named huntingtin (HTT) (HDCRG, 1993). The HDCRP concluded that an expansion 

in a CAG repeat region in the first exon is responsible for HD and encodes for a poly-

glutamine region (poly-Q) in the protein (HDCRG, 1993). This CAG repeat region shows 

instability, with an increased chance of expansion as its size increases. The HDCRP 

researchers found the normal CAG repeat range is between 11 and 24 repeats, but it 

could rise as high as 34 repeats without developing HD. Once the CAG stretch length 

reaches 35 repeats, it enters the disease state (HDCRG, 1993). The research group found 

an individual with over 100 repeats developed the juvenile form of the disease. Their 

results suggested a fact later confirmed by other scientists: that the CAG repeat length 

inversely correlates with the age of onset (Duyao et al., 1993). The disease is caused by 

expansion of the poly-Q region in the protein rather than any transcriptional changes 

resulting from the expanding CAG repeat in the mRNA (Roos, 2010).  

1.2 Structure and function of Huntingtin 

1.2.1 Structure of Htt 

HTT covers a 180 kb region in chromosome 4 in humans and consists of 67 exons, 

and encodes for a large, 3144 amino acid long protein of ≈350 kD (HDCRG, 1993). HTT 

contains no significant homology to other known genes, but homologues exist 



 

8 

throughout the metazoan lineage, including Drosophila (Li et al., 1999, Tartari et al., 

2008). The C-terminal region is fairly well conserved, but the N-terminal portion, which 

contains the poly-Q repeats and a proline-rich region, shows more variation and more 

recent evolution (Candiani et al., 2007, Tartari et al., 2008). The poly-Q region formed 

early in the chordate lineage, and while the number of glutamines varies greatly, there is 

an expansionary trend with humans having the highest average content (Gissi et al., 

2006, Candiani et al., 2007, Tartari et al., 2008). The poly-Q and proline-rich regions 

appear to be chordate specific, and the enrichment of Htt expression in the nervous 

system is well conserved in the chordate lineage suggesting that Htt has an important 

function in the nervous system (Candiani et al., 2007, Tartari et al., 2008).  

Although Htt is structurally unique, a number of functionally important 

structural elements have been identified in the protein. The first exon of HTT encodes 

for the poly-Q stretch, a proline-rich region, and a membrane associated α-helix that is 

encoded by the first 17 amino acids (Atwal et al., 2007). The rest of the gene is 

dominated by a series of HEAT repeat domains, which are a series of anti-parallel α-

helices that stack on one another to form a superhelix (Andrade and Bork, 1995, Li et al., 

2006). The HEAT domain is named for the four proteins from which it was identified 

(Huntingtin, elongation factor 3, regulatory A subunit of PP2A, and TOR1). Huntingtin 

has several known cleavage sites in the region spanning amino acids 470 to 537 that can 

be cleaved by caspases 2, 3, 6, and 7 as well as calpain (Graham et al., 2006, Schilling et 
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al., 2006). Htt can also be extensively post-translationally modified through 

palmitoylation, phosphorylation, myristoylation, SUMOylation, ubiquitination, and 

acetylation (Schilling et al., 2006, Martin et al., 2015, Ruzo et al., 2015). Htt also contains a 

nuclear import signal between amino acids 174–207 and a highly conserved nuclear 

export signal between amino acid 2364 and 2414 (Xia et al., 2003, Desmond et al., 2012). 

1.2.2 Htt localization 

Htt’s localization offers some important clues to its functional role. In situ 

hybridizations revealed that HTT is ubiquitously expressed in humans with higher 

concentrations in the brain and testis (Li et al., 1993). Within the brain, the highest levels 

are found in the cortex and cerebellum, and layer 5 cortical pyramidal neuron express 

the highest levels of Htt (Li et al., 1993, Fusco et al., 1999). Surprisingly, despite the 

striatum’s vulnerability in HD, Htt is not strongly expressed in striatal neurons (Li et al., 

1993, Fusco et al., 1999). Little difference is seen in the expression patterns of Htt 

between HD patients and healthy individuals (Li et al., 1993).  

Htt’s subcellular localization includes both the nucleus and the cytoplasm in both 

healthy and HD cells (Hoogeveen et al., 1993). Immunostaining and EM results revealed 

that Htt is present in many organelles, but there are some conflicting reports in its 

subcellular localization, and immunostaining for Htt can vary greatly depending on the 

fixation method (Hughes and Jones, 2011). Here, I present the structures for which there 

is well supported evidence for Htt’s presence. Htt is present around the membranes of 
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vesicles and the Golgi complex, along microtubules in axons and dendrites, and in the 

matrix of the cytoplasm (DiFiglia et al., 1995). Htt also localizes to the cytoskeleton at 

microtubules, and it interacts with actin through adapter proteins (DiFiglia et al., 1995, 

Wilbur et al., 2008). Htt is present in many types of vesicles, including synaptic vesicles, 

clathrin-coated vesicles, endosomes, and lysosomes (DiFiglia et al., 1995, Li et al., 2009, 

Caviston et al., 2011). Htt also associates with other larger membranous structures 

including autophagosomes, the trans-Golgi network, and the endoplasmic reticulum 

(Atwal et al., 2007, Strehlow et al., 2007, Rui et al., 2015). Importantly, Htt is present not 

only at the synaptic vesicles at the presynaptic terminals of synapse, it is also present 

postsynaptically within the postsynaptic density (PSD) (DiFiglia et al., 1995, Marcora 

and Kennedy, 2010, Rozas et al., 2011).  

Htt’s localization pattern is enriched in membranous structures, which has 

proven important for identifying many of the wild type functions of Htt.  

1.2.3 Known functions of wild type Htt 

Htt is a very large protein that can be catalytically cleaved to form multiple 

fragments (Graham et al., 2010). Htt does not have a simple, singular function, rather it 

has been found to be involved in a wide variety of functions within cells. One theme that 

runs through most of the functions of Htt is that it involves membranous structures. 

Htt has long been known to be required during early murine embryonic 

development beyond E8.5 (Duyao et al., 1995, Nasir et al., 1995, Zeitlin et al., 1995). 
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Work in zebrafish revealed that Htt is required for proper formation of the neural tube, 

and that Htt is involved in establishing cell adhesion in the neural tube (Lo Sardo et al., 

2012). The adhesion defect in zebrafish was driven by a failure to properly traffic 

ADAM10, which is required for Ncadherin function and thus cell adhesion (Lo Sardo et 

al., 2012).  

Transport of vesicles, and thus proteins, is one of the primary functions of Htt. 

Htt participates in both anterograde and retrograde transport (Figure 2), moving a 

variety of cargo, including mRNAs, proteins, organelles, and vesicles (Marcora and 

Kennedy, 2010, Ma et al., 2011). Much of its role in trafficking comes through its 

interaction with Huntingtin Associated Protein 1 (HAP1). HAP1 was identified in 1995 

from a Yeast 2 Hybrid (Y2H) screen using 233 amino acids from the N-terminal region of 

Htt (Li et al., 1995) and co-immunoprecipitates with full length Htt. HAP1 expression is 

enriched in the brain and neurons, and, like Htt, is subcellularly localized to vesicles 

(Engelender et al., 1997). Through HAP1, Htt interacts with the microtubule motor 

proteins, dynactin and kinesin (KIF5) (Engelender et al., 1997, Kaltenbach et al., 2007). 

HAP1 binds to the p150Glued subunit of dynactin and serves as an adapter protein 

(Engelender et al., 1997). HAP1 and Htt form complexes with the motor proteins, and 

these complexes act to move mitochondria, mRNA, proteins, and vesicles in the axon 

and dendrites (Engelender et al., 1997, Gauthier et al., 2004, Twelvetrees et al., 2010, Ma 

et al., 2011, Zala et al., 2013). Htt acts to facilitate axonal transport; transport can still  
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Figure 2. Proposed model of Htt transport along microtubules.  Htt and HAP1 

form complexes for transport along microtubules. Htt is able to transport vesicles and 

organelles through both retrograde and anterograde movement. Adapted from Ma et al. 

2011 

occur in the absence of Htt, but it is dysregulated and slowed (Gauthier et al., 2004, Zala 

et al., 2013). Some proteins that are critical for neuronal health and function, including 

BDNF and the GABAA receptor, require Htt for proper intracellular transport (Gauthier 

et al., 2004, Twelvetrees et al., 2010). Thus, Htt plays an important role in facilitating the 

intracellular transport of vesicles and proteins throughout the cell. 

Htt also plays an important role in the localization of proteins through its 

participation in endosomal trafficking. Neurons lacking Htt are unable to properly 

traffic proteins from the trans-Golgi network to the cell surface or extracellular space 

(Strehlow et al., 2007). Htt is key to mediating recycling and activation of the small 

GTPase Rab11A (Li et al., 2008, Li et al., 2009). Rab11A is critical for the function of the 

recycling endosome that helps properly place receptors on the cell surface. This process 

is key for proper synapse formation and maintenance. Recycling endosomes help 



 

13 

properly form the synapse, and they are vital for proper positioning the AMPA 

receptors in the PSD(Esteves da Silva et al., 2015). 

Htt was recently identified as a key protein in selective autophagy in mammals 

(Ochaba et al., 2014, Rui et al., 2015). Autophagy is the process that allows cells to 

degrade and recycle proteins and organelles in order to maintain cell health and respond 

to cellular stress. A double membrane structure is formed containing the materials that 

will be degraded which then fuses with lysosomes to break down the proteins. This 

process is perturbed in the neurons of HD patients, and the loss of autophagy 

contributes to pathogenesis (Martinez-Vicente et al., 2010). The conserved, C-terminal 

portion of Htt contains significant homology to the yeast proteins Vac8 and Atg11, 

which are required for selective autophagy, and previously had no mammalian homolog 

identified (Ochaba et al., 2014). Htt acts to bring the correct cargo into the developing 

autophagosomes (Rui et al., 2015). 

Htt also appears to act as a transcriptional regulator. Both the deletion of Htt and 

expression of mutant Htt greatly alters the transcriptional profiles of cells (Zhang et al., 

2008, Thomas et al., 2011). These changes are not simply due to changes in cell health, 

Htt interacts with many transcription factors, and it can bind them to modulate their 

transcriptional activity (Zuccato et al., 2003, Kaltenbach et al., 2007). Htt can even bind 

directly to DNA and may directly affect transcription (Benn et al., 2008).  
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While all these functions are important to nearly all cell types, they are 

particularly important for neuronal function, especially for the creation and function of 

synapses. Proteins (or mRNA) for synapses must be transported over long distances in 

both axons and dendrites to reach their proper localization. Proteins also must be 

precisely positioned in order to form and maintain functional synapses. Finally, neurons 

require a high level of energy, and autophagy is important for maintaining neuronal 

function to allow proper synaptic function. 

Htt is involved in several very important cellular processes. In nearly all of these 

processes, the expression of mutant, poly-Q Htt interferes with the normal function of 

Htt leading to a wide array of dysfunction in HD.  

1.3 Mouse models of HD, fragment vs. full length models  

Numerous mouse models have been created to recapitulate HD by introducing 

expanded poly-Q repeats. The earliest genetic models were created with transgenic 

inserts of the first exon of HTT with extended CAG repeats. The most widely used were 

the R6/2 and R6/1 mouse lines. These have an insert of 1.9 kb that contains a portion of 

the promoter region and the first exon of human HTT. The R6/2 line contains 144 CAG 

repeats, and the R6/1 line has 116 repeats. These mice have dystonic movements and 

tremors resembling chorea, but they do not develop the correct pattern of 

neurodegeneration for HD. These mice also suffer some seizures, which form in the 

severe juvenile form of HD. The R6/2 line shows particularly intense phenotypes with 
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symptoms developing at nine to 11 weeks, and the mice typically die within 13 weeks 

(Mangiarini et al., 1996). 

The R6 mice were widely used and have successfully recreated some HD 

phenotypes. Unfortunately, these mice presented several problems as models for the 

disease. The R6/2 mice develop the disease-like phenotypes very quickly with severe 

symptoms as early as six weeks; therefore many of the early changes in HD may not be 

detectable. The nature of the transgenic insert is also a problem. The insert only 

expresses the first exon, which only represents about 3% of the entire translated protein. 

That portion contains the poorly conserved poly-Q and proline-rich regions, making 

these animals an especially poor model for studying the native function of the gene. The 

first exon of HTT normally codes for a 90 amino acids protein, so a CAG repeat of more 

than 100 copies would mean the protein produced is mostly a stretch of glutamines. 

There are other dominant poly-Q expansion diseases (spinocerebellar ataxis, 

spinalbulbar muscular atrophy, and dentatorubral-pallidoluysian atrophy) (Blum et al., 

2013), which raises the question: are the R6/2 mice showing HD-specific effects or just 

general poly-Q toxicity effects? Recently, an alternative splicing form of Htt that only 

transcribes the first exon was identified (Sathasivam et al., 2013). This means that R6/2 

mice may express a truly pathogenic fragment, but these mice still lack the full length 

mutant protein which is the dominant isoform of Htt in HD (Hughes et al., 2014).  
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Many of these problems are solved by using full-length mutant Htt (mHtt) 

animal models. Several mouse lines have been created using artificial chromosomes to 

insert full length isoforms of human HTT. The YAC (yeast artificial chromosome) series 

of mouse lines (YAC128, YAC72, and YAC18) have full-length human HTT with various 

lengths of poly-Q repeats, and they have been used in many HD studies (Slow et al., 

2003). These transgenes are able to function normally enough to rescue the embryonic 

lethality of Htt null mice, and their patterns and levels of protein expression are very 

similar to endogenous mouse Htt (Hodgson et al., 1999).  Importantly, these mice 

recapitulate the pattern of striatal specific neurodegeneration seen in HD, and they 

display motor and behavioral symptoms (Hodgson et al., 1999, Bowles et al., 2012). The 

two main disease lines, YAC72 and YAC128, have similar phenotypes, but the YAC128 

mice develop symptoms earlier (Slow et al., 2003); YAC128 develop motor deficiencies 

around 6 month of age (Slow et al., 2003). The YAC18 mice overexpress normal Htt and 

are useful for identifying native functions of Htt.  

Another transgenic full length model of HD is the BACHD mouse line. It was 

created using a bacterial artificial chromosome that contains full-length human HTT 

with 97 glutamines, 20 kb upstream of the gene, and 50 kb downstream of the gene 

(Gray et al., 2008). This mouse model also has a few extra features that make it 

particularly useful. The transgene contains LoxP sites flanking the first exon, which 

allow the mHtt to be excised using Cre drivers. The transgene also achieves a stable 
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number of glutamines, which give more reliable results, by encoding for them with a 

mixture of CAGs and CAAs. These mice produce high levels of mHtt, which can rescue 

the embryonic lethality of Htt knock-out. Like the YAC mice, the BACHD mice show 

motor deficits and selective neuropathology. Minor motor defects appear as early as two 

months and progressively deteriorate. Brain atrophy develops later, and there are no 

signs of degeneration at six months despite the motor deficiency. However, by 12 

months, mice experience an approximately 30% loss in cortical and striatal volumes. 

These mice show changes in electrophysiology as early as one month old (André et al., 

2011). This mouse model has become more popular in the last several years, and it has 

proven useful for identifying what cell types are responsible for specific changes in HD 

(Wang et al., 2014). 

There are several lines of mice with extended tracts of CAG repeats knocked-in 

to the endogenous gene. This ensures that mHtt will be under the control of the native 

mouse Htt promoter. There are numerous lines that vary in poly-Q length, but the zQ175 

and CAG 140 KI mice are two commonly used models. These models replace the first 

exon of the endogenous Htt gene with the first exon of a human HTT gene with an 

expanded CAG repeat. These mice develop symptoms similar to HD, but they do so 

much more slowly than the transgenic lines. Increased GFAP immunoreactivity is seen 

in the striatum, which indicates cell damage. The CAG 140 KI mouse was generated 

first, and it contains 140 CAG repeats (Menalled et al., 2003). These mice develop motor 
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defects as early as one month of age, and nuclear aggregates start to form as early as 2 

months of age (Menalled et al., 2003). The zQ175 mice were derived from the CAG140 

mice, and have a longer CAG repeat (average of 188 repeats). Heterozygous zQ175 mice 

exhibit reductions in cortical and striatal volume by four months of age, and they also 

have deficits in locomotion by that age (Heikkinen et al., 2012). At this same age, nuclear 

inclusions begin to form in striatal neurons, and cortical neurons do not develop 

inclusions until eight months of age (Carty et al., 2015). Homozygous zQ175 mice have a 

median survival 90 weeks (Menalled et al., 2012). These mice can also be bred to be 

homozygotes for mHtt, resulting in earlier and more severe symptoms.  

Each of these mouse models has its advantages. The R6 lines have been 

thoroughly characterized and develop symptoms early, which can speed research. 

However it is not clear whether these mouse lines are really recapitulating HD or rather 

showing generalized effects from poly-Q toxicity. The lack of striatum-specific 

degeneration supports the latter supposition. The early onset could also mask early 

pathological changes, which could be important for developing therapeutic 

interventions. The transgenic and knock-in full-length models offer more accurate 

recapitulations of the common, adult-onset form of HD. Full-length mHtt model mice 

develop symptoms late enough to identify the early effects, and the protein products 

they produce function well enough to allow early development like the mutated protein 

in humans. The patterns of degeneration match the human disease, with MSN in the  



 

19 

 

Figure 3. Striatal neurons have dendritic abnormalities in Huntington’s 

disease patients. Camera lucida drawings of striatal spiny projecting neurons from 

Huntington's patients of (A) class 2, (B) class 3, and (C) class 4. These neurons start with 

excessively dense dendritic spines that are progressively lost as the disease progresses 

from class 2 to class 4. Arrows indicate abnormal dendritic branches. Adapted from 

Ferrante et al. 1991. 

 

striatum affected first. While the R6 lines have helped identify some HD effects such as 

the formation of inclusions, the full-length models offer better opportunities to identify 

the specific changes in HD. 

1.4 Synaptic changes and excitotoxicity in Huntington’s disease 

Evidence from fMRI studies of HD patients show that there are extensive 

changes to brain’s connectivity and function resulting from the disease. These changes 
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begin well before the onset of motor symptoms, indicating that functional synaptic 

changes precede the degeneration of the striatum (Paulsen et al., 2004). Reductions in 

brain connectivity are evident in prodromal patients, and brain connectivity degrades as 

the disease progresses (Dumas et al., 2013, Harrington et al., 2015). Unfortunately, fMRI 

can only examine broad changes in brain activity as it lacks the resolution to identify 

changes at the cellular level, but mouse models of HD have provided insight into the 

synaptic changes in HD. Early R6/2 mouse work shows that there are changes in 

neurotransmitter receptor expression before the onset of physical symptoms (Cha et al., 

1999). Cortical and striatal synaptic changes are the most well studied due to their 

selective vulnerability in HD, so I will focus on them here, but the broad network 

dysfunction seen in the fMRI studies suggests that synaptic changes likely occur 

throughout the brain.  

1.4.1 Alterations to striatal and cortical synapses in HD mouse 
models 

It has long been known that HD results in alterations to striatal synapses, and 

that striatal neurons show morphological changes to dendritic spines before 

degeneration occurs (Ferrante et al., 1991). In 1991, a study of postmortem brains from 

HD patients at various stages of the disease used Golgi-Cox staining to identify the 

morphology changes in individual neurons in the striatum (Figure 3). In early stages 

(class 2), the striatal neurons show increased spine growth compared to age-matched 

controls, and the dendrites have curves at their ends rather than straight outgrowths. 
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The distal ends of dendrites also show enlarged, growth-cone like tips with filopodia 

extending from them. Structures like these are not normally present in mature neurons. 

The curved dendritic ends persist as the disease progresses to class 3 and 4, but there is a 

dramatic decrease in the number of spines as the neurons degenerate further. By class 4, 

there are very few spines left on the striatal dendrites (Ferrante et al., 1991). These 

morphological changes indicate that synapses overproliferate early in HD, and slowly 

lose spines as the disease progresses. 

Mouse models of HD have given us a more detailed view of how synapses are 

changing in the striatum as HD progresses. At young ages, SPNs of the striatum appear 

to be more excitable and receive greater input from the cortex and thalamus. Young 

mice show an increase in membrane input resistance, which could result in greater cell 

excitability and increased responses to synaptic inputs (Raymond et al., 2011).  

Similarly to the structural changes observed in the SPNs of HD patients, 

corticostriatal connectivity in HD model mice shows age dependent, biphasic alterations 

to synaptic function. Well before the onset of symptoms, SPNs in YAC128 mice are more 

excitable and have significantly larger evoked excitatory postsynaptic currents (eEPSCs), 

but this increase is lost by 7 months age (Joshi et al., 2009). The receptor composition of 

synapses in YAC128 are also affected. Initially these mice show larger NMDAR peak 

currents, and these increases in NMDAR currents correlate with poly-Q lengths 
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(Milnerwood and Raymond, 2007, Graham et al., 2009). But as the mice age and 

neurodegeneration progresses, these currents decrease.  

Recording form D1 and D2 neurons reveal that the majority of these changes in 

SPN activity derive from changes to dSPNs. It’s unknown whether these differences 

arise from intrinsic differences in the two populations of SPN or whether changes in 

brain circuitry are contributing to the differential effects in HD. In young, 

presymptomatic YAC128 mice, dSPNs have significant increases in spontaneous 

excitatory postsynaptic currents (sEPSCs) and a decrease in the paired pulse ratio (PPr) 

(indicating an increase in presynaptic release), but the iSPNs have no significant changes 

in either measure (André et al., 2011). The iSPNs do exhibit an increase in evoked EPSC, 

showing that when depolarization is evoked, there is a much stronger response. At 12 

months, once the mice are displaying HD-like phenotypes, there is a significant shift in 

how HD affects SPNs excitatory synapses in YAC128 mice. The dSPNs now have a 

lower frequency of sEPSCs and a higher PPr, indicating that they have fewer excitatory 

connections and there is a lower chance of presynaptic release, a significant reversal 

from the presymptomatic changes.  The iSPNs of YAC128 mice are again less affected, 

only exhibiting a mild reduction in sEPSCs, indicating that they are losing excitatory 

synaptic inputs (André et al., 2011).  

There is less known about the synaptic alterations in the cortex in HD. After the 

onset of symptoms, R6/2 mice display increases in excitatory and inhibitory connectivity 
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in layer 2/3 pyramidal neurons. The frequency of sEPSCs is increased and eEPSCs have 

larger amplitudes, indicating that these mice have more and stronger excitatory 

synapses (Cummings et al., 2009). The increase in excitatory input may be balanced out 

by increased spontaneous inhibitory postsynaptic currents (sIPSCs). Recordings from 

older YAC128 and CAG140 mice, when they are displaying HD-like phenotypes, show 

similar changes to synaptic function in layer 2/3 cortical neurons. They have moderate 

increases in amplitude of sEPSCs in layer 2/3 pyramidal neurons and significant 

increases in sIPSCs (Cummings et al., 2009).  

In both the cortex and striatum, increase in excitatory synaptic activity are 

observed in mouse models of HD. These increases in excitatory activity may contribute 

to both presentation of disease symptoms and the progression of neuronal degeneration.  

1.4.3 Changes in vulnerability to excitotoxicity 

In the excitotoxic model of HD, the neural degeneration seen in HD is driven by 

neurons experiencing excessive activation of NMDA receptors, which cause intracellular 

Ca2+ levels to rise too high, inducing mitochondrial stress and eventual cell death (Dong 

et al., 2009). NMDAR receptors containing NR2B subunits have been implicated in the 

extrasynaptic activity that often drives excitotoxicity (Severino et al., 2011). The rise in 

Ca2+ levels activates inappropriate calcium driven processes—which can also be 

phenotypes seen in HD—and eventually leads to apoptosis of the cell. During 

excitotoxic stimulation, mitochondria take up excessive Ca2+, resulting in the 
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depolarization of their membranes and inhibition of ATP synthesis, ultimately leading 

to cell death (Dong et al., 2009).  

The first excitotoxic models of HD were developed before Htt was identified. In 

1976, Joseph Coyle’s lab was working with injections of kainic acid—which activate 

glutamate receptors—into the brains of rats and noticed that the damage resembled that 

of HD. Kainic acid caused lesions in the striatum and specifically damaged SPNs, like in 

HD, which lead the lab to propose excitotoxicity as a model for HD (Coyle and 

Schwarcz, 1976). It was later found that treatment with a NMDAR-specific agonist, 

quinolinic acid (QA), produced an even more accurate recapitulation of HD (Beal et al., 

1991).  The group found that QA treatments produce atrophy of the striatum and 

reductions in GABA similar to HD, and the damage more selectively kills SPNs rather 

than interneurons. Chronic QA treatments are able to reproduce many of the behavioral 

changes associated with HD (Beal et al., 1991). Since QA is a NMDAR-specific agonist, 

that subset of glutamate receptors could be driving the neurotoxic damage in HD. 

Soon after Htt was identified, it was found that after QA damage that some of 

the surviving neurons, not other cell types, exhibited an increase in Htt 

immunoreactivity (Tatter et al., 1995). This indicates that either Htt provides a 

neuroprotective effect from excitotoxicity, or that it is upregulated in response to 

excitotoxic assault. After the advent of genetic models, YAC18 mice, which overexpress 

normal Htt, were used to test the effect of normal Htt on excitotoxic stress. The YAC18 
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mice are more resistant to excitotoxic stress from QA injections than WT mice; YAC18 

mice form smaller lesions in the brain, show reduced caspase activity, and less Htt is 

cleaved (Leavitt et al., 2006). The number of surviving neurons correlates well to the 

levels of Htt in the YAC18 mice (Leavitt et al., 2006). Conversely, YAC72 mice show a 

loss of excitotoxic protection and suffer from increased excitotoxic damage from 

glutamate and QA injections (Leavitt et al., 2006). These results show that normal Htt 

has a protective effect against excitotoxic damage, and that mHtt had a dominant 

negative effect on Htt’s neuroprotective effects.  

About ten years ago, YAC72 mice were first shown to be more vulnerable to 

excitotoxic damage with QA and other NMDAR-linked excitotoxic stresses. This level of 

sensitivity is linked to poly-Q length, which correlates it to the severity of the disease 

(Zeron et al., 2002). Excitotoxic vulnerability appears to be a very early phenotype of 

HD. YAC128 mice are more susceptible to excitotoxic stresses from a very early age 

(Graham et al., 2009); cultured SPNs from E16.5 YAC128 pups are more vulnerable to 

QA than WT controls (Graham et al., 2009). YAC128 lines that develop symptoms at 

earlier stages also show an increased susceptibility to QA treatments compared to lines 

with less severe phenotypes. Moreover, in vivo, the YAC128 lines with more severe 

phenotypes are also more vulnerable to ischemia, which is a natural cause of 

excitotoxicity. The vulnerability to QA changes with age; initially HD model mice are 

more susceptible, but as they show physical signs of the disease, they are more resistant 
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to excitotoxic assault (Graham et al., 2009, Strong et al., 2012). This likely occurs because 

sensitive neurons have already died. 

There is a connection between susceptibility to excitotoxic stress and the 

development of HD’s pathology. The C6R mice are a transgenic line with a 120 CAG 

repeat mHtt that also do not develop HD-like symptoms. Its transgene has its caspases-6 

cleavage sites in exon 13 mutated to prevent cleavage, and despite mHtt level 

comparable to YAC128 mice, the C6R mice do not develop HD-like symptoms (Graham 

et al., 2006). The C6R mice do not show any increase sensitivity to NMDAR-induced 

excitotoxic stress compared to WT mice (Graham et al., 2010). Since neither of these 

mouse lines ever develops symptoms or excitotoxic susceptibility, they only show a 

correlation between HD pathology and excitotoxic stress, not causation. 

Blocking excitotoxicity has proven effective in ameliorating the toxicity of mHtt 

in vivo. Treatment with memantine, a noncompetitive NMDAR inhibitor that can block 

excessive excitatory NMDAR-signaling at low concentrations, can effectively protect 

cultured cells from glutamate excitotoxicity, and it eliminates the susceptibility to 

excitotoxicity induced by mHtt (Okamoto et al., 2009). This effect also works in vivo; 

when YAC128 mice were treated with low dose memantine they saw an improvement of 

HD motor symptoms and increased striatal volume (Okamoto et al., 2009). Targeting 

downstream effects of excitotoxicity can also protect against the progression of HD 

symptoms (Wright et al., 2015). Treatment with N-acetylcysteine can reduce 
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mitochondrial oxidative stress resulting from excitotoxicity and slow the development 

of HD pathologies in R6/1 mice (Wright et al., 2015). Blocking excitotoxicity leads to 

improvements in HD-like symptoms, which links excitotoxic damage directly to disease 

progression. 

There seems to be a strong connection between excitotoxicity and the 

development of other HD symptoms. The QA treatments show that excitotoxic damage 

can recapitulate the disease, and excitotoxic damage drives the progression of HD. But 

we do not know how mHtt increases excitotoxic damage.  

Mutant Htt decreases some neuroprotective processes and makes neurons more 

susceptible to others. With BDNF, which is a signaling molecule that supports neuronal 

health, transcription levels are reduced in the presence of mHtt. BDNF’s transport down 

cortical axons is also reduced, which prevents it from being delivered to other neurons 

(Zuccato et al., 2001). NF-κB transport to the nucleus decreases with mHtt present or if 

Htt is knocked down (Marcora and Kennedy, 2010). NF-κB is a transcription factor, 

which is activated at the synapse in response to activity, and is transported to the 

nucleus where it transcribes genes involved in synaptic plasticity and neuroprotection, 

including BDNF (Marcora and Kennedy, 2010). Mitochondria in YAC128 also seem to be 

more sensitive to Ca2+ influx, and their membranes depolarize to a greater extent than 

WT controls, leading to an increase in excitotoxic apoptosis signaling (Fernandes et al., 
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2007).  These changes all could alter the response to or exacerbate excitotoxic stress, 

which would accelerate a natural aging rate of apoptosis in the striatum.  

1.5 Loss of function vs gain of function mechanisms in 
Huntington’s disease 

One of the basic questions about the poly-Q Htt mutation is whether this 

dominant mutation results in a new function or blocks the function of normal Htt. This 

question is important not only for development of therapies for HD, but also for how we 

should approach the basic understanding of Htt’s function. Therapies that knockdown 

Htt could exacerbate damage if the pathogenesis of the disease is a result of a loss of 

Htt’s function. Furthermore, much of the data on Htt function was generated by 

comparing the effects of normal to mutant Htt. Considerably more information could be 

derived from this research if it were known in what manner the mutation acts. 

Importantly, researchers found that the CAG repeat expansion does not affect 

transcription or translation of Htt, so the disease must arise through a change in the 

action of the Huntingtin protein (Li et al., 1993). Initially, the field favored a gain of 

function for mHtt. The first sign came from the genetics of the mutation. Dominant 

mutations are gains of function more often than they are a dominant loss of function, 

and while that idea is not proof in itself, it could have influenced how investigators 

looked at their results.  

After Htt was identified, teams set out to genetically manipulate it. In 1995, three 

labs simultaneously produced Htt-null mice. All three labs showed that homozygous 
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knockouts are embryonically lethal, indicating that Htt is an essential protein, but the 

results of heterozygotes were ambiguous (Duyao et al., 1995, Nasir et al., 1995, Zeitlin et 

al., 1995). Two groups completely knocked out the gene so that no protein product was 

produced, and they found no HD phenotypes in their heterozygotes. The third group, 

Michael Hayden’s lab from the University of British Columbia, inserted a neomycin 

cassette into the fifth exon and produced a truncated 20 kDa protein (Nasir et al., 1995). 

These heterozygotes displayed some cognitive deficits and a decrease in the size of the 

subthalamic nucleus, but it was not a good phenocopy of HD. The lack of identifiable 

phenotypes in two of the heterozygotes and phenotypes that do not align with HD in 

the third seem to indicate that a reduction in Htt does not copy the disease, which 

strengthens the gain-of-function hypothesis.  

The results from the Htt heterozygous mice do not exclude the possibility that 

mHtt reduces the native activity below 50%. This possibility is supported by a later 

conditional deletion of Htt that employed the flox allele of Htt. Scott Zeitlin’s lab was 

able to knockout Htt starting at E13.5 and a later knockout after P5. Like disease models, 

these mice had moderately reduced brains, and they showed a pattern of cell death in 

the striatum and cortex while the hippocampus was spared. The phenotypes were more 

pronounced in the line with the E13.5 knockout. The neurodegeneration and cell death 

patterns are similar enough to the disease pattern to illustrate that Htt is particularly 
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involved in cell survival for those regions, and that a loss of Htt’s role in those cells 

could be driving degeneration (Dragatsis et al., 2000).  

The identification of nuclear inclusions formed from mHtt is one of the primary 

arguments for a gain of function for mHtt. In 1997, the inclusions, which are aggregates 

of insoluble Htt, were identified within the nucleus of neurons in a mouse model of HD. 

The formation of these inclusions preceded onset of symptoms. This was first observed 

in R6/2 mice by Davies et al., but has since been identified in other models of HD 

(Davies et al., 1997, Slow et al., 2003). Davies et al. identified these inclusions within the 

nucleus and cytoplasm of neurons through immunochemistry and EM as aggregates of 

ubiquitinated Htt fragments (Davies et al., 1997). The formation of these inclusions 

coincided with the onset of symptoms, and the inclusions were similar to inclusions 

identified in HD patients (DiFiglia et al., 1997). The frequency of inclusion formations in 

HD was linked back to the CAG repeat length, like the onset of symptoms (Becher et al., 

1998). This was an exciting find, as aggregate and plaque formation had been implicated 

in other neurodegenerative diseases, like Alzheimer’s (Jucker and Walker, 2013). Most of 

these data were correlative, and a mechanism for inclusion-based neurodegeneration 

has not been identified.  

While the inclusion-mediated hypothesis of HD pathogenesis is popular and 

often cited, it has some serious flaws. The pattern of inclusion formation in HD brains 

does not correlate with the pattern of degeneration (Kuemmerle et al., 1999). 
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Furthermore, inclusion formation can actually be a neuroprotective event for individual 

neurons (Arrasate et al., 2004). Using an automated robotic microscope and cultured 

striatal neurons, the researchers were able to track individual cultured cells over 

extended time intervals. The neurons were transfected with the GFP fused to the first 

exon of HTT that contained various CAG repeat lengths, and the cells were assessed 

over 12 days for survival, Htt content, and aggregate formation. The team found that the 

levels of diffuse Htt-GFP are the greatest predictor of cell death, and aggregate 

formation acts to protect cells by removal and degradation of diffuse Htt.  

A further setback to the inclusion hypothesis comes from a mouse line that has 

significant inclusion formation but fails to develop any of the symptoms of HD (Slow et 

al., 2005). The shortstop mouse, as it is known, expresses the first two exons of HTT with 

a 120 poly-Q repeat and develops ubiquitinated Htt inclusions in nearly all neurons in 

the striatum, cortex, and hippocampus by 18 months. However they do not experience 

any HD-like symptoms. Compared to YAC128, the shortstop mice form inclusions much 

earlier (as soon as six months), but they do not suffer from any of the physical symptoms 

nor show neurodegeneration. The shortstop mice survive long after the onset of 

inclusion formation, and show in vivo that inclusion formation is not directly linked to 

the onset of symptoms.  

Not only can inclusions exist in neurons without inducing HD-like symptoms, 

but suppression of inclusion formation reduces survival rates. A team at UCSD studied 



 

32 

responses of cultured neurons to excitotoxic assault, and they found synaptic activity 

increases inclusion formation and neuronal survival. When inclusion formation is 

knocked down by inhibiting the TRiC complex through a knock down of its TCP-1 

subunit, there is a dramatic increase in diffuse mHtt that increases cell death (Okamoto 

et al., 2009).  

Inclusions could potentially be involved in some aspects of HD pathogenesis, but 

they do not seem to be the primary vehicle of neurodegeneration. More likely, the 

formation of aggregates is a neuroprotective event that sequesters diffuse mHtt.  

Ultimately, Htt’s poly-Q expansion does not appear to cause a simple gain or loss 

of function; the effect of mHtt’s poly-Q expansion is inconsistent. Certain proteins bind 

more strongly and increase their function like mitochondrial fission GTPase dynamin-

related protein 1 (DRP1) (Song et al., 2011). Yet with other proteins, the poly-Q 

expansion interferes with Htt’s action and acts as a dominant negative. In terms of 

delivery of materials, the poly-Q mutation causes Htt to lose its binding to HAP-1 and 

seems to cause a loss of Htt function (Gauthier et al., 2004). Transport of BDNF, 

GABAAR, mitochondria, and mRNA are all slowed by mHtt or a reduction in Htt levels 

(Gauthier et al., 2004, Twelvetrees et al., 2010, Ma et al., 2011, Reddy and Shirendeb, 

2012). Htt is involved in many important processes in the neurons, and its loss is 

devastating for the brain (Dragatsis et al., 2000).  



 

33 

The combination of greater susceptibility to excitotoxicity and the increased 

excitability of SPNs in HD could be a mechanism for pathogenesis. The changes to 

corticostriatal synapses as early as one month of age, which is still before mature 

synaptic circuits have coalesced, suggests that poly-Q mutant Htt disrupts normal 

synapse formation in the cortex and striatum. Because many of the changes in HD can 

also be attributed to a loss of Htt function, this led me to hypothesize that wild type Htt 

is required for normal cortical and striatal synapse development. In this study, I tested 

the requirement of wild type Htt for the development of synapses in the cortex and the 

indirect pathway SPNs, two neuronal populations seriously affected by HD. I also 

investigated a possible mechanism through which Htt could control excitatory synapse 

formation.  
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2. Cortical Huntingtin is Required for Normal Excitatory 
Synapse Development in Cortical and Striatal Circuits 

2.1 Introduction 

Huntington’s disease (HD) is a fatal neurodegenerative disease caused by a 

mutation that introduces an expanded poly-glutamine stretch (poly-Q>39) into the 

huntingtin (Htt) protein (HDCRG, 1993). Motor dysfunction in HD usually manifests 

during the fourth decade of life and is associated with striatal cell death (Vonsattel et al., 

1985). Many cell types in the brain express Htt, but striatal spiny projecting neurons 

(SPNs) are particularly vulnerable in HD (Eidelberg and Surmeier, 2011). These 

GABAergic neurons have extensive dendritic trees that are packed with numerous 

spines. SPNs receive excitatory synaptic inputs exclusively from outside of the striatum, 

predominantly from the cortex and thalamus (Gerfen and Surmeier, 2011).  

Mutant Htt has been proposed to cause HD through a toxic gain-of-function 

mechanism that triggers SPN death (Davies et al., 1997). However, recent studies in 

humans and HD mouse models show that problems in cortical and striatal synaptic 

connectivity precede neurodegeneration (Crook and Housman, 2011, Raymond et al., 

2011, Unschuld et al., 2012). This has led to the alternative hypothesis that excitotoxicity 

generated by circuit dysfunction is the primary trigger for SPN loss (Milnerwood et al., 

2010, Milnerwood and Raymond, 2010). Moreover, data from multiple studies provide 

evidence that point towards a loss-of-function effect of the poly-Q mutation in Htt 

protein biology (Cattaneo et al., 2005). Significantly, deletion of wild-type Htt in the 
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postnatal mouse central nervous system (CNS) causes progressive neurodegeneration 

(Dragatsis et al., 2000), suggesting that loss of normal Htt function plays key roles in HD 

pathogenesis.  

Htt normally localizes along microtubules and participates in the transport of a 

variety of cargo, including mRNAs, proteins, vesicles, and organelles such as 

mitochondria (DiFiglia et al., 1995, Li et al., 2009, Ma et al., 2011, Reddy and Shirendeb, 

2012, Zala et al., 2013). Notably, Htt is present in excitatory synapses where it associates 

with synaptic vesicles in the presynaptic terminal and facilitates neurotransmitter 

release (DiFiglia et al., 1995, Rozas et al., 2011). In the postsynaptic density, Htt is 

associated with the postsynaptic scaffolding protein PSD95, and this interaction is 

diminished by the poly-Q expansion (Sun et al., 2001, Marcora and Kennedy, 2010). 

Due to the close association of Htt with synapses and the presence of synaptic 

dysfunction with HD, we postulated that Htt plays a critical role in synaptic 

connectivity. To investigate whether Htt is required for the establishment and 

maintenance of cortical and striatal synapses in the mouse CNS, we conditionally 

silenced Htt expression in the developing mouse cortex. In addition, we studied 

synaptic development in a full-length mutant Htt knock-in mouse model of HD, the 

zQ175 mouse. Our findings show that loss of Htt in the cortex leads to the exuberant 

formation of cortical and striatal excitatory synapses which cannot maintain long-term 

functionality. Our findings also show that the presence of mutant Htt impairs cortical 
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synaptic connectivity in a similar manner to the conditional deletion of the gene. This 

provides strong evidence that the presence of mutant Htt leads to a loss of normal Htt 

function in synaptic connectivity. 

2.2 Materials and Methods 

2.2.1 Mice 

To conditionally inactivate the Huntingtin gene in mice (Htt, previously Hdh) we 

used previously described alleles of Htt: a floxed allele Htttm2Szi (hereafter will be referred 

to as Httflox, RRID:MGI_ MGI:2177755) and a null allele Htt - (Dragatsis et al., 2000) 

(Figure 1A). To conditionally silence Htt in the developing mouse cortex, we utilized the 

B6.129S2-Emx1tm1(cre)Krj/J mouse line developed by Kevin Jones (hereafter, Emx1-Cre(Tg) 

mice, RRID:IMSR_JAX:005628) (Gorski et al., 2002). We chose this Cre line because it has 

been shown to successfully induce recombination and inactivation of floxed alleles in 

the mouse cortex (Gorski et al., 2002). Emx1-Cre was transmitted only though females in 

our experiments. Experimental breeding pairs were as follows: Htt(+/-);Emx1-cre(Tg/Tg) x 

Htt(flox/flox). Control mice were Htt(flox/+);Emx1-Cre(Tg/0), and cortical conditional deletion mice 

(hereafter, Cort-cKOs) were Htt(flox/-);Emx1-Cre(Tg/0). The Control mice have a single copy 

of Htt gene in the cortex but a double copy elsewhere in the brain. In Cort-cKOs, both 

copies of the Htt gene are deleted in the cortex, but they are heterozygous elsewhere in 

the brain. Thus, littermate gender-matched Htt(flox/+) and Htt(flox/-) mice (hereafter Htt(fl/+) 

and Htt(f/-), respectively) were employed to control for possible effects of Htt 
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heterozygosity in the Cort-cKOs. To identify Cre-expressing cells we crossed the Emx1-

Cre mice to the Gt(ROSA)26Sortm2(CAG-tdTomato)Fawa mouse line (a kind gift from Dr. Fan 

Wang of Duke University, RRID:MGI_ MGI:5305341) that expresses tdTomato upon Cre 

recombination. All the mice used in this part of the analyses (Control, Cort-cKO, Htt(f/+) 

and Htt(f/-) mice were in a mixed C57Bl6/129 background. For all our analyses we 

compared littermate gender-matched Control and Cort-cKO mice or Htt(f/+) and Htt(f/-) 

mice. 

For our analyses on the effect of the HD mutation on synapse development we 

utilized a recently developed full-length knock-in (KI) mouse model of HD known as 

zQ175 (Menalled et al., 2012). These mice originated by a spontaneous expansion of the 

CAG repeats in the Q140 knock-in mutant allele, and they are held in C57Bl6 

background (Menalled et al., 2003). In zQ175 the first exon of Htt is a chimera between 

the mouse exon sequences and human sequence containing the sequence encoding the 

expanded poly-Q stretch and adjacent proline-rich region. The size of the poly-Q stretch 

ranges between 175 and 200. For our experiments male mice with the Htt(zQ175/+) genotype 

were crossed with Htt(+/+) (hereafter referred to as WT) females. The offspring of these 

breeding pairs yielded littermate pairings for our analyses (mice of either sex were 

used). WT group: Htt(+/+) and heterozygous KI group (hereafter referred to as zQ175): 

Htt(zQ175/+). 
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2.2.2 Western blot 

Brains from P21 Htt(f/+), control, Htt(f/-) and Cort-cKO mice (3 animals per 

genotype) were isolated. Motor and somatosensory cortices and striata were dissected 

out and homogenized in ice-cold Solubilization Buffer (SB, 25 mM Tris pH 7.2, 150 mM 

NaCl, 1mM CaCl2, 1 mM MgCl2) containing 0.5% NP-40 (Thermo Scientific) and 

protease inhibitors (CompleteTM EDTA free, Roche). Protein concentrations of the lysates 

were determined using micro BCA protein assay kit (Pierce). 75 μg of total protein/well 

in SDS-PAGE buffer (Pierce) was loaded into 4-15% polyacrylamide gels (BioRad), 

resolved by SDS-PAGE, and transferred onto an Immobilon-FL PVDF membrane 

(Millipore). 

Blots were blocked in 50% blocking buffer (Rockland MB-070) in PBS containing 

0.01% Tween-20 for 1 hour at room temperature before incubating with primary 

antibody dilutions in blocking buffer (mouse anti-Htt 1:1000 (Millipore 2166, 

RRID:AB_2123255), rabbit anti-β-tubulin 1:1000 (Li-Cor 926-42211, RRID:AB_1850029)) 

overnight at 4°C. Fluorescently-labeled secondary antibodies (Li-Cor) were diluted 

(1:5000) in the same buffer as primary antibodies and Western blots were incubated with 

secondary antibodies for 2 hours at room temperature in the dark. Detection was 

performed using the Li-Cor Odyssey System. Four sets of lysates (Htt(f/+), control, 

Htt(f/-) and Cort-cKO mice) corresponding to 3 animals per genotype per brain region 

were used. Each sample was run in triplicates. The intensities of protein bands were 
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quantified using ImageJ. Htt band intensities in each well were normalized to the levels 

of the loading control, β-tubulin, in that sample. The quantified relative intensities were 

divided to that of the Htt(f/+) brain lysates. Statistical differences in protein levels in 

cKOs in comparison to other genotypes were calculated using a one-tailed student’s t-

test. 

2.2.3 Immunohistochemistry 

Mice of either sex were perfused intracardially with Tris-Buffered Saline (TBS, 25 

mM Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 µM heparin 

followed with 4% PFA in TBS. The brains were removed and fixed with 4% PFA in TBS 

at 4°C overnight. The brains were cryoprotected with 30% sucrose in TBS overnight then 

embedded in a 2:1 mixture of 30% sucrose in TBS:OCT (Tissue-Tek). Brains were 

cryosectioned at 20 µm using a Leica CM3050S. Sections were washed and 

permeabilized in TBS with 0.2% Triton-X 100 (TBST). Sections were then blocked in 5% 

Normal Goat Serum (NGS) in TBST for 1 hour at room temperature. Primary antibodies 

(Rabbit ant-RFP 1:2000 (Rockland Immunochemicals 600-401-379, RRID:AB_2209751), 

mouse anti-DARPP32 1:500 (BD 611520, RRID:AB_398980), mouse anti-GFAP (Glial 

Fibrillary Acidic Protein) 1:1000 (Sigma-Aldrich G3893, RRID:AB_477010), and rabbit 

anti-Iba1 (Ionized calcium binding adapter molecule 1) 1:7500 (Wako 019-19741, 

RRID:AB_839504), rabbit anti-ER81 1:6000 (Abcam ab36788, AB_732196), rat anti-CD68 

1:500 (BioLegend 137001, RRID:AB_2044003), mouse anti-NeuN 1:1000 (Millipore 
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MAB377, RRID:AB_2298772), rabbit anti-Caspase-3 1:600 (Cell Signaling 9661, 

RRID:AB_2314091), guinea pig anti-VGLUT2 1:7500 (Millipore AB5907, 

RRID:AB_2301731), guinea pig anti-VGLUT1 1:2500 (Millipore AB5905, 

RRID:AB_2301751), rabbit anti-PSD95 1:350 (Invitrogen 51-6900, RRID:AB_87705)) were 

diluted in 5% NGS in TBST. Sections were incubated overnight at 4°C with primary 

antibodies. Secondary Alexa-fluorophore conjugated antibodies (Invitrogen) were added 

(1:200 in TBST with 5% NGS) for 2 hours at room temperature. Slides were mounted in 

Vectashield with DAPI (Vector Laboratories) and images were acquired on confocal 

laser-scanning microscopes (Leica SP5, Leica SP8 or Zeiss LSM 710). 

2.2.4 Cell number quantification 

Coronal brain sections from P21 or 5-week old littermate control and Cort-cKO 

brains that contained the motor (M1) cortex and dorsal striatum regions (Bregma 0.5-1.1 

mm, The Mouse Brain in Sterotaxic Coordinates, (Franklin and Paxinos, 2001)) were 

stained with nuclear stain DAPI or cell-type specific markers (NeuN for neurons, GFAP 

for reactive astrocytes, Iba1 for microglia) as described above. The motor cortex was 

imaged at 40X magnification on a Leica SP8 as a series of images from the pia to the 

striatum with 30% overlap. The images were stitched together using the Fiji image 

processing package based on ImageJ (Schindelin et al., 2012). The stitched images of the 

cortices were divided into 12 equal parts (identical dimensions in all images) 

encompassing the distance between the pia and the corpus callosum. The number of 
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DAPI-positive nuclei, GFAP-positive reactive astrocytes, NeuN-positive neurons and 

Iba1-positive microglia were counted using the Cell Counter Plugin for ImageJ 

(Schneider et al., 2012) in the tiled images. 3 independent brain sections from 3 

animals/genotype/age were analyzed in this manner (i.e. each data point corresponds to 

9 separate image tiles). 

For thalamic cell quantification, coronal brain sections from 5-week old control 

and Cort-cKO brains that contained the intralaminar nuclei of the dorsal thalamus 

(Bregma -1.06 - -1.82 mm, The Mouse Brain in Stereotaxic Coordinates, (Franklin and 

Paxinos, 2001)) were stained with neuronal marker NeuN as described above. The 

thalamus was imaged at 20X magnification on a Zeiss 710 as a series of 8 425 by 425 µm 

tiled images. These images were stitched together using ZEN 2009 software from Zeiss 

to produce an 850 by 1700 µm image of the thalamus. A 350 by 100 µm rectangle was 

drawn in the central and paracentral lateral nuclei that innervate the dorsal striatum 

(Berendse and Groenewegen, 1990), and the number of NeuN-positive neurons within 

this rectangle was counted using the Cell Counter Plugin for ImageJ (public domain 

software from the National Institutes of Health, RRID:nif-0000-30467). Four independent 

brain sections for each animal and three animals per genotype were analyzed. 

2.2.5 Synapse quantification in mouse brain sections 

Three independent coronal brain sections per each mouse, which contain the 

motor (M1) cortex and dorsal striatum (Bregma 0.5-1.1 mm, The Mouse Brain in 



 

42 

Sterotaxic Coordinates, (Franklin and Paxinos, 2001)), were stained with pre- (VGlut1 or 

VGlut2) and post-synaptic (PSD95) marker pairs as described in (Ippolito and Eroglu, 

2010, Kucukdereli et al., 2011) (3-4 animals/genotype/age, each Cort-cKO or zQ175 mice 

were compared to a littermate gender-matched control or WT mouse). 5 µm thick 

confocal scans (optical section depth 0.33 µm, 15 sections/scan, imaged area/scan=20945 

µm2) of the synaptic zone in the M1 motor cortex or dorsal striatum were performed at 

63x magnification on a Leica SP5 confocal laser-scanning microscope. Maximum 

projections of 3 consecutive optical sections (corresponding to 1 µm total depth) were 

generated. The Puncta Analyzer Plugin (available upon request; 

c.eroglu@cellbio.duke.edu) for ImageJ was used to count the number of co-localized 

synaptic puncta. This assay takes advantage of the fact that pre- and postsynaptic 

proteins reside in separate cell compartments (axons and dendrites, respectively) and 

they would appear to co-localize at synapses due to their close proximity. At least 5 

optical sections per brain section and at least 3 brain sections per animal were analyzed, 

making a total of 45-60 image data sets per brain region in each genotype/age. Details of 

the quantification method can be found in (Ippolito and Eroglu, 2010). 

2.2.6 Golgi-Cox staining, dendritic arborization and spine analysis 

Golgi-Cox stainings were performed on Cort-cKO, Htt (f/-), and zQ175 mice and 

their gender-matched littermate controls (3 mice of either sex per genotype) using the 

FD Rapid GolgiStain Kit (FD NeuroTechnologies). Dye-impregnated brains were 
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embedded in Tissue Freezing Medium (TFM, TBS, Durham, NC) and were rapidly 

frozen on ethanol pre-treated with dry ice. Brains were cryosectioned coronally at 80 μm 

thickness and were mounted on gelatin-coated microscope slides (Southern Biotech, 

Anaheim, CA). Sections were stained according to the directions provided by the 

manufacturer.  

Sections that contained M1 motor cortex and dorsal striatum were imaged. Layer 

2/3 and 5 pyramidal neurons were identified by their distance from pia and by their 

distinct morphologies. Similarly SPNs in the striatum were identified by their 

morphology. To analyze neuroanatomy and dendritic arborization, cell bodies, proximal 

apical and basal dendrites were traced using the Neurolucida software (MBF Bioscience) 

at 40x magnification. Total basal dendrite outgrowth and Sholl analysis were calculated 

using the Neurolucida software. 

Secondary and tertiary apical dendrites were imaged for spine analysis as 

follows: Z-stacks (30 microns total on z-axis, single section thickness = 0.5 m) of Golgi-

stained dendrites were taken at 63x magnification on a Zeiss AxioImager M1. Series of 

TIFF files corresponding to each image stack were loaded into the Reconstruct program 

(available at http://synapses.clm.utexas.edu, RRID:nif-0000-23420) (Fiala, 2005) 

and 10 m segments of dendrites were chosen for analyses. Spines were identified on 

selected dendritic stretches. Z-length (spine length) and spine head width were 

measured for each spine. These measurements were exported to Microsoft Excel. A 

http://synapses.clm.utexas.edu/
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custom Excel macro was used to classify spines based on the width, length and 

length:width ratio measurements taken in Reconstruct. Spines were categorized based 

on the following hierarchal criteria: 1) more than one spine head = “branched spine”, 2) 

head width > 0.7 µm = “mushroom spine”, 3) length>2 µm = “filopodia”, 4) 

length:width>1 = “thin spine”, 5) length:width≤1= “stubby spine”. Branched and 

mushroom spines were identified as mature spines, thin and stubby spines were 

categorized as intermediate spines, and filopodia were classified as immature spines 

(Figure 3A). Statistical analyses of changes in spine density, length, width and spine 

type were conducted in the Statistica program (StatSoft, Tulsa, OK) (3 animals/genotype, 

15 dendrites/animal, 45 dendrites per genotype total were analyzed for layer 2/3 and 

layer 5 cortical neurons and 12 dendrites/animal, 36 dendrites per genotype were 

analyzed in SPNs. The number of spines analyzed per neuron type per age per genotype 

exceeded 1500). 

2.2.7 Electrophysiology 

Brain slices containing both striatum and cortex were prepared from 5 week old 

mice of either sex as follows. Briefly, animals were sacrificed by decapitation, and the 

brains were transferred rapidly to ice-cold modified artificial cerebrospinal fluid (aCSF) 

containing (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, 

and 10 D-glucose. Modified aCSF was brought to pH 7.4 by aeration with 95% O2/5% 

CO2. Coronal sections (250 microns) were cut in ice-cold modified aCSF using a 
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vibratome 1000, and transferred immediately to a nylon net submerged in normal aCSF 

containing (in mM): 124 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 

10 D-glucose. Normal aCSF was maintained at pH 7.4 by bubbling with 95% O2/5% CO2 

at room temperature. Picrotoxin (50 μM) was added to the bath to block GABAergic 

transmission. Pipettes were pulled from borosilicate glass capillaries on a Narishige PC-

10 micropipette puller. Pipettes were filled with an internal solution containing (in mM): 

120 cesium methane sulfonate, 5 NaCl, 10 tetraethylammonium chloride, 10 HEPES, 4 

lidocaine N-ethyl bromide, 1.1 EGTA, 4 Mg-ATP, and 0.3 Na-GTP, pH adjusted to 7.2 

with CsOH, and osmolarity set to 298 mOsm with sucrose. Recordings were made from 

layer 5 pyramidal cortical neurons and spiny projecting neurons in the dorsolateral 

striatum. Cells were visually identified based on their characteristic size, shape, and 

location. Cells were voltage-clamped at –70 mV for spontaneous EPSCs (sEPSCs). For 

evoked EPSCs, test stimuli were delivered via a Master-8 stimulator through a bipolar 

twisted tungsten wire, and the stimulus intensity was set to the level at which EPSC 

amplitude was 200-400 pA. To measure NMDA currents, cells were clamped at +40 mV, 

and the amplitude at 50 ms after the stimulus artifact was measured to eliminate any 

fast AMPA component of the current. NMDA/AMPA ratio was calculated by dividing 

the NMDA amplitude at +40 mV by the amplitude at -70 mV. Paired pulse ratio (PPR) 

was determined by calculating the ratio of the amplitude of the second EPSC peak to 

that of the first EPSC. Series resistance was closely monitored, and was usually between 
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10 to 15 MΩ. Synaptic currents were recorded with an Axopatch 1D amplifier, filtered at 

5 kHz, digitized at 10 kHz, stored on a computer, and analyzed using pCLAMP10.  

2.3 Results 

2.3.1 Conditional silencing of Htt in the developing mouse cortex 

Since Htt is essential for embryonic survival (Duyao et al., 1995, Nasir et al., 1995, 

Zeitlin et al., 1995), we examined its role in synaptic development by conditionally 

inactivating the floxed allele in the mouse cortex with the Emx1-Cre transgene (Figure 

1A). We chose to silence Htt in cortex because: 1) Cortical synaptic dysfunction is an 

early event in HD (Unschuld et al., 2012). 2) The highest expression of Htt is localized to 

cortical pyramidal neurons rather than the SPNs of the striatum (Fusco et al., 1999). 3) 

The timeline of synapse development and maturation is well studied in the mouse 

cortex. 

Previous characterization of the Emx1-Cre transgene showed that Cre expression 

is restricted to the cortex, hippocampus and olfactory bulb (Gorski et al., 2002). 

Importantly, Cre expression is present in all cortical pyramidal neurons including those 

from layer 5 that project to the striatum. Cre expression is detected as early as embryonic 

day 9.5, prior to early postnatal synaptic development. A previous study showed that 

Htt plays a role in neural progenitor mitosis during cortical development (Godin et al., 

2010). Therefore we first analyzed whether deletion of Htt significantly altered cell  
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Figure 4. Conditional silencing of Htt expression in the cortex. A) Genotyping 

strategy to identify Htt(flox/+) and Htt(flox/-) mice. B) Total cell count of the M1 motor cortex 

at P21 using DAPI staining (3 images/mouse, 3 mice/genotype). Cortical layers 

indicated. SZ = synaptic zone (a.k.a. layer 1). Two-way ANOVA and one-tailed, 
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homoscedastic t-test was used. Error bars show mean ± SEM. C) Western blot analysis of 

total Htt protein levels in the motor and somatosensory cortices and striata of cKO mice. 

Brain lysates from three P21 mice per genotype were used. Htt levels were normalized 

to loading control β-Tubulin. Htt and tubulin signals are from the same gel. Htt protein 

runs at about 350kDa. Htt (f/+) (wildtype) = Htt(flox/+) . Control = Htt(flox/+); Emx1-cre(TG/0). Htt 

(f/-) (heterozygous) = Htt(flox/-). cKO = Htt(flox/-); Emx1-cre(TG/0). D) Emx1-Cre is expressed in 

the cortex, hippocampus and olfactory bulb. Region-specific Cre expression was verified 

by breeding Emx1-Cre mice with Cre reporter mice, ROSA(STOP)loxPtdTomato. Inlay: 

Cre expression (td-tomato signal) is localized to cell bodies within the cortex, 

hippocampus and olfactory bulb. td-tomato-positive axonal tracks (arrow) innervate the 

striatum. CC= corpus callosum. E) High magnification images in the dorsal striatum of 

the reporter mice revealed that td-tomato-positive axonal tracks (arrow) do not co-

localize with DARPP32-positive SPN cell bodies (asterisk). 

 

number in cortical layers. Analyses of nuclei in the M1 region of the motor cortex at 

postnatal day 21 (P21) revealed no gross changes in cortical layer structure or cell 

number (Two-Way ANOVA, p=0.57) (Figure 4Figure 4B). The number of NeuN-positive 

neurons was also not significantly different between genotypes (Figure 9D).  

To determine whether Htt expression was decreased in the Cort-cKOs, we 

performed Western blot analyses of cortical and striatal lysates from control and Cort-

cKO mice. As expected, in Cort-cKOs the level of Htt protein in the cortex was greatly 

reduced (Figure 4C). However, not all Htt protein was lost in the Cort-cKO cortex, 

which is most likely due to the expression of Htt in cortical interneurons, a cell type in 

which the Emx1 promoter is not active (Gorski et al., 2002). Besides controls and Cort-

cKOs, we also quantified the cortical Htt levels in Htt(f/+) and Htt(f/-) mice. 

Surprisingly, we did not observe a significant difference in Htt protein abundance in the 

cortices of Htt(f/+) mice, which have double copies of the Htt gene (one floxed and one 
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wildtype allele), and the Htt(f/-) or Control mice which have a single copy of Htt gene 

(one floxed allele) all over the body or in the cortex, respectively. This result suggests 

that loss of a single copy of Htt gene does not alter the levels of Htt protein in the motor 

and somatosensory cortices. 

Surprisingly, we detected a significant decrease in the Htt levels in the striata of 

Cort-cKOs compared to Control mice (p=0.001) (Figure 4C). This raised the possibility 

that Emx1-Cre line drives expression of Cre also in the striatum, particularly in the 

SPNs. To determine the pattern of Cre expression we crossed the Emx1-Cre line to a 

reporter line, ROSA26-STOP(loxP/loxP)-td-tomato. In the mice that harbor this reporter gene, 

td-tomato (RFP) expression is only activated in cells that express Cre. Emx1-Cre 

expression (reported by td-tomato fluorescence) was largely restricted to cortex, 

hippocampus and olfactory bulb (Figure 4D). However, we also observed extensive td-

tomato-labeled cortical axonal projections in the striatum (Figure 4D, inlay, black arrow). 

These axonal innervations closely associated with but did not co-localize with the striatal 

SPNs, which were marked with the SPN-specific marker DARPP32 (Figure 4E). These 

data show that Emx1 promoter does not drive Cre expression in striatal neurons. Taken 

together our findings show that conditional deletion of Htt in the cortex by Emx1-Cre 

severely reduces Htt levels both in the cortex and in the striatum. These findings 

indicate the possibility that a major portion of the total Htt in the striatum exists within 

cortical afferents.  
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2.3.2 Loss of cortical Htt expression leads to enhanced excitatory 
synapse development in the cortex and the striatum 

To examine Htt’s effects on synapse development we first analyzed synapses at 

P21, which marks the end of the synapse formation period in the cortex but before the 

synaptic maturation and pruning events are concluded. To assess intra-cortical synaptic 

connections, we focused on the synaptic zone below the pia in the M1 motor cortex 

(Figure 5A). Layer 2/3 and layer 5 excitatory pyramidal neurons project extensive 

dendritic trees to this region and form a large number of the cortico-cortical connections 

(Thomson and Lamy, 2007). First, we quantified the number of synaptic puncta as the 

co-localization of the pre- and post-synaptic markers (VGlut1 and PSD95, respectively) 

that are specific for the excitatory intra-cortical synapses. We found a highly significant 

(1.5 fold) increase in the number of excitatory synaptic puncta in Cort-cKOs compared to 

littermate controls (one-tailed student’s t-test, p=0.007) (Figure 5B). Increased synapse 

number in the cortices of Cort-cKO mice was due to the conditional deletion of Htt in 

the cortex and not due to Htt heterozygosity elsewhere in the brain, because the Htt (f/-) 

mice had similar synapse numbers in the cortex when compared to littermate Htt(f/+) 

mice (Figure 5C). These results show that lack of Htt in the cortex leads to increased 

intra-cortical connectivity at P21. Next, we analyzed striatal synapses in P21 control and 

Cort-cKOs to determine the effect of loss of cortical (i.e. presynaptic) Htt on striatal 

connectivity. The striatum receives excitatory inputs from both the cortex and thalamus 

(Figure 5D), and the axonal innervations from these inputs  
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Figure 5. Loss of Htt in the cortex leads to an increase in excitatory synapse 

formation in the cortex and striatum at P21. A) Coronal brain diagram indicating the 

regions of interest for analyses of synaptic puncta number. B) (Left) Immunostaining of 

M1 motor cortex synaptic zone with presynaptic marker VGlut1 (green) and 

postsynaptic marker PSD95 (red). (Right) Quantification of number of VGlut1-PSD95 co-

localized synaptic puncta. Error bars show mean ± SEM. C) (Left) Immunostaining of 

M1 motor cortex synaptic zone of Htt (f/+) and Htt (f/-) mice with presynaptic marker 



 

52 

VGlut1 (green) and postsynaptic marker PSD95 (red). (Right) Quantification of number 

of VGlut1-PSD95 co-localized synaptic puncta. D) Schematic representation of cortico-

striatal and thalamo-striatal connectivity and feedback loops. Cortico-striatal synapses 

contain presynaptic VGlut1, and thalamo-striatal synapses contain presynaptic VGlut2 

(GPe = external globus pallidus, GPi = internal globus pallidus, STN = subthalamic 

nucleus, SNr = substantia nigra). E) (Left) Immunostaining of dorsal striatum with 

postsynaptic marker PSD95 (red) and either VGlut1 (cortical) or VGlut2 (thalamic) as 

presynaptic marker (green). Some of the co-localized synaptic puncta are shown with 

white arrows. Scale bar = 10 μm. (Right) Quantification of co-localized puncta 

number(Error bars mean ± SEM).  F) (Left) Immunostaining of dorsal striatum of Htt 

(f/+) and Htt (f/-) mice with postsynaptic marker PSD95 (red) and either VGlut1 (cortical) 

or VGlut2 (thalamic) as presynaptic marker (green) (Right) Quantification of co-localized 

puncta number. (B-C and E-F) Some of the co-localized synaptic puncta are marked with 

white arrows. (Scale bar = 10μm). Error bars show mean ± SEM.  

We next determined the effects of cortical Htt knockdown on neuronal 

morphology by tracing the dendrites of Golgi-Cox stained layer 2/3 and layer 5 

pyramidal neurons of the M1 cortex and SPNs of the dorsal striatum (Figure 6A). In the 

cortices of Cort-cKO mice, dendritic outgrowth of layer 2/3 and layer 5 pyramidal 

neurons were differentially affected. The layer 2/3 neurons displayed decreased total 

dendrite outgrowth (two-tailed student’s t-test, p=0.03) and complexity (Sholl analysis, 

ANCOVA, p=7.39 x 10-9) (Figure 6B) in Cort-cKOs when compared to Controls. On the 

contrary, the layer 5 neurons exhibited a significant increase in overall dendritic 

outgrowth (two-tailed student’s t-test, p=0.01), and Sholl analysis revealed a more 

complex morphology (ANCOVA, p=1.76x10-6) in Cort-cKOs compared to Controls. The 

morphology of SPNs is similar in Cort-cKOs and Controls (Figure 6D). These findings  
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Figure 6. Loss of cortical Htt alters dendritic outgrowth and accelerates spine 

maturation in both the cortex and striatum at P21. A) Coronal brain diagram indicating 

the regions of interest and the types of neurons that were analyzed. (B-D) 

Representative traces, quantification of basal dendritic outgrowth, and Sholl analysis of 



 

54 

cortical pyramidal neurons in B) layer 2/3 and C) layer 5 and D) SPNs of the dorsal 

striatum (12 cells/animal, 3 animals/genotype, error bars show mean ± SEM, ANCOVA 

method). E) Classification method and categorization criteria for Golgi-Cox stained 

dendritic spine types. 10 m stretches of dendrites were analyzed for spine number and 

type. (F-H) Representative dendrite stretches and quantification of dendritic spine 

density of cortical pyramidal neurons in F) layer 2/3 and G) layer 5 and in H) SPNs of 

the dorsal striatum (15 dendrites/animal for F and G, 12 dendrites/animal for H, 3 

animals/genotype, error bars show mean ± SEM, ANCOVA method. Scale bar = 10μm). 

show that loss of cortical Htt affects dendritic morphology leading to opposite effects on 

the outgrowth and elaboration of layer 2/3 and layer 5 cortical neurons. 

In the cortex and striatum, the majority of excitatory synapses are 

compartmentalized into dendritic spines, which undergo morphological maturation 

during development (Figure 6E). Previous studies detected significant changes in the 

number and morphology of dendritic spines in HD patients and in mouse models of HD 

(Ferrante et al., 1991, Nithianantharajah and Hannan, 2013). Therefore, we performed a 

detailed quantitative analysis of dendritic spine density and morphology. We focused 

on the secondary and tertiary dendrites of layer 2/3 and layer 5 cortical neurons and the 

SPNs of the dorsal striatum. Spines were categorized based on their spine length and 

head width (Figure 6E and Material and Methods).  

We found that at P21, layer 2/3 pyramidal neurons of Cort-cKO mice have no 

significant changes in spine maturity when compared to littermate controls. By contrast, 

the layer 5 pyramidal neurons have significantly more mature spines compared to 

controls (t-test, p=0.03) (Figure 6F-G). Surprisingly, we did not find an overall increase in 

spine density in Cort-cKOs despite the increase in synapse number found in the synaptic 
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zone (Figure 5B). Taken together our results show that neither an increase in spine 

density nor an increase in dendritic outgrowth alone could account for the increase in 

synapse number we observed in the synaptic zone (Figure 5). 

Interestingly, similar to the layer 5 pyramidal neurons, the SPNs of the dorsal 

striatum in Htt cortical cKO mice also showed accelerated spine maturation at P21 (t-

test, p=0.009) (Figure 6H). The increase in mature spines in the Cort-cKOs was primarily 

driven by an increase in the number of “mushroom” type spines. Taken together our 

findings suggest that wildtype Htt functions to inhibit the exuberant formation of 

excitatory connections and pace their maturation within cortical and striatal circuits.  

2.3.3 Exuberant cortical connectivity is not maintained in 5-week old 
Cort-cKOs 

After the early period of synapse formation (first 3 postnatal weeks in mice), 

synapses undergo a period of refinement and maturation in which some connections are 

eliminated and other connections strengthen and grow (fourth and fifth weeks of 

postnatal development). This later stage of excitatory synapse development is activity-

dependent and is required to shape synaptic circuits to establish functional networks 

(West and Greenberg, 2011). To determine whether this period of development was 

altered by the lack of Htt in the cortex, we investigated synaptic connectivity in 5-week 

old (5wk) Htt cortical cKO mice and their littermate controls.  
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Figure 7. Loss of Htt in the cortex leads to structural immaturity of intra-

cortical synapses in 5 week-old mice.  A) Immunostaining of the synaptic zone in M1 

motor cortex with presynaptic marker VGlut1 (green) and postsynaptic marker PSD95 
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(red) shows co-localized synaptic puncta (white arrows) in control and Htt cKO 5 week 

old mice. (Scale bars: 10 μm) (Right) Quantification of co-localized and PSD95 puncta 

number (error bars show mean ± SEM). B) Quantification of dendritic spine density in 

cortical layer 2/3 and C) layer 5 pyramidal neurons. D) Representative traces, 

quantification of basal dendritic outgrowth, and Sholl analysis of cortical pyramidal 

neurons in layer 2/3 and E) layer 5 (12 cells/animal, 3 animals/genotype, error bars show 

mean ± SEM, ANCOVA). 

Surprisingly, the Cort-cKO mice displayed a reversal of synaptic phenotypes in 

the cortex at 5 weeks compared to P21. The increase in synapses seen in the Cort-cKO 

mice at P21 (Figure 5B) has completely disappeared in 5wk mice (Figure 7A). Notably, at 

this age the number of the postsynaptic PSD95 puncta was significantly lower in the 

Cort-cKOs when compared to controls (t-test, p=0.04) (Figure 7A).  

Analysis of spines in the Golgi Cox-stained cortical neurons showed that at 5wk 

in Cort-cKOs there are fewer mature and more intermediate spines compared to 

littermate control mice (student’s t-test, p<0.05) (Figure 7B). This phenotype is a reversal 

of the accelerated maturation we observed in Cort-cKO cortices at P21. Moreover, spines 

on both the layer 2/3 and layer 5 pyramidal neurons are affected at 5 weeks (Figure 7B-

C), whereas accelerated maturation of spines is restricted to the layer 5 neurons at P21 

(Figure 6F-G). 

 Similar to the number of synapses, dendritic outgrowth was also normalized to 

control levels in Cort-cKO mice at 5 weeks. Layer 2/3 pyramidal neurons no longer 

exhibited a significant difference in basal dendritic outgrowth (Figure 7D), but Cort-cKO 

mice still had less complex arborization (ANCOVA, p=0.02). There were no significant 
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differences in the outgrowth and elaboration of the layer 5 neurons between the control 

and Cort-cKO mice (Figure 7E).  

Our Golgi-Cox-based analysis of spine structure and the immunohistochemical 

examination of synaptic puncta suggest an immature phenotype for cortical synapses in 

5wk Cort-cKOs. To determine if these structural changes have functional consequences 

we conducted electrophysiological analyses of excitatory synaptic transmission in layer 

5 neurons (Figure 8). We found that the amplitude of spontaneous excitatory 

postsynaptic currents (sESPCs) was significantly decreased in Cort-cKOs when 

compared to control mice (unpaired t-test, p<0.01), indicating that the synaptic strength 

is reduced in Cort-cKO mice (Figure 8B). The frequency of sEPSCs was unchanged in 

Cort-cKOs (unpaired t-test) (Figure 8C). These electrophysiological results are in line 

with our anatomical analyses and show that in 5wk Cort-cKO mice excitatory 

connections are weaker, but similar numbers of connections are made onto layer 5 

cortical neurons in both genotypes. Using evoked EPSCs (Figure 8D), we found a 

significantly higher NMDA to AMPA ratio in Cort-cKOs compared to controls 

(unpaired t-test, p=0.02) (Figure 8E). We observed no changes in presynaptic release 

probability as indicated by the paired-pulse ratio (PPr) (unpaired t-test, p>0.05) (Figure 

8F). Taken together, these results show that despite the earlier pro-synaptogenic and  
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Figure 8. Loss of cortical Htt leads to weakened synaptic activity in the layer 5 

pyrimidal neurons at 5 weeks. A) Electrophysiological recordings from layer 5 

pyramidal neurons for spontaneous excitatory postsynaptic current (sEPSCs) (Control 

n= 17; Cort-cKO n=13). B) Amplitude of excitatory currents decreases in Cort-cKO 

(student’s t-test). C) Interevent interval is not significantly different between genotypes 

(student t-test). D) Electrophysiological recordings of evoked excitatory postsynaptic 

currents (eEPSCs) from layer 5 pyramidal neurons were used to determine the 

NMDA/AMPA ratio (E) and paired pulse ratio (PPr) (F) (Control n= 18, Cort-cKO n=14). 

NMDA to AMPA ratio is significantly higher in Cort-cKOs. (Error bars mean ± SEM. *p 

< 0.05, t-test.) 
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pro-maturation effects of Htt deletion in the cortex, intra-cortical connectivity is 

weakened in Cort-cKO mice by 5 weeks of age. These results also indicate that Htt is 

critically required for the maturation and maintenance of synapses during the later 

stages of synapse development. 

2.3.4 Layer- and region-specific reactive gliosis occurs in the cortices 
of 5wk-old Cort-cKO mice 

Two classes of glial cells, astrocytes and microglia, are known to play critical 

roles in regulating synaptic development and homeostasis (Eroglu and Barres, 2010). 

Both glial cell types are also known to sense synaptic activity and to respond to synaptic 

dysfunction by altering their gene expression and morphology (Sofroniew, 2009, Aguzzi 

et al., 2013) in a process known as reactive gliosis. To determine whether the synaptic 

deterioration in the cortex of 5wk Cort-cKOs triggers reactive gliosis, we performed 

immunohistological analyses of the Cort-cKO and control brains with cell specific 

markers (Figure 9). Glial Fibrillary Acidic Protein (GFAP) is a known marker for white 

matter astrocytes and reactive astrocytes. In normal cortices, GFAP-positive (GFAP+) 

astrocytes are rare and are restricted to the pia and white matter (corpus callosum and 

white matter tracks) (Figure 9A, left). In contrast, in 5wk Cort-cKO brains we detected a 

belt of GFAP+, reactive astrocytes that are primarily localized to the M1 motor and the 

somatosensory regions of the cortex (Figure 9A, right). This belt of GFAP+ astrocytes is 

not present in P21 Cort-cKOs (not shown) but is present in all of the 5wk Cort-cKO mice 

we analyzed (n>8). The thickness of the GFAP+ astrocyte belt varied between individual  
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Figure 9. Loss of cortical Htt leads to region- and layer-specific reactive gliosis 

in the cortex at 5 weeks. A) Coronal sections from 5 week old control and Cort-cKO 

mice stained with GFAP to identify reactive astrocytes. Inlay shows the cortical motor 

(M1 and M2) and somatosensory (S) regions of the cortex. B) (Upper) Quantification of 

cells stained by GFAP. Significant increase in number of GFAP-positive cells 

corresponds to layer 5 of the cortex (3 images/mouse, 3 mice/genotype, error bars mean 

± SEM. Two-way ANOVA, p= 3.13 x 10-5.). (Lower) Immunostaining of ER81 (green), a 

layer 5 marker, and GFAP (red) shows overlapping expression. C) Immunostaining of 

GFAP (green), CD68 (red), and Iba1 (white) shows increased CD68 staining of microglia 

(Iba1) in the GFAP band of reactive astrocytes in Cort-cKO mice. D) Quantification of 

microglia (Iba1) and neurons (NeuN) show no significant change in number or 

distribution at 5 weeks of age (3 images/mouse, 3 mice/genotype, two-way ANOVA, 

error bars mean ± SEM. *p < 0.05.)  
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Cort-cKO mice and was always thicker in the somatosensory cortex and M1 compared 

to other neocortical areas such as M2. GFAP+ astrocytes were mostly excluded from all 

other cortical areas such as the piriform and cingulate cortices at this age. To determine 

to which layer of cortex the reactive astrocytes localized, we quantified the number of 

GFAP+ astrocytes throughout the 5wk Cort-cKO cortex and in littermate controls. Our 

analyses showed a highly significant increase in the number of GFAP+ astrocytes within 

upper layer 5 (Two-Way ANOVA, p = 3.13 x 10-5) (Figure 9B). We further verified the 

layer 5A localization of GFAP+ astrocytes by co-staining control and Cort-cKO brains 

with a layer 5-specific marker (ER81, Figure 6B). Taken together, these findings show 

that a region- and layer-specific activation of astrocytes takes place in the Cort-cKO 

cortices at 5 weeks. This activation is an indication of synaptic dysfunction and neuronal 

stress at these sites. The strict localization of the GFAP+ astrocytes to layer 5A of 

neocortical areas is of particular significance since the layer 5A neurons from these 

regions (M1 and S cortices in particular) are known to specifically innervate SPNs of the 

dorsal striatum (Gerfen, 1992, Anderson et al., 2010, Wall et al., 2013). 

Despite the significant increase in the number of GFAP+ astrocytes in the Cort-

cKO brains at 5wk, we did not find a significant change in the number or distribution of 

neurons (NeuN+ cells) or microglia (IBA+ cells) in the Cort-cKOs (Two-Way ANOVA, p 

= 0.37 and p= 0.36) (Figure 9D). Iba1 is expressed in all microglia regardless of their 

activation state. To determine whether microglia were activated in a similar manner to 
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astrocytes in the Cort-cKOs we co-stained 5wk Cort-cKO and control brains with GFAP, 

Iba1 and CD68, a lysosomal protein that is highly expressed in activated microglia. 

Within the band of GFAP+ astrocytes, CD68 staining was strongly increased and co-

localized with Iba1+ microglia (Figure 9C). These neuroinflammatory changes in the 

cortex are not accompanied by neuronal loss. No apoptotic cells were detected after 

staining the brains for caspase 3, a known marker of apoptotic cell death (not shown). 

We also quantified the GFAP, Iba1 and NeuN-positive cells in the dorsal striatum and 

did not see any significant changes in cell numbers or activation states between 

genotypes (not shown). Our results show that loss of Htt in the cortex leads to a layer 

5A-specific reactive gliosis at 5 weeks. The specific localization of the reactive gliosis 

underscores the particular importance of Htt function in layer 5A neurons, which are the 

neurons that project to the SPNs of the dorsal striatum, the cell type and the brain region 

that are primarily vulnerable in HD.  

2.3.5 Persistence of enhanced striatal synaptic connectivity in 5 wk 
Cort-cKOs  

In the striatum of 5wk Cort-cKO mice, we see a synaptic phenotype very 

different from that of the cortex (Figure 10). The number of both cortico-striatal (VGlut1-

PSD95) and thalamo-striatal (VGlut2-PSD95) synaptic puncta are significantly increased 

in the dorsal striatum of the Cort-cKO mice compared to control at this age (one-tailed t-

test, p<0.01) (Figure 10A). The Htt(f/-) mice had similar excitatory synapse numbers 

compared to Htt(f/+) mice (Figure 10B). This result shows that the increased  
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Figure 10. Loss of Htt in the cortex leads to increased synapse formation in the 

dorsal striatum at 5 weeks.  A) (Top) Immunostaining of dorsal striatum of Control and 

Cort-cKO mice with postsynaptic marker PSD95 (red) and either VGlut1 (cortical) or 

Vglut2 (thalamic) as a presynaptic marker (green) shows co-localized synaptic puncta 

(white arrows) in control and Cort-cKO at 5 weeks of age (Scale bars: 10μm). (Lower) 

Quantification of co-localized puncta number. B) (Top) Immunostaining of dorsal 

striatum of Htt (f/+) and Htt (f/-) mice with postsynaptic marker PSD95 (red) and either 
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VGlut1 (cortical) or Vglut2 (thalamic) as a presynaptic marker (green). White arrows 

indicate co-localized synaptic puncta (Scale bars: 10 μm). (Lower) Quantification of co-

localized puncta number. C) Emx1-Cre is not expressed in the thalamic neurons of the 

Central Lateral (CL) and Paracentral Lateral (PL) nuclei that project to the dorsal 

striatum. Specific Cre expression was verified by breeding Emx1-Cre mice with Cre 

reporter mice, ROSA(STOP)loxPtdTomato. Top Inlay: Td-tomato signal co-localized with 

NeuN labeled neurons (black arrow) in the hippocampus. Right Inlay: NeuN-labeled 

neurons in the CL and PL do not co-localize with the Td-tomato signal, indicating they 

do not express Cre. D) Quantification of neuronal density within the CL and PL (4 

images/mouse, 3 mice/genotype, error bars mean ± SEM, t-test). 

striatal excitatory connectivity of the Cort-cKOs is not due to Htt heterozygosity in the 

striata of these mice.  

Since we saw an increase in thalamo-striatal connections in the cortical Cort-cKO 

mice, we next checked whether higher thalamo-striatal connectivity seen in Cort-cKOs is 

due to an unexpected deletion of Htt in thalamic neurons by the Emx1-Cre driver. We 

assessed Cre expression using the previously described td-tomato reporter mice (see 

Figure 4D-F). Neurons were marked with NeuN (green) and Cre-expressing cells were 

marked by td-tomato (red) expression. Co-localization of NeuN positive neurons and td-

tomato is clearly seen in the hippocampus, where Emx1-Cre is known to be active 

(Figure 10C, upper inset). However, we did not observe any co-localization of td-tomato 

with NeuN within the thalamic nuclei that innervate the dorsal striatum: the central 

lateral (CL) and para-central lateral (PL) nuclei (Berendse and Groenewegen, 1990) 

(Figure 10C, right inset). We also quantified the number of NeuN+ nuclei in the PL and 

CL of 5wk Cort-cKO and control mice to determine if an increase in neuron number 

could account for the increase in thalamo-striatal synapses that we observe in the Cort-
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cKOs. There were no significant differences in neuron numbers between genotypes 

(two-tailed t-test, p= 0.21) (Figure 10D). Taken together we show that the Emx1 driver 

does not induce Cre expression in the thalamic nuclei that project to dorsal striatum. 

These results strongly indicate that the increased thalamo-striatal synaptic connectivity 

in the 5 wk Cort-cKOs is due to the loss of cortical Htt expression. 

In addition to having more synapses in the dorsal striatum, the Golgi-Cox 

analysis of SPN spine morphology showed enhanced spine maturation in Cort-cKOs 

compared to control mice (Figure 11A). Similar to the P21 results (Figure 6H) in 5wk 

Cort-cKO SPNs, the density of mature spines (particularly of the “mushroom” type) is 

increased (student’s t-test, p = 0.04) whereas the number of intermediate spines is 

reduced compared to littermate controls (student’s t-test, p=0.008) (Figure 11A). Taken 

together these findings show that loss of cortical Htt expression in pyramidal neurons 

leads to an increase in excitatory synaptic connections and accelerated spine maturation 

in the dorsal striatum both at P21 and 5 weeks.  

To determine if the structural changes we observed in Cort-cKO striatum at 5wks 

had functional consequences, we conducted electrophysiological analyses of SPN 

excitatory synaptic transmission in the dorsal striatum of Cort-cKO mice and their 

littermate controls (Figure 11B). In agreement with an increase in the number of 

synapses, we found a significant leftward shift in the cumulative interevent interval  
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Figure 11. Enhanced excitatory synaptic activity of the spiny projecting 

neurons in 5 week-old Cort-cKOs A) Quantification of dendritic spine density in SPNs 

in the dorsal striatum at 5 weeks of age. B) Electrophysiological recordings of 

spontaneous excitatory postsynaptic current from SPNs in the dorsal striatum of Cort-

cKO and control mice. C) The cumulative probability of interevent intervals is increased 

(Kolmogorov-Smirnov test), but D) the mean frequency of sEPSCs is not significantly 

different (t-test). E) sEPSC amplitude is increased in Cort-cKO mice (Error bars mean ± 

SEM. ∗p < 0.05, t-test).curve of the Cort-cKO mice (Kolmogorov-Smirnov test, p<0.01) 

(Figure 11C), but there was no significant difference between the means of sEPSC 

frequency (Figure 11D). Moreover, in agreement with an increase in synaptic spine head 

size and maturity, we found that the amplitude of sESPCs is significantly increased in 

Cort-cKOs (Kolmogorov-Smirnov test p<0.01, unpaired t-test p<0.05) (Figure 11E). Taken 

together, our results show that cortical loss of Htt expression enhances excitatory 

synaptic connectivity onto SPNs. This effect is significant at P21 and is further enhanced 

by 5 weeks of age.  
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2.3.6 zQ175, HD model mice, have alterations in synapse formation 
and maturation  

For many years the gain-of-function effects of mutant Htt have been investigated 

as the major driver of neurodegeneration in HD. However, emerging evidence from 

several studies indicate that loss-of-function effects of poly-Q mutations can contribute to 

the pathophysiology of HD (Cattaneo et al., 2005). Our results demonstrate a function 

for Htt in controlling the early and later stages of cortical and striatal synaptic 

development.  Therefore, next we investigated whether the presence of the HD-causing 

poly-Q mutation affects this function. To do so we investigated synaptic development in 

a mouse knock-in model of the disease, the heterozygous zQ175 mice (Menalled et al., 

2012). For our analyses of synaptic connectivity in zQ175 mice and their WT littermates, 

we used the same developmental times as we did for the Cort-cKO mice.  

Analyses of synaptic puncta numbers and spine morphology in the cortices of 

WT and zQ175 mice showed very similar effects on synapse development in the zQ175 

mice to those found in the Cort-cKO mice. The number of VGlut1-PSD95-positive 

synaptic puncta in the synaptic zones of the M1 cortex was significantly increased in P21 

zQ175 cortices (~1.5 fold) compared to WT (student’s t-test, p= 3.6 x10-4). This increase in 

synaptic puncta numbers is no longer detectable at 5 weeks of age (student’s t-test, 

p=0.15). (Figure 12A). In addition, similar to Cort-cKO mice, spine maturation was  
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Figure 12. HD model zQ175 mice have defects in synapse formation and 

maturation similar to Cort-cKO mice in the cortex.  A) (Upper) Immunostaining of M1 

motor cortex synaptic zone with the presynaptic marker Vglut1 (green) and 

postsynaptic marker PSD95 (red) shows co-localized synaptic puncta (white arrows) in 

wildtype and zQ175 at P21 and 5 week-old mice. (Scale bars: 10μm)  (Lower) 
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Quantification of co-localized VGlut1 and PSD95 puncta (t-test). B) Quantification of 

dendritic spine density in the layer 2/3 cortex at P21 and 5 weeks. C) Quantification of 

dendritic spine density in the layer 5 cortex at P21 and 5 weeks. (Error bars mean ± 

SEM). D) Representative traces, quantification of dendritic outgrowth, and Sholl 

analysis of cortical pyramidal neurons in layer 2/3 and E) layer 5 from P21 (upper) and 5 

week old (lower) zQ175 and WT mice (12 cells/animal, 3 animals/genotype, error bars 

show mean ± SEM, ANCOVA method). 

differentially affected in the cortices of the P21 and 5wk zQ175 mice (Figure 12B-C). At 

P21, layer 5 neurons from zQ175 mice have more mature dendritic spines and a decrease 

in intermediate spines (student’s t-test, p = 0.008 and 0.02, respectively). Conversely, at 5 

weeks the layer 5 neurons in zQ175 mice have fewer mature spines than WT siblings 

(student’s t-test, p= 2.5 x10-4). (Figure 12C). As in the case of the Cort-cKOs, the change in 

spine maturity was driven by the changes in the number of “mushroom” and “thin” 

spines. Taken together, these results show that cortical synaptic development is altered 

in zQ175 mice. The alterations in the cortical connectivity due to the presence of mutant 

Htt align well with the changes that we observe in the Htt cortical cKO. These findings 

indicate that zQ175 mice display a “loss-of-function”-like phenotype in the regulation of 

cortical synaptic connectivity. 

The zQ175 mice also exhibit differences in the neurite outgrowth and complexity 

of the cortical pyramidal neurons. Similar to Cort-cKOs, the dendrites of layer 2/3 

pyramidal neurons have reduced outgrowth and complexity at P21 (ANCOVA, p = 1.02 

x 10-5). By 5 weeks this effect is reversed and the layer 2/3 neurons from zQ175 mice 

display a slightly more complex arborization (ANCOVA, p = 0.01) (Figure 12D). The 
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layer 5 neurons of zQ175 mice did not have any significant differences when compared 

to their littermate WTs at either age (Figure 12E).  

Next, we determined how striatal excitatory synaptic connections are altered in 

zQ175 mice. We found that zQ175 mice display different synaptic phenotypes in the 

striatum compared to the Htt cortical cKOs. At P21, unlike the Cort-cKO mice, the zQ175 

mice do not exhibit a change in synapse numbers as determined by immunohistological 

analyses (Figure 10A). However, similar to the Cort-cKO mice, at P21 the zQ175 mice 

have accelerated spine maturation compared to WT mice (Figure 13B).  

Instead of the increase in synapse number and spine maturity we observed in the 

striata of 5wk Cort-cKOs, in 5wk zQ175 mice the number of VGlut2-PSD95-positive 

thalamo-cortical synapses is significantly decreased compared to WT (student’s t-test, p= 

0.02). (Figure 13C). Analysis of spine morphology in Golgi-Cox stained SPN dendrites 

revealed a decrease in mature spines and a significant reduction in the overall spine 

density (student’s t-test, p=0.02) (Figure 13D). This phenotype contrasts with the 5wk 

Cort-cKO mice that have no spine loss and display enhanced spine maturity (Figure 

11A). These findings show that in zQ175 mice, the later stages of striatal synaptic 

development (5wk) are altered in a manner that is different from the cortical conditional 

deletion of Htt expression (Cort-cKOs). This difference may be due to the fact that the 

Cort-cKOs have wildtype Htt in the striatal SPNs, whereas the zQ175 mice have the  
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Figure 13. Synapse development is disrupted in the striata of zQ175 mice and 

synapse loss is present.A) Immunostaining of P21 dorsal striatum with the postsynaptic 

marker PSD95 (red) and either VGlut1 (cortical) or Vglut2 (thalamic) as a presynaptic 

marker (green) shows co-localized synaptic puncta (white arrows) in wildtype and 

zQ175 mice at P21. (Lower) Quantification of co-localized puncta number. B) 

Quantification of dendritic spine density in SPN in the dorsal striatum at P21. C) 

Immunostaining of 5wk dorsal striatum with the postsynaptic marker PSD95 (red) and 

either VGlut1 (cortical) or VGlut2 (thalamic) as presynaptic markers (green) shows co-

localized synaptic puncta (white arrows) in wildtype and zQ175 mice at 5 weeks of age. 

(Lower) Quantification of co-localized puncta number. D) Quantification of SPN 

dendritic spine density in the dorsal striatum of 5wk mice. 
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mutant Htt both in the cortex and in the striatum. Thus this finding signifies that mutant 

Htt within SPNs contributes to the degenerative changes in striatal connectivity and that 

functional Htt signaling is required both in the cortex and striatum to maintain proper 

striatal connectivity. 

2.4 Discussion 

Disrupted synaptic connectivity is a feature of many neurological disorders 

including HD. Orderly formation and maturation of synapses is a crucial first step in the 

establishment of functional circuits that can be maintained during aging and remodeled 

with experience. Our findings reveal that cortical Htt is required for normal 

development of cortical and striatal circuits. Interestingly, our analyses of the HD mouse 

model, zQ175, show phenotypes overlapping with those of Cort-cKO mice, particularly 

during early postnatal cortical synapse development (Table 1). This finding indicates 

that the presence of mutant Htt leads to a loss-of-function phenotype in the 

development of cortical synaptic connections. The loss-of-function effects of mutant Htt 

during development may be important for driving the disease onset and could underlie 

prodromal neurological symptoms of HD. Whereas, the gain-of-function toxicity of the 

mutant Htt may drive establishment and progression of disease phenotypes. 

Currently, some of the HD therapeutic strategies involve knockdown of Htt 

expression in the brain. In some cases these strategies target not only the mutant Htt, but 

also the normal Htt expression. Our findings raise the important caveat that silencing of 
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the normal Htt may produce unwanted outcomes. It is possible that silencing Htt in the 

adult brain is better tolerated (Grondin et al., 2012; Kordasiewicz et al., 2012) as opposed 

to its loss during synaptic development. Future studies that address how loss of Htt in 

the adult brain affects synaptic connectivity are essential to determine the safety of non-

specific Htt silencing strategies. 

Table 1. Synaptic alterations in Cort-cKO and zQ175 mice 

  

Synapse Number Spine Maturation 

cKO vs. 

control 

zQ175 vs. 

WT 

cKO vs. 

control 

zQ175 vs. WT 

P21 

Cortex ↑ (1.5 fold) ↑ (1.5 fold) Layer 5 ↑ Layer 5 ↑ 

Striatum 

C-S↑ 

T-S = 

C-S = 

T-S = 

↑ ↑ 

5 Wk 

Cortex 

= 

(trending↓) 

= Layer 5 ↓ Layer 5 ↓ 

Striatum 

C-S ↑ 

T-S↑ 

C-S = 

T-S ↓ 

↑ ↓ 

C-S cortico-striatal, T-S thalamo-striatal, ↑ increase, ↓decrease, = no significant change 
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2.4.1 Htt is required for normal cortical synapse development  

We found that in the Cort-cKOs at P21, excitatory synapse number is increased 

1.5 fold in the cortical synaptic zone, and the layer 5 pyramidal neurons display more 

mature dendritic spines than their control siblings. These findings show that Htt 

negatively regulates the early stages of cortical excitatory synapse formation and 

maturation. The cortical synaptic phenotypes in the zQ175 HD mouse model closely 

track those of the Cort-cKOs, which illustrates that Htt’s regulatory function is lost with 

mutant Htt present. In agreement with our findings in the zQ175 mice, 

electrophysiological characterization of other HD models (R6/2 and YAC128) showed 

increased excitation in their cortex and striatum at P21 (Cummings et al., 2009, Joshi et 

al., 2009). Even though we detected a profound increase in the number of VGlut1-PSD95 

positive synapses by immunohistochemistry in the cortices of P21 Cort-cKOs and zQ175 

mice, we did not find an increase in spine density. The increase in VGlut1-PSD95 

positive synapse number we observe may be due to enhanced dendritic arborization of 

layer 2/3 or layer 5 pyramidal neurons in the synaptic zone or to an increase in the 

number of excitatory shaft synapses. Shaft synapses are prevalent during the early 

stages of synaptic development (Fiala et al., 1998) and normally constitute a small 

percentage of the synapses at the cortical synaptic zone in adult mice (Trachtenberg et 

al., 2002). 
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Interestingly, at 5wk, the cortices of Cort-cKO and zQ175 mice no longer display 

an increase in the number of VGlut1-PSD95 positive synapses. Instead, we found that in 

both Cort-cKO and zQ175 mice, synapses are immature. The loss of structural and 

functional maturity of synapses in the 5wk Cort-cKO mice indicates a requirement for 

Htt in spine stability. In addition our analyses of zQ175 mice show that this function of 

wildtype Htt is impaired when the mutant Htt is present. In agreement with our 

findings, immature spine morphology was observed in cultured neurons overexpressing 

an expanded poly-Q Htt fragment. Moreover, in vivo live imaging of cortical spine 

dynamics revealed increased spine instability in R6/2 HD mouse model (Murmu et al., 

2013). The increase in the NMDA to AMPA ratio in the cortical neurons could be driving 

the spine instability (Gambrill and Barria, 2011). The reduction in mature spines that we 

observe in 5wk Cort-cKO and zQ175 mice may represent the early stages of a 

degenerative process that results in eventual spine loss, which have been found in the 

cortices of several other mouse models of HD in adulthood (Guidetti et al., 2001, Murmu 

et al., 2013). 

2.4.2 Htt is required to mold the circuitry of the cortex, striatum, and 
thalamus  

In the striatum of Cort-cKO mice, we observe that loss of cortical Htt expression 

has a cell non-autonomous effect on striatal SPN synapse formation and spine 

maturation. SPNs in the Cort-cKO mice display increased synapse formation and 

maturation at P21 and 5wk. The effects of cortical Htt deletion on striatal connectivity 
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may be due to the plastic nature of striatal excitatory circuits. Feed-forward signals from 

the cortex and thalamus have been shown to affect striatal connectivity (Kozorovitskiy et 

al., 2012). The proliferative synaptic changes in the striatum of Cort-cKO mice occur both 

in the cortico-striatal and the thalamo-striatal connections. This may be due to a 

compensatory mechanism that keeps the cortical and thalamic inputs made onto a SPN 

at a consistent ratio. Alternatively, the subsequent increase in thalamo-striatal synapses 

in the striatum of 5wk Cort-cKO mice may reflect a change in the cortico-thalamic 

connectivity in these mice, which eventually affects the thalamo-striatal synapses. 

We found that the zQ175 mice, similar to Cort-cKOs, display accelerated 

maturation of SPN spines at P21. However, the zQ175 mice do not exhibit the increase in 

the number of synapses, which we observe in the striata of the Cort-cKO mice at P21. In 

agreement with our findings, previous studies have shown that YAC128 mice have 

increased evoked EPSC amplitudes at 1 month, indicating the presence of stronger, more 

mature synapses at this age (Joshi et al., 2009). Moreover, we found that in zQ175 mice, 

synapse and spine loss begins by 5 weeks of age. The SPN spine atrophy at 5 weeks 

mirrors a finding from human HD patients (Ferrante et al., 1991) and matches results 

from several other HD mouse models (Nithianantharajah and Hannan, 2013). 

Interestingly, we found that VGlut2-positive thalamo-striatal synapses are lost first in 

zQ175 mice. A similar observation was recently made in another HD model, KIQ140, 
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which have diminished VGlut2 expression in the striatum in 4 month-old mice but no 

changes in VGlut1 levels (Deng et al., 2013).  

Previous studies with transgenic mice that express the pathogenic first exon of 

Htt in a cell specific manner showed that there are pathological cell-cell interactions that 

contribute to the cortical and striatal HD phenotypes (Gu et al., 2005; Gu et al., 2007) 

indicating the presence of cell non-autonomous toxicity of mutant Htt. Moreover, a 

recent study using BACHD mice showed that disease phenotypes can only be fully 

rescued when mutant Htt is deleted from both the cortex and striatum, demonstrating 

the distinct yet interacting roles of cortical and striatal mutant Htt in HD ((Gu et al., 

2005, Gu et al., 2007). We found that the striatal connections in Htt cortical cKO remain 

stronger and numerous in 5wk mice even though intra-cortical connectivity of layer 5 

neurons in these mice is diminishing. In contrast, the SPN synapses are weakened and 

lost in zQ175 mice at 5 weeks of age. These divergent phenotypes in the striata of the Htt 

cortical cKO and zQ175 mice can be explained by the fact that the Cort-cKOs have 

wildtype Htt in the striatal SPNs, whereas the zQ175 mice have the mutant Htt 

throughout the brain. An important implication of these findings is that the mutant Htt 

in the SPNs impairs striatal synaptic homeostasis. This effect of mutant Htt on striatal 

connectivity can be mediated through a loss- or gain-of-function mechanism. Future 

studies that investigate whether Htt is required in the striatal SPNs to establish and 
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maintain normal synaptic connectivity are required to distinguish between these 

possibilities. 

In addition to changes in synaptic connectivity, we also observed region- and 

layer-specific reactive gliosis in the cortices of 5wk Cort-cKOs. Reactive astrocytes and 

activated microglia are markers of neuroinflammation, which can be triggered by 

synaptic dysfunction (Oberheim et al., 2008). Reactive gliosis is detected in many HD 

mouse models, but not in a layer-specific manner observed in the Cort-cKO mice (Gu et 

al., 2005). In 5wk Cort-cKOs, reactive glia are specifically localized to layer 5A of the M1 

motor and the somatosensory cortices. The upper layer 5A pyramidal neurons from 

these neocortical areas specifically connect to the SPNs of the dorsal striatum (Gerfen, 

1992, Anderson et al., 2010, Wall et al., 2013), a region of the striatum that degenerates 

first in HD (Hedreen and Folstein, 1995). Interestingly, layer 5A of the cortex has the 

highest levels of Htt expression in rats (Fusco et al., 1999). These findings indicate that 

the layer 5A pyramidal neurons may be the primary site of synaptic dysfunction in HD. 

Aberrant connectivity of these neurons may trigger synaptic dysfunction that 

subsequently spreads to the rest of the cortex, striatum, and thalamus.  

In conclusion, we show that Htt is an important regulator of excitatory synapse 

development in the mammalian CNS. Future studies to discover the molecular 

mechanism underlying this function of Htt will provide important insights on Htt 

function and dysfunction at the synapse. The interactome of Htt offers tantalizing 
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potential signaling partners that can regulate excitatory synapse development. These 

include actin remodeling proteins, pre- and postsynaptic proteins, and proteins that are 

involved in synaptic receptor trafficking (Kaltenbach et al., 2007, Shirasaki et al., 2012).  

An important implication of our findings is that developmental errors in 

synaptic connectivity may set the HD brain on track for premature aging and 

neurodegeneration. In mouse models, elimination of mutant Htt expression in 

symptomatic adults can halt disease progression (Yamamoto et al., 2000, DiFiglia et al., 

2007, Kordasiewicz et al., 2012), however, there is significant damage by the time motor 

dysfunction appears. Correcting the developmental errors in the cortical and striatal 

circuits of mutant Huntingtin carriers could prevent disease onset or greatly diminish 

disease progression, allowing HD patients to live full, healthy lives.  
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3. Indirect pathway striatal projection neurons require 
huntingtin for synaptic connectivity and longevity 

3.1 Introduction 

Huntington’s disease (HD) is an inherited, fatal, adult onset, neurodegenerative 

disorder that is characterized by uncontrolled movements (chorea), cognitive decline, 

and psychiatric symptoms. The disease is caused by an autosomal dominant mutation in 

the Huntingtin (HTT) gene that expands its CAG repeat, encoding a polyglutamine 

(poly-Q) tract in the huntingtin (Htt) protein (HDCRG, 1993).   

Neurodegeneration in HD occurs mostly in the striatum and cortex (Vonsattel et 

al., 1985). The striatal projection neurons (SPNs, also known as the medium spiny 

neurons, MSNs), which comprise over 90% of the neurons in the striatum, degenerate 

first. SPNs are nearly completely lost in HD (Fentress et al., 1981, Vonsattel et al., 1985, 

Kita and Kitai, 1988), whereas the striatal interneurons are largely spared (Cicchetti et 

al., 1996). The SPNs project to various basal ganglia nuclei in the mid brain and make 

GABAergic synapses. These connections provide inhibition within the basal ganglia 

circuitry and control movement, cognition, and motivation (Leisman and Braun-

Benjamin, 2014). The basal ganglia circuit is a highly plastic, recurrent system that 

includes the cortex, striatum, globus pallidus, entopeduncular nucleus, substantia nigra 

and the thalamus (Beiser et al., 1997, Kozorovitskiy et al., 2012).  

The SPNs are divided into two groups based on their synaptic targets within the 

basal ganglia circuit.  The direct pathway SPNs (dSPNs) project axons to the 
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entopeduncular nucleus (EP) and substania nigra (SNr), whereas the indirect pathway 

SPNs (iSPNs) synapse onto the globus pallidus externus (GPe). The direct and indirect 

pathways distinctly regulate the circuit. Direct pathway activity removes inhibition from 

the thalamus to allow for voluntary movements, whereas indirect pathway activity 

inhibits the thalamus to prevent involuntary/unwanted actions (Albin et al., 1989, 

DeLong, 1990).  

In HD, iSPNs are the first cells that die (Reiner et al., 1988, Deng et al., 2004). 

Moreover, it is thought that the loss of the indirect pathway’s inhibition of movement is 

the primary cause of the development of the chorea (Reiner et al., 1988). Why iSPNs are 

particularly vulnerable in HD is unknown. Mutant Htt forms nuclear and cytoplasmic 

aggregates in SPNs, and the age of disease onset and aggregate formation are both 

inversely correlated with poly-Q repeat length (HDCRG, 1993, Davies et al., 1997). Thus, 

it is widely thought that SPN death in HD is mainly caused by a “gain-of-function” 

toxicity of the mutant Htt aggregates. However, several studies revealed that wild type 

Htt is important for cell health and viability, suggesting possible loss-of-function 

mechanisms that contribute to SPN death in HD.  For example, overexpression of full-

length, wild type Huntingtin is neuroprotective and can protect against mutant Htt 

toxicity (Leavitt et al., 2001, Van Raamsdonk et al., 2006). Furthermore, silencing of 

Huntingtin in the central nervous system (CNS) leads to synaptic dysfunction, cellular 
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stress, neuroinflammation and neuronal death (Dragatsis et al., 2000, McKinstry et al., 

2014).   

The gain-of-function toxic effects of mutant Htt on striatal neuron connectivity 

and health are well characterized (Vonsattel et al., 1985, Han et al., 2010); however, 

whether wild type Htt is required in SPNs for proper function and longevity has not 

been investigated. To address this question, here we conditionally silenced Htt in iSPNs. 

Interestingly, loss of Htt in iSPNs led to the development of two key aspects of HD with 

aging: 1) progressive loss of SPNs, and 2) diminished motor function. Surprisingly, SPN 

death was not restricted to iSPNs, in which Htt was silenced, but also spread to dSPNs 

revealing a cell non-autonomous requirement for Htt function in iSPNs. Our analysis 

into the connectivity of the iSPNs in the conditional knockouts revealed that silencing of 

Htt leads to an early loss of striatopallidal connectivity and altered SPN excitability. 

Taken together these results indicate that loss of huntingtin function in iSPNs impairs 

proper synaptic connectivity of these cells leading to basal ganglia dysfunction and SPN 

death. 

3.2 Materials and methods 

3.2.1 Mice 

To conditionally inactivate the Huntingtin gene (Htt, previously Hdh), we used 

previously described alleles of Htt: a floxed allele Htttm2Szi (hereafter will be referred to as 

Httflox,) and a null allele Htt - (Dragatsis et al., 2000). To conditionally silence Htt in the 
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iSPNs, we utilized the Adenosine A2a receptor (Adora2a) Cre (hereafter, A2A-Cre(Tg) 

mice) line developed by Nathaniel Heintz and Charles Gerfen (a kind gift from Dr. Marc 

Caron of Duke University) . We chose this Cre line because it has been shown to 

successfully induce recombination and inactivation specifically in the indirect pathway 

SPNs and it avoids the wider expression profile of such lines that depend on the D2 

receptor (Gerfen et al., 2013).  To identify Cre-expressing cells we crossed the Httflox mice 

to the Gt(ROSA)26Sortm2(CAG-tdTomato)Fawa mouse line (a kind gift from Dr. Fan Wang of 

Duke University) that expresses tdTomato upon Cre recombination (hereafter, 

tdTomatoflox).  Experimental breeding pairs were as follows: Htt(+/-);A2A-cre(Tg/0) x 

Htt(flox/flox);tdTomato(flox/flox). Control mice were Htt(flox/+);A2A-Cre(Tg/0);tdTomato(flox/0), and 

iSPN Htt conditional deletion mice (hereafter, iSPN-Htt-cKOs) were Htt(flox/-);A2A-

Cre(Tg/0);tdTomato(Tg/0). The Control mice have a single copy of Htt gene in the iSPNs but a 

double copy elsewhere in the brain. In iSPN-Htt-cKOs, both copies of the Htt gene are 

deleted in the iSPNs, but they are heterozygous elsewhere in the brain. Thus, littermate 

gender-matched Htt(flox/+) and Htt(flox/-) mice (hereafter Htt(fl/+) and Htt(f/-), respectively) 

were employed to control for possible effects of Htt heterozygosity in the iSPN-Htt-cKOs 

for key findings.  All the mice used in this part of the analyses (Control, Htt cKO, 

Htt(f/+) and Htt(f/-) mice were in a mixed C57Bl6/129 background. For all our analyses 

we compared littermate gender-matched Control and iSPN-Htt-cKO cKO mice or 

Htt(f/+) and Htt(f/-) mice. 
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3.2.2 Immunohistochemistry 

Mice of both sexes were perfused intracardially with Tris-Buffered Saline (TBS, 

25 mM Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 µM heparin 

followed with 4% PFA in TBS. The brains were removed and fixed with 4% PFA in TBS 

at 4°C overnight. The brains were cryoprotected with 30% sucrose in TBS for at least 24 

hours then embedded in a 2:1 mixture of 30% sucrose in TBS:OCT (Tissue-Tek).  Brains 

were cryosectioned at 18 µm using a Leica CM3050S and mounted onto slides. Sections 

were washed with TBS.  Sections were blocked in 20% Normal Goat Serum (NGS) in TBS 

with 0.4% Triton-X 100 for 1 hour at room temperature.  Primary antibodies (Rabbit anti-

RFP 1:2000 (Rockland Immunochemicals 600-401-379), mouse anti-DARPP32 1:500 (BD 

611520), mouse anti-Htt 1:1000 (Millipore 2166), guinea pig anti-VGAT (Synaptic 

Systems 131004), mouse anti-Gephyrin (Synaptic Systems 147021)) were diluted in 10% 

NGS in TBS with 0.2% Triton-X 100. Sections were incubated overnight at 4°C with 

primary antibodies and washed with TBS in the morning.  Secondary Alexa-fluorophore 

conjugated antibodies (Invitrogen) were diluted (1:200) in 10% NGS in TBS with 0.2% 

Triton-X 100, and slices were incubated with secondary antibodies for 2 hours at room 

temperature.  Slides were washed with TBS and mounted in Vectashield with DAPI 

(Vector Laboratories).  Images were acquired on confocal laser-scanning microscopes 

(Leica SP8, Zeiss LSM 710, or Zeiss LSM 780). 
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For Huntingtin staining, brain slices were washed and permeabilized with 0.2% 

Triton-X100 (PBST) before blocking for 1 hour at room temperature in 5% BSA in PBST.  

Primary antibodies (mouse anti-Htt 1:1000 (Millipore MAB2166), Rabbit anti-RFP 1:2000 

(Rockland Immunochemicals 600-401-379)) were diluted in 5% BSA in PBST.  Sections 

were incubated overnight at 4°C with primary antibodies. Secondary Alexa-fluorophore 

conjugated antibodies (Invitrogen) were diluted (1:200) in 5% BSA in PBST, and slices 

were incubated with secondary antibodies for 2 hours at room temperature.  Slides were 

washed with PBST and mounted in Vectashield with DAPI (Vector Laboratories).  

Images were acquired on a Zeiss LSM 780. 

3.2.3 SPN cell quantification 

Three to four independent sagittal brain sections per mouse, containing the GPe 

(Lateral 1.44-2.28 mm, The Mouse Brain in Stereotaxic Coordinates, Franklin and 

Paxinos, 2001), were imaged to create a panorama of the striatum from the dorsal 

striatum through the ventral portion of the brain.  Images were taken at 20x 

magnification in a four layer z stack spanning 7.5 um on a Zeiss LSM 710 or 780.  Max 

projections were stitched together using the MosiacJ plugin in Fiji.  500 um x 500 um 

regions from the dorsal medial and ventral striatum were analyzed. The dorsal position 

was started just below the dorsal surface of the striatum.  The ventral region extended 

dorsally from approximately the level of the fundus of the striatum.  The medial section 

was selected between these two regions.    
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All SPNs were identified through staining with DARPP32. iSPNs were identified 

by expression of tdTomato.  Counting was performed using the Cell Counter plugin in 

ImageJ.  3-4 brain sections from each animal were analyzed and the values for each 

region were averaged from all the brain sections.  3-5 animals/genotype and age were 

used.  All SPN counts were then normalized to the control animal of each pair in order 

to correct for any variation between staining, imaging, and possible sex differences.   

Statistical analysis was performed on normalized values to correct for variation among 

pairs and to specifically look for changes between littermates.  Unpaired, two-way t-tests 

were used to analyze differences.  

3.2.4 GPe area and neuron quantification 

Three independent sagittal brain sections per mouse, containing the GPe (Lateral 

1.44-2.28 mm, The Mouse Brain in Stereotaxic Coordinates, Franklin and Paxinos, 2001), 

were stained for NeuN and RFP to identify neurons and the Cre expressing cells, 

respectively.  The entire GPe was imaged and the images were stitched together using 

the MosiacJ plugin for Fiji.  Images were taken at 20x magnification with a z depth of 3 

μm (Three sections at 1 μm each).  GPe area was measured in ImageJ.  Neuron number 

was determined by thresholding the NeuN staining, and using the Analyze Particles 

macro in ImageJ to count the number of cells.  Only particles larger than 150 pixels 

(equal to 24.8 μm2) were counted to remove any noise from the images.  Unpaired, two-

way t-tests were used to analyze differences in area and neuron number. 
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3.2.5 TUNEL assay 

The TUNEL assay was performed with in situ cell death detection kit (Roche, 

11684795910) according to the manufacturer’s directions.  Cryosectioned, sagittal, 

mounted brain sections were washed with PBS before permeabilization with 0.1% 

Sodium Citrate with 0.1% Triton-X 100 for 4 minutes on ice.  Brain slices were rinsed 

with PBS, and then treated with the TUNEL reaction mixture for 1 hour at 37° in a 

humidified chamber.  Sections were washed with PBS and mounted with Vectshield 

with DAPI(Vector Laboratories). TUNEL positive nuclei were visualized on a Zeiss 

AxioImager and counted within 30 minutes of mounting.  4 brain sections from each 

animal were analyzed and the values were averaged from all the brain sections.  3 

animals were used for each genotype.  Unpaired, two-tailed t-tests were used to analyze 

differences.  

3.2.6 GABAergic synapse quantification 

Three to four independent sagittal brain sections per mouse, containing the GPe 

(Lateral 1.44-2.28 mm, The Mouse Brain in Stereotaxic Coordinates, Franklin and 

Paxinos, 2001), were stained with a pre- (VGAT) and post-synaptic (Gephyrin) marker 

pair adapted from the protocols described in (Ippolito and Eroglu, 2010, Kucukdereli et 

al., 2011).  3-4 animals per condition were used. iSPN-Htt-cKOs were compared to a 

littermate, gender-matched control.  4.5 µm thick confocal scans (optical section depth 

0.3 µm, 15 sections/scan, imaged area/scan=13514 µm2) of the GPe were performed at 



 

89 

100x magnification on a Leica SP8 confocal laser-scanning microscope.  Maximum 

projections of 3 consecutive optical sections (corresponding to 0.9 µm total depth) were 

generated.  The Puncta Analyzer Plugin (available upon request; 

c.eroglu@cellbio.duke.edu) for ImageJ was used to count the number of co-localized 

synaptic puncta. This assay takes advantage of the fact that pre- and postsynaptic 

proteins reside in separate cell compartments (axons and dendrites, respectively) and 

they would appear to co-localize at synapses due to their close proximity. At least 5 

optical sections per brain section and 3-4 brain sections per animal were analyzed. 

Values from all images from each animal were averaged and iSPN-Htt-cKO values were 

normalized to controls to account for variation between pairs in staining or imaging, and 

to correct for possible sex differences in GPe synapse number.  The normalized values 

for the iSPN-Htt-cKOs were analyzed with an unpaired, two-tailed, t-test to determine 

whether they deviated from littermate controls. 

3.2.7 Electrophysiology 

IPSCs: 

For whole-cell patch-clamp recordings, brains from animals (5 weeks: Control: 4, 

cKO: 3; 2 months: Control: 5, cKO: 4) were removed quickly into ice-cold solution 

bubbled with 95% O2-5% CO2 containing the following (in mM): sucrose (194), NaCl 

(30), KCl (2.5), MgCl2 (1), NaHCO3 (26), NaH2PO4 (1.2), and D-glucose (10). After 3 – 4 

minutes the brains were blocked and sagittal slices were taken at 250 μm. During the 
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recovery period (30 minutes) the slices were kept at 35.5°C with oxygenated artificial 

cerebrospinal fluid (aCSF) solution containing the following (in mM): NaCl (124), KCl 

(2.5), CaCl2 (2), MgCl2 (1), NaHCO3 (26), NaH2PO4 (1.2), and D-glucose (10). Internal 

solution for the pipette (3 – 5 MΩ) contained (in mM): CsCl (130), potassium gluconate 

(30), CaCl2 (0.1), EGTA (1), HEPES (10), magnesium ATP (2), and sodium GTP (0.2) with 

pH adjusted to 7.2 with KOH and osmolarity set to 300 mosM.  

All recordings were performed with the MultiClamp 700B amplifier (Molecular 

Device). Signals were filtered at 10 kHz and digitized at 20 kHz with the Digidata 1440A 

digitizer (Molecular Device). During recording, slices were maintained under 

continuous perfusion of aCSF at 28 – 29 °C with 2 – 3 mL/min flow rate. In the whole-cell 

configuration (series resistance < 20 MΩ), we recorded miniature IPSCs (mIPSCs) on the 

cell bodies of GP neurons with 1µM TTX, 50 µM APV, and 50 µM DNQX in the bath 

solution in voltage-clamp mode (cells held at -70 mv). The amplitudes and frequencies 

of mIPSCs were analyzed using peak detection software in pCLAMP10 (Molecular 

Devices). 

EPSCs were recorded as described in Chapter 2.2.7.  iSPNs were identified by 

tdTomato expression.  

3.2.8 Behavior 

Open Field: Mice were placed in a cylindrical chamber for 5 minutes and video 

was taken from directly above.  The mouse’s position was tracked offline at 30 frames/s. 
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Lever Pressing: Mice were food deprived and maintained at ~85-90% of baseline 

body weight during testing.  Testing consisted of daily 1 hour sessions and took place in 

standard operant chambers (Med Associates) with a retractable lever and a food cup 

located on one wall.  The lever was extended at the start of each session and retracted at 

the completion of each session.  Mice were trained on continuous reinforcement (CRF) 

for ten consecutive sessions followed by fixed ratio (FR) testing at increasing ratios: FR2, 

FR5, FR10 (2 sessions each) and FR20 (4 sessions).  Following FR testing, mice were 

tested for two days on a progressive ratio 5 (PR5) schedule of reinforcement.    
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3.3 Results 

3.3.1 Conditional silencing of Htt in the indirect pathway SPN using 
A2A-Cre  

The basal ganglia circuit features two distinct pathways of SPN projections from 

the striatum. One population of SPNs forms the striatonigral or direct pathway (dSPNs), 

projecting to the EP, (also known as internal segment of the globus pallidus – GPi in 

primates) and the SNr (Figure 14A). A second population, roughly equal in number, 

forms the striatopallidal or indirect pathway (iSPNs), projecting to the GPe (Figure 1A). 

The correct balance in the activities of these two pathways is essential for voluntary 

motor function, and dysfunction in these pathways is linked to many movement 

disorders including HD (Albin et al., 1989, DeLong, 1990, Leisman and Braun-Benjamin, 

2014).  

In HD, iSPNs are the first cells to die, indicating a specific vulnerability of this 

population (Reiner et al., 1988, Deng et al., 2004). dSPNs and iSPNs are intermingled in 

the striatum; however, iSPNs can be differentially manipulated in mice using the 

Adora2A-Cre (A2A-Cre) transgenic mice (Gerfen et al., 2013). Therefore, to determine 

whether wild type Htt function is required in iSPNs, we silenced Htt specifically in these 

cells by crossing a conditional allele of Htt (Htt(f/f)) (Dragatsis et al., 2000) with A2A-Cre 

mice.  
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Figure 14. Conditional Deletion of Huntingtin in iSPNs using Adora2A-Cre 

(A2A-Cre). A) Diagram of basal ganglia circuit.  Connections between the cortex, 

striatum, basal ganglia, and thalamus form a recurrent, highly plastic network. Direct 

pathway SPN (dSPN) connect to the EP and SNr and indirect pathway SPNs (iSPNs) 

connect to the GPe.  Arrows indicate excitatory syanptic connections and blunt ends 

indicate inhibitory, GABAergic synaptic connections.  GPe = Globus pallidus externus, 

EP = Entopeduncular nucleus, SNr= Substantia nigra. B) Region-specific Cre expression 

was verified by breeding A2A-Cre mice with Cre reporter mice, 
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ROSA(STOP)loxPtdTomato.  A2A-Cre is expressed in the striatum and axons extend to 

the GPe, but not the EP or SNr.  Right: td-tomato-positive axonal tracks from the 

striatum (arrow) innervate the GPe.  C) Huntingtin expression is lost in iSPN-cKO cells. 

Cre+ cells are outlined.  Arrows indicate cells.  Asterisks mark processes strongly 

expressing Huntingtin. 

 

To visualize the Cre expression and label the iSPN neurons, we included a Cre 

reporter transgene (Rosa-(STOP)f/f-tdTomato, here after referred as tdTomato) in our 

conditional KO (iSPN-cKO) and control mice. We confirmed that, in these mice, the Cre 

expression is highly concentrated in the striatum to a subset of SPNs that project to GPe 

(Figure 14B-C). We used DARPP32 to identify all SPNs, and we observed DARPP32+ 

projections from the striatum that extended to the GPe, EP, and SNr (Figure 14B).  

tdTomato expression driven by A2A-Cre was confined to projections extending to the 

GPe, consistent with iSPN specific expression of Cre in these mice (Figure 14B).   

To determine if Htt was silenced in the iSPNs in our conditional KO mice, we 

immuno-stained brain sections that contain dorsal striatum, with antibodies specific for 

Htt. We found that the Cre+ (tdTomato expressing) SPNs lacked Htt 

immunofluorescence in cKO mice (Figure 14D, outlined and marked with an arrow), 

whereas neighboring Cre- cells and cortical axons maintain Htt expression (Figure 14D, 

marked with arrowheads and asterisks, respectively). It is important to note that the 

control mice have a single copy of Htt gene in the iSPNs, but a double copy elsewhere in 

the brain, whereas in the iSPN-cKOs, both copies of the Htt gene are deleted in the 



 

95 

iSPNs, but they are heterozygous elsewhere in the brain. Therefore, in the iSPN-cKOs 

there is a slight reduction in the overall Htt staining (Figure 14D). Taken together these 

data show that Htt is specifically deleted in the iSPNs of our conditional KOs. 

3.3.2 Huntingtin is required in iSPNs for long-term survival 

Wild type huntingtin has neuroprotective effects against mutant Huntingtin 

toxicity in HD model mice (Leavitt et al., 2001), and conditional deletions of Htt in the 

forebrain or cortex have resulted in degeneration and cell stress . However, it is 

unknown whether Htt function is required for SPN cell health.  

To determine if deletion of Huntingtin in iSPNs affects the abundance and 

distribution of SPNs, we quantified the number of iSPNs and dSPNs in iSPN-Htt-cKO 

mice and littermate controls. To do so we immuno-stained sagittal brain sections (lateral 

(Dragatsis et al., 2000, McKinstry et al., 2014)to midline 1.44-2.28 mm) with antibodies 

against DARPP32 (labels all SPNs) and RFP (labels tdTomato/Cre+ cells). The striatum 

does not have a laminar structure; however, there are important functional differences 

between the dorsal, medial and ventral sections of the striatum (Voorn et al., 2004). 

Moreover, in HD the dorsal striatum begins to degenerate first (Vonsattel et al., 1985).  

Therefore, in order to account for possible region specific changes in SPNs we quantified 

SPN numbers in three different regions along the dorsal-ventral axis of the striatum: the 

dorsal, medial, and ventral striatum (Figure 15A). 
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Figure 15. Loss of Huntingtin in iSPNs leads to cell autonomous and non-

autonomous SPN death. A) Regions of analysis for SPN cell number analysis, and 

sample image of Cre+ and Cre- SPNs B) Quantification of 2 month SPN number (n=3 

images/animal, 3 animals/genotype)  C) Quantification of 10 month of iSPN-cKO SPN 

number (n=3 images/animal, 5 animals/genotype).  D) TUNEL staining of 10 month old 

iSPN-cKO animals and controls and quantification (n = 4 slices/animal, 3 

animals/genotype).  Error bars show mean ± SEM. (* = p<0.05, # p=0.06, unpaired t-test) 
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Cell proliferation, migration, and survival can be affected by the loss of Htt in 

stem cells (Godin et al., 2010, Tong et al., 2011, Elias et al., 2015), but it was unknown 

whether A2A-Cre driven loss of Htt would affect these processes. Therefore, to 

determine if there are any early changes to SPN numbers in the iSPN-Htt-cKO mice, we 

quantified the number of DARPP32+ and Cre+ cells in 2-month-old iSPN-cKO and 

littermate control mice. We chose this time point because in mice 2-months correspond 

to young adult stage (onset of sexual maturity). Quantification of Cre+ and Cre- SPNs 

(iSPNs and dSPNs, respectively) in all three striatal regions revealed no significant 

differences between control and iSPN-Htt-cKO mice in the number of iSPNs or dSPNs 

(Figure 15B).  In the dorsal striatum there was a trend towards more iSPNs in cKOs, but 

the difference was not significant (p=0.085, two-tailed t-test, n=3/genotype). These results 

show that deletion of Htt with A2A-Cre does not lead to significant changes in SPN 

numbers and distribution. 

Striatal cell death in HD occurs with aging.  Thus, to determine the long term 

effects of Htt loss on iSPNs, we quantified the number of SPNs in 10-month-old cKO 

mice and compared them to their littermate controls.  We chose this age, because by 10 

months mice have passed their peak reproductive age and entered late adulthood. Our 

quantification revealed significant and region specific reductions in the number of SPNs 

in iSPN-cKO mice compared to controls (Figure 15C). The total number of SPNs were 

significantly reduced both in the dorsal and ventral striatum (p=0.047 and p=0.011, 
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respectively, two-tailed t-test, n=5/genotype), whereas the number of SPNs were not 

significantly affected in the medial striatum (Figure 15C).  In the dorsal striatum, the 

reduction in SPNs was primarily driven by a significant decrease in iSPNs (p=0.03, two-

tailed t-test, n=5/genotype).  Dorsal striatal iSPNs are the first neurons that die in HD 

(Reiner et al., 1988, Deng et al., 2004). Surprisingly, in the ventral striatum of the iSPN-

Htt-cKOs, the SPN loss is driven by a significant decrease in dSPNs (p<0.01, two-tailed t-

test, n=5/genotype). This region also exhibited a trend towards a loss of iSPNs (p=0.061, 

two-tailed t-test, n=5/genotype).  Taken together these results show that loss of Htt in the 

iSPNs leads to age-dependent loss of SPNs in the dorsal and ventral striatum. 

Interestingly, in the ventral striatum the SPN loss is not restricted to the iSPNs, in which 

the Htt is deleted, but also leads to Cre- dSPN death. These results indicate that loss of 

Htt function in iSPNs causes cell non-autonomous toxicity in SPNs in aging mice.  

To confirm that the reduction we see in the SPN numbers is due to cell death, we 

used the TUNEL assay to identify dying cells in the striatum. We found that cell death 

occurs in both the control and iSPN-Htt-cKO mice, but the number of dying cells is 

around two and half times greater in the iSPN-Htt-cKOs compared to littermate controls 

(p<0.01, two-tailed t-test, n=3/genotype) (Figure 15D). This result indicates that the 

reduction in cell number that we observe in iSPN-cKO mice is driven by cell death in 

these mice. 
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Our iSPN-Htt-cKO mice are globally heterozygous for Huntingtin, whereas the 

control mice have two copies of the gene. To ensure that the cell loss we see in 10-

month-old iSPN-cKO mice is specifically due to the loss of Htt in these cells and is not 

driven by Huntingtin heterozygosity elsewhere in the brain, we counted the total 

number of SPNs in 10-month-old littermate Htt heterozygous and wild type mice 

(Supplementary Figure 1). There were no differences in the number of SPNs between 

Htt heterozygous and wild type mice (p=0.55, not significant, two-tailed t-test, 

n=3/genotype). This result shows that loss of a single copy of Htt gene is not sufficient to 

drive SPN death.  

3.3.3 Striatopallidal connections are lost early in iSPN-cKO mice  

The loss of indirect pathway inhibition of movement is thought to be the primary 

cause of the development of motor dysfunction early in HD. In agreement with this 

possibility, previous studies showed that iSPN axonal innervations to the GPe are lost 

early (Grade 1) in the disease (Reiner et al., 1988, Deng et al., 2004). The GPe neurons 

receive dense GABAergic, inhibitory synapses along their cell body and dendrites that 

originate almost exclusively from the striatum (Shink and Smith, 1995) (Figure 16A).   

In order to determine whether the iSPN death in 10-month-old cKO mice led to a 

loss of striatopallidal connectivity, we used immunohistochemistry to identify inhibitory  
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Figure 16. Striatopallidal connections are lost early in iSPN-cKO mice. A) 

Diagram of GABAergic synapse staining with presynaptic VGAT (green) and 

postsynaptic gephyrin (red) in GPe neurons.  Co-localization of VGAT and gephyrin 

marks inhibitory synapses.  B) Images for synapses quantification were taken near the 

center of the GPe.  GPe area was identified by tdTomato expression from iSPN axons.  

C) Sample images and quantification of GPe synapses in 10 month old iSPN-cKO mice.  

All values are normalized to control littermates.  (n = 3-4 slices/animal, 3 

animals/genotype) D) Sample images and quantification of GPe synapses in 2 month old 

iSPN-Htt-cKO mice.  All values are normalized to control littermates. (n = 3-4 

slices/animal, 3 animals/genotype) E) Developmental timeline of changes to inhibitory 

synapses number in the GPe of iSPN-Htt-cKO mice.  (n = 3-4 slices/animal, 3-4 

animals/genotype).  Error bars show mean ± SEM. (* p<0.05, # p<0.07, unpaired t-test) 

synapses made onto GPe neurons. To do so, we stained sagittal brain sections (lateral to 

midline 1.44-2.40 mm) for vesicular GABA transporter (VGAT), a presynaptic protein 
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present in GABAergic synapses, and gephyrin, a postsynaptic scaffolding protein of 

inhibitory synapses (Figure 16A). These two proteins only come into close proximity and 

appear co-localized at GABAergic synapses. Thus, we analyzed co-localization of VGAT 

and gephyrin to quantify the number of GABAergic synapses in the central GPe 

(Bregma -0.25 to -1mm, Interaural 2.0-2.25mm). In our samples the GPe was easily 

identifiable by the extensive axonal innervations from the tdTomato positive iSPN axons 

(Figure 16B).  

We found a profound reduction in the number of inhibitory synapses in10 month 

old iSPN-Htt-cKOs compared to their littermate controls (p=0.034, two-tailed t-test, 

n=4/genotype) (Figure 16C). Interestingly, the reduction in the number of synapses was 

predominantly driven by a significant decrease in gephyrin puncta (p<0.01, two-tailed t-

test, n=4/genotype). The change in synapse number was neither due to altered GPe 

innervation by iSPN axons nor a decrease in GPe neuron number in the iSPN-cKOs 

(Supplementary Figure 2A, B). This result indicates that loss of Htt function in the iSPNs 

leads to a strong reduction in the number of GABAergic connections made onto their 

target, the GPe. 

The reduction in the number of GABAergic synapses at the GPe of the cKOs 

cannot be fully explained by the loss of iSPNs, because the degree of synapse loss in the 

GPe of 10-month-old iSPN-Htt-cKO mice (~40%, Figure 16C) far exceeds the loss of 

iSPNs (~20%, Figure 15C) in the striatum. Therefore we postulated that striatopallidal 
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synapse loss might be an independent process that precedes cell death in iSPN-cKO 

mice. To test this possibility, we analyzed the number of inhibitory synapses in the GPe 

of 2-month-old iSPN-Htt-cKO mice. At this age the cKOs do not display any signs of 

iSPN loss. However, we found a major reduction in the number of GABAergic synapses 

in the GPe of these mice (p<0.01, two-tailed t-test, n=3/genotype) (Figure 16D).  Both 

VGAT and gephyrin puncta numbers were significantly reduced (p<0.01 for both, two-

tailed t-test, n=3/genotype), and the number of inhibitory synapses was 50% lower in the 

iSPN-Htt-cKOs compared to their control siblings (Figure 16D). Similar to 10-month-old 

iSPN-cKO mice, at 2 months the conditional KOs showed no significant changes to the 

GPe area or neuron numbers (Supplementary Figure 2C) compared to age-matched 

littermate controls. Taken together these results show that Htt is required in iSPNs for 

proper synaptic connectivity to the GPe. The reduction in striatopallidal connections 

occurs as early as 2 months, indicating that synapse loss is not driven by iSPN death. It 

is important to note that the appearance of co-localized VGAT/gephyrin puncta is not 

merely due to chance. Randomization of the puncta in the images from the 2-month-old 

control mice, by rotating the gephyrin channel 90°, eliminated the vast majority of co-

localized puncta (Supplementary Figure 3). 

To ensure that Htt heterozygosity was not driving the observed striatopallidal 

synapse loss in iSPN-Htt-cKOs, we quantified the number of GABAergic synapses in the 

GPe of 2-month-old Htt heterozygote and wild type littermates (Supplementary Figure 
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4).  There were no differences in the number of GPe inhibitory synapses in between Htt 

heterozygote and wild type mice (p=0.66, two-tailed t-test, n=3/genotype). This result 

shows that loss of a single copy of Htt gene is not sufficient to drive the loss of 

striatopallidal synapses. 

To determine whether the reduced number of striatopallidal connections in 

iSPN-Htt-cKOs was due to a problem in the formation of these synapses, we examined 

synapse number in the GPe of younger cKO and control mice. To do so we studied 

synapse numbers in P21 (weaning age) and 5-week-old (adolescent) mice, two 

developmental milestones for synaptic development in the murine CNS (Colwell et al., 

1998, Hurst et al., 2001). 

At P21, rather than a reduction in striatopallidal synapses, the iSPN-Htt-cKOs 

displayed a moderate, but not significant (p=0.068, two-tailed t-test, n=3/genotype), 

increase in inhibitory synapse number in the GPe compared to controls (Figure 16E). On 

the other hand, 5-week-old iSPN-Htt-cKO mice showed a trend towards a reduction in 

the number of GABAergic GPe connections (p=0.072, two-tailed t-test, n=3/genotype) 

(Figure 16E). These results show that the early formation of striatopallidal synapses is 

not inhibited by the loss of Htt in the iSPNs. However, the reduced inhibitory 

connectivity in iSPN-cKO mice might start as early as 5 weeks. 
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3.3.4 Disruptions to the functional connectivity of iSPNs resulting 
from the loss of Htt 

Our neuroanatomical analysis indicated that loss of Htt in iSPNs reduced 

striatopallidal synaptic connectivity. To determine the functional repercussions of Htt 

loss in iSPNs, we measured miniature inhibitory postsynaptic currents (mIPSCs) in GPe 

neurons of littermate cKO and control mice at 5 weeks and 2 months of age, two time 

points when we detected changes in GPe synapse numbers.  We confined our recordings 

to the ventral half of the GPe (Figure 17A) and paid close attention to restrict our 

recording to this area in all samples.  At 5 weeks of age, the frequency of mIPSCs was 

significantly lower in iSPN-cKOs compared to their littermate controls (p=0.029, 

unpaired t-test, control n=11, iSPN-cKO n=10). Whereas, the mean amplitude of mIPSCs 

was significantly higher in the iSPN-Htt-cKOs compared to controls (25% higher than 

control, p=0.02, unpaired t-test, control n=11, iSPN-cKO n=10) (Figure 17B). These results 

show Htt loss in the iSPNs significantly diminishes inhibitory synaptic inputs to the GPe 

as early as 5 weeks of age.   

At 2 months, the frequency of mIPSCs was also significantly reduced (40%, 

p<0.01, unpaired t-test, control n=7, iSPN-cKO n=8) (Figure 17C).  This result is in 

agreement with the profound synaptic loss (51% reduction) measured by 

immunohistochemical methods (Figure 16D). There were no differences in the 

amplitudes of mIPSCs in the 2-month-old cKO and control mice (p=0.85, unpaired t-test, 
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Figure 17. Loss of Htt in iSPNs leads to a functional reduction of GPe 

inhibitory synaptic input. A)  Miniature inhibitory postsynaptic currents (mIPSCs) 

were recorded from neurons in the ventral GPe.  B) Recordings of mIPSCs in 5-week-old 

iSPN-cKOs and littermate controls.  B1) Sample traces of mIPSCs. B2) Quantification of 

the mean frequency and amplitude of mIPSCs. Error bars show mean ± SEM. (* p<0.05, 

unpaired t-test).  B3)  Cumulative probability plots of the inter-event interval and 

amplitude of mIPSCs.  (Kolmogorov–Smirnov test).  C) Recordings of mIPSCs in 2- 

month-old iSPN-cKOs and littermate controls. C1) Sample traces of mIPSCs.  C2) 

Quantification of the mean frequency and amplitude of mIPSCs. Error bars show mean ± 

SEM. (* p<0.05, unpaired t-test).  C3) Cumulative probability plots of the inter-event 

interval and amplitude of mIPSCs.  (Kolmogorov–Smirnov test). 

control n=7, iSPN-cKO n=8).  Taken together our findings show that loss of Htt in iSPNs 

leads to a progressive loss of inhibitory synapses and diminishes synaptic function in 

the GPe. These results indicate that Htt function is required in the iSPNs for proper 

maintenance of striatopallidal synaptic connectivity. 
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Synaptic dysfunction precedes cell loss in many neurological disorders including 

HD (Shankar and Walsh, 2009, Raymond et al., 2011, Schulz-Schaeffer, 2015). Similarly, 

aberrant synaptic connectivity in iSPN-cKOs arises prior to SPN death (Figures 15-17). 

Furthermore, loss of Htt in iSPNs drives SPN death in a cell non-autonomous fashion 

(Figure 15). The basal ganglia circuit forms a recurrent loop (Figure 14A), in which 

reduction of iSPN output enhances cortical and thalamic excitatory inputs onto all SPNs 

(Kozorovitskiy et al., 2012). Therefore, it is possible that diminished iSPN connectivity to 

GPe in cKOs elevates excitatory connectivity into the striatum. This could lead to 

excitotoxic recurrent signals within the basal ganglia network that drive SPN death 

(Figure 18A).  

To determine whether recurrent circuit changes affect the excitatory synaptic 

inputs onto the iSPNs, we performed electrophysiological recordings of spontaneous 

and evoked excitatory postsynaptic currents (sEPSCs and eEPSCs, respectively) in 2-

month-old cKO and control mice (Figure 18B). We recorded from tdTomato+ (Cre+) 

iSPNs in the dorsal striatum, because a significant number of these cells die with aging 

in the iSPN-Htt-cKOs. Thus, if there are excitotoxic synaptic signaling events, these 

should be detectable in these iSPNs. Indeed, both the frequency (Figure 18C-D, analyzed 

as the cumulative change in the inter-event interval, p<0.05, Kolmogorov-Smirnov test) 

and the amplitude (Figure 18C and E, p=0.04, unpaired t-test, control n=11, iSPN-cKO   
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Figure 18. Loss of Htt in iSPNs increases iSPN excitatory input at 2 months of 

age.  A) Diagram of potential, recurrent disruptions to excitatory input onto iSPNs 

resulting from a loss of inhibitory output in the basal ganglia circuit.  B)  Spontaneous 

and evoked excitatory postsynaptic currents (sEPSCs and eEPSCs, respectively) were 

recorded from tdTomato+ iSPNs in the dorsal striatum. C) Sample traces of sEPSCs from 

control and iSPN-cKO mice at 2 months of age.  D)  Cumulative probability plot of the 

inter-event interval of sEPSCs. (* p<0.05, Kolmogorov–Smirnov test).  E) Quantification 

of the mean amplitude of sEPSCs. Error bars show mean ± SEM. (* p<0.05, unpaired t-

test).  F) Mean evoked spike frequency of iSPNs.  Error bars show mean ± SEM. 

(Significant current by genotype interaction, p<0.05.  Post hoc tests showed significant 

difference for 300 pA and 400 pA current injections, *p<0.05).  G) Representative traces 

for the PPr measure and quantification of the mean PPr.  (* p<0.05, unpaired t-test) 
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n=14 cells) of the sEPSC were significantly increased in the iSPN-Htt-cKOs compared to 

littermate controls. These results show that loss of Htt in iSPNs leads to enhanced 

excitatory connectivity onto these neurons.  

The increased amplitude and frequency of sEPSCs point towards greater 

excitation of iSPNs in the cKOs. Interestingly, even though the excitatory input onto 

iSPNs was increased, the excitability of these cells was significantly lower in the iSPN-

Htt-cKOs compared to littermate controls (Figure 18F, p<0.01, Two-way ANOVA, 

control n=12, iSPN-cKO n=15). This may be a compensatory change in these neurons in 

response to the enhanced excitatory inputs coming from the cortex and thalamus.  

A postsynaptic effect of Htt-loss may drive the increase in excitatory 

postsynaptic activity of the iSPNs. However, because SPNs are part of the recurrent 

basal ganglia circuit, the increase in excitatory input can also be influenced by the loss of 

inhibitory iSPN output to the thalamus (Kozorovitskiy et al., 2012) (Figure 18A). 

Therefore, we next measured eEPSCs from the iSPNs of the dorsal striatum to determine 

presynaptic changes at excitatory iSPN synapses (Figure 18G). We found that in the 

iSPN-Htt-cKOs, the paired pulse ratio (PPr) is significantly lower than the controls 

(p<0.01, unpaired t-test, control n=22, iSPN-cKO n=20 cells). This result shows that Htt 

loss in iSPNs leads to increased probability of release at excitatory synapses made onto 

these neurons by cortical and/or thalamic afferents. This finding suggests that the 

synaptic activity in the cortex and/or thalamus of the iSPN-cKO mice is also altered.  
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Taken together our findings demonstrate that the loss of Htt specifically in iSPNs 

alters synaptic connectivity throughout the basal ganglia circuits, affecting both the 

input and the output of these cells. 

3.3.5 Loss of Huntingtin in iSPNs leads to progressive impairment of 
motor learning 

The iSPN-Htt-cKO mice exhibit major changes at the cellular level with age-

dependent decline in SPN connectivity and health. Because the iSPNs are an integral 

part of basal ganglia circuit that controls motor function, and because progressive loss of 

motor control is a primary symptom in HD, we next determined how loss of Htt in 

iSPNs affect motor behaviors in 2- or 4-month old mice.    

To do so we first examined gross motor skills and activity levels in 2- or 4-month-old 

iSPN-cKO and their littermate control mice using an open field paradigm. There were 

no significant differences between genotypes when we quantified the distance traveled 

by mice in open field (p=0.61, two-way ANOVA, n=9/genotype), indicating that there are 

no major locomotor defects in iSPN-Htt-cKO mice at either age (Figure 19A-B).  These 

levels of activity are similar to those observed in another study (Kim et al., 2015). 

The initial symptoms of HD include subtle changes in cognitive and motor 

function; however, the open field test assesses gross motor skills. Therefore, we next 

used an operant learning test that involves complex motor tasks and provides a more 

sensitive measure for functional changes in basal ganglia circuitry (Yin et al., 2005). In 
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Figure 19. Loss of Huntingtin in iSPNs leads to progressive impairment of 

motor learning.   A,B)  Open field movement for 2- (A) and 4- (B)  month old mice.  

Distance traveled in 1 min bins.  Error bars show mean ± SEM. (no significant difference. 

Two-way repeated measures ANOVA, n=9/genotype). C)  Lever press rate during CRF 

for 2-month-old mice. (Two-way repeated measures ANOVA [Session x Group]:  no 

main effect of Group, F(1,144) = 1.47, p = 0.24; no interaction between Session and Group, 

F(9,144) = 0.48, p = 0.89). D) Lever press rate during FR20 for 2-month-old mice. (Two-

way ANOVA, p>0.05, n=9/genotype) E)  Lever press rate during CRF for 4-month-old 

mice. (Two-way repeated measures ANOVA [Session x Group]:  no main effect of 

Group, F(1,108) = 2.23, p = 0.16; significant interaction between Session and Group, 

F(9,108) = 3.12, p = 0.002,  Post hoc tests showed significant difference for CRF6, CRF9, 

and CRF10, *p<0.05, n=7/genotype). F) Lever press rate during FR20 for 4-month-old 

mice. (Two-way ANOVA, p=0.03, n=9/genotype).  Error bars show mean ± SEM. 
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this operant learning paradigm, food-restricted mice (85-90% of their initial body mass) 

are trained to press a lever to receive food by continuous reinforcement (CRF), in which 

one lever press equals to one food pellet. During this 10-day training period, the mice 

learn to associate lever pressing with a food reward. After this training the mice are 

challenged by gradually increasing the lever press requirement up to a fixed ratio of 20 

presses per food pellet (FR20). For operant testing FR20 is kept for 4 days. The number 

of lever presses per minute is recorded during both training and testing phases to 

determine the ability of the mice seek a food reward. This paradigm measures the motor 

coordination, learning and motivation states, all of which are impaired in HD patients. 

When we tested 2-month-old mice, the lever press rates were indistinguishable 

between control and cKO mice both during the CRF operant training (Figure 19C, 

p=0.24, two-way ANOVA, n=9/genotype) and during the FR20 operant testing period 

(Figure 19D, p=0.66, two-way ANOVA, n=9/genotype). However, when we tested 4-

month-old control and cKO mice we observed significant reductions in lever press rate 

both during the CRF training (Figure 19E, p<0.05, unpaired t-test, n=7/genotype) and 

during the FR20 testing period (p=0.027, two-way ANOVA, n=7/genotype) (Figure 19F).  

These results show that loss of Htt in iSPNs leads to progressive loss of operant learning. 

These results indicate that basal ganglia circuits controlling motor function significantly 

deteriorate during aging in iSPN-Htt-cKO mice. 
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3.4 Discussion 

Our results here show that loss of Htt in the indirect pathway SPNs alone can 

drive two central symptoms of HD, SPN death and progressive motor dysfunction.  We 

also identified a significant loss in the inhibitory synaptic input to the GPe of young 

iSPN-cKOs that may underlie the development of the HD-like phenotypes.  iSPN death, 

loss of striatopallidal synapses, and dysfunction in the basal ganglia circuit are all 

thought to drive the hyperkinetic symptoms of HD and contribute to the cognitive and 

psychiatric symptoms.  These data further support a role for wild type Htt in the 

support of neuronal health.  Together, we have shown that wild type Htt plays an 

important role in the iSPNs, and that the loss of normal Htt function in HD could be the 

mechanistic basis of cell death and motor dysfunction.  

3.4.1 GPe Connectivity in HD 

In HD, the iSPNs are particularly vulnerable to mutant Htt (mHtt) toxicity, and 

they degenerate earlier in the disease than the dSPNs.  Striatopallidal axons start to 

degrade before the onset of motor symptoms in HD, and they are significantly reduced 

in the GPes of grade 1 HD patients (Reiner et al., 1988, Deng et al., 2004, Kipps et al., 

2005).  The loss of striatopallidal axons is not accompanied by a loss of GPe neurons, so 

these neurons are thought to lose their inhibitory input and increase their intrinsic firing 

rate (Wakai et al., 1993, Kipps et al., 2005).  A loss of GPe inhibition can drive 

uncontrolled, hyperkinetic movements that closely resemble the chorea that is the 
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hallmark symptom of early HD (Grabli et al., 2004).  When the dSPNs are lost later in 

HD it coincides with development of bradykinesia and Parkinson’s-like symptoms 

(Berardelli et al., 1999).   Deficits in GPe synaptic inhibition could also account for some 

of the behavioral changes experienced by HD patients as disruptions to the non-motor 

regions of the GPe produce symptoms resembling psychiatric disorders (Grabli et al., 

2004). 

The evidence for a loss of indirect pathway inhibition in HD is mostly correlative 

based on the changes to striatopallidal axons. Direct evidence for changes in GPe activity 

in HD is very limited. Indirect evidence for GPe changes underlying the motor 

symptoms of HD comes from deep brain stimulation (DBS) treatments of HD.  Implants 

into various nuclei of the basal ganglia are able to ameliorate choreic movements 

through alterations to basal ganglia circuit activity (Moro et al., 2004, Ligot et al., 2011). 

A direct recording from the GPe of a symptomatic HD patient showed an increase in 

GPe firing rates and a decrease in GPi activity compared to Parkinson’s disease patients, 

but Parkinson’s disease patients are known to have major decreases in GPe activity so 

this study lacked proper healthy controls (Obeso et al., 2008, Starr et al., 2008).  

Conversely, electrophysiological readings from tgHD rats, a transgenic rat model of HD 

that expresses a Htt fragment with 51 CAG repeats, found a decrease in the firing rate of 

neurons in the GPe, the opposite of what is expected from a loss of striatopallidal 

synapses (Vlamings et al., 2012).  Further study is required to understand how HD is 



 

114 

really affecting striatopallidal connectivity and how that may contribute to HD 

progression.  

In this study, we identified a requirement for wild type Htt in maintaining 

striatopallidal connectivity.  The loss of striatopallidal synapses precedes motor 

behavioral changes and neuronal death.  This synaptic dysfunction may act to drive 

these other, later developing phenotypes.  A total loss of indirect pathway inhibition 

increases corticostriatal excitatory synaptic activity through a recurrent, feedback 

mechanism in the basal ganglia loop (Kozorovitskiy et al., 2012).  We noticed a similar 

effect here with the partial loss of inhibition to the GPe in iSPN-cKOs.  We observed 

significant increases in sEPSC frequency and amplitude onto iSPNs, and a decrease in 

PPr that indicates an increase in the presynaptic release of glutamate from cortical or 

thalamic axons.  Because these iSPNs had also lost Htt we cannot determine if this 

change in presynaptic release is due to a recurrent change in the basal ganglia circuit or 

a retrograde postsynaptic signal.  The reduced inhibition of the GPe in the iSPN-cKOs 

could facilitate the development of the motor defects observed in the operant testing.  

The increase in excitatory connectivity onto the iSPNs could be driving excitotoxicity in 

an age dependent manner. 

3.4.2 Loss of Function Mechanisms in HD and HD-like pathology in 
iSPN-Htt-cKO mice 

There is increasing evidence that mHtt can drive toxic, loss-of-function effects in 

neurons.  Expression of mHtt can disrupt several important processes that depend on 
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the wild type function of Htt.  The precise mechanisms of mHtt and loss of Htt may not 

be the same, but the end result is a loss of processes that depend on wild type Htt. 

Cortical and striatal neurons are both susceptible to cell death in the presence of mHtt or 

when Htt is deleted in the postnatal brain (Dragatsis et al., 2000).  Htt is required for the 

proper axonal transport of vesicles, organelles, and important neurotrophic factors, 

including BDNF, and expression of mHtt disrupts axonal transport by interfering with 

the binding of motor proteins to microtubules and vesicular cargo (Gauthier et al., 2004, 

Millecamps and Julien, 2013, Zala et al., 2013).  Recently, Htt was identified as a key 

component of selective macroautophagy that is required to properly package autophagy 

targets for degradation within the developing autophagosome (Ochaba et al., 2014, Rui 

et al., 2015).  This function is lost in HD, and cells are unable to properly localize targets 

for degradation to autophagosomes (Martinez-Vicente et al., 2010).  These dominant-

negative, loss of function effects of mHtt target key cellular functions and may drive 

pathogenesis of HD. 

The results here add to the growing list of HD phenotypes that can be produced 

by a loss of Htt.  Like previous deletions of Htt in neurons (Dragatsis et al., 2000), we 

found cell death in the striatum of the iSPN-cKO mice.  In HD, striatal degeneration and 

atrophy proceeds in a dorsal to ventral gradient (Vonsattel et al., 1985), and iSPN loss is 

most evident in the dorsal striatum of the cKOs.  Surprisingly, cell death in the iSPN-

cKOs was not limited to the iSPNs, but instead spread to dSPNs in the ventral striatum 
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in a cell non-autonomous mechanism.  Cell non-autonomous effects are known to 

contribute to HD pathology.  In order to correct striatal pathology in HD, mHtt must be 

eliminated from both the cortex and striatum (Wang et al., 2014).  These cell non-

autonomous, toxic effects of mHtt are thought to arise from the prion-like spreading of 

mHtt aggregates between neurons (Pecho-Vrieseling et al., 2014, Pearce et al., 2015), but 

our results here show that cell non-autonomous toxicity can arise independently of 

aggregates. 

The iSPN-cKO mice also developed progressive, adult onset motor defects in the 

operant learning paradigm.  Operant tests are known to be more sensitive at picking out 

phenotypes in HD mouse models, particularly more slowly progressing models 

(Trueman et al., 2007, Brooks et al., 2012, Trueman et al., 2012).  However, the module 

that we used in this study has not previously been used to assess any HD mouse 

models.  The deficits in operant learning are progressive with no detectable differences 

between the controls and iSPN-cKO at 2 months, but significant reductions in lever 

pressing rate at 4 months during both the learning and testing phases.  The behavioral 

dysfunction appears after the striatopallidal synaptic reduction is complete, so it is 

unclear whether the motor dysfunction we observe in the iSPN-Htt-cKO mice is due to 

the changes in GPe connectivity, early SPN death, or a combination of the two.  

The loss of Htt in iSPNs led to changes in excitatory synaptic connectivity similar 

to the full-length transgenic mouse models of HD.  There is a well-established literature 
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examining the changes to corticostriatal synapses in HD mouse models that precede the 

onset of motor dysfunction.  At 2 months the iSPN-Htt-cKO mice show an increase in 

both the frequency and amplitude of sESPCs in iSPNs, while excitability of these 

neurons decreases.  The PPr of eEPSCs in iSPNs show a significant decrease, indicating 

that presynaptic release is increased.  These changes to synaptic function in iSPN 

resemble the synaptic changes observed in the dSPNs in HD mouse models.   dSPNs 

exhibit an increase in sEPSCs frequency and a decrease in PPR before symptom onset in 

YAC128 mice, a full length Htt HD mouse model, while the iSPNs have no changes in 

sEPSC frequency or PPr at that age (André et al., 2011).   

Our results here further demonstrate that loss of Htt function can phenocopy 

changes seen in HD, and support the concept that mHtt may act as a dominant negative 

in the pathogenesis if HD. 

3.4.3 Huntingtin’s role in inhibitory synapse formation and maturation 

Here, we have identified a role for Htt in the establishment and maintenance of 

the inhibitory striatopallidal synapses.  From a very young age (P21) synapse formation 

is disrupted in the iSPN-Htt-cKO mice, and from 5 weeks of age on through 10 months 

of age the inhibitory synaptic input to the GPe is reduced in these mice.  There is little 

change in inhibitory synapse number between 2 and 10 months, so the reduction in 

striatopallidal synapses appears to be a developmental defect rather than a slow 

degeneration of striatopallidal connectivity driven by iSPN degeneration.  
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Immunohistochemical and electrophysiological changes in iSPN-Htt-cKO mice point 

towards individual GPe neurons receiving fewer inhibitory inputs from the iSPNs of the 

striatum rather than a subset of neurons losing all their inhibitory synapses.  This 

suggests that Htt plays an important presynaptic role in either establishing or 

maintaining GABAergic synapses.   

The reduction in striatopallidal synapses in the iSPN-cKO mice started by 5 

weeks of age and reached its nadir by 2 months of age.  Synaptic development in the 

mouse GPe has not been studied, so it is unclear what the significance of this time 

period may be.  Between 5 weeks and 2 months of age, there is a considerable reduction 

in the frequency of mIPSCs in the control animals (1.47 Hz to 0.84 Hz, respectively), 

implying that a synaptic development process occurs during this time frame.  This 

change may be due to either synaptic pruning or inhibitory synapse maturation.  

Unfortunately, our synapse number data were not collected in a manner that allows us 

to directly compare synapse number between age groups.  More immature inhibitory 

synapses have a greater presynaptic release probability, which could result in more 

mIPSCs and explain the greater mIPSC frequency at 5 weeks compared to 2 months 

(Grantyn et al., 2011).  Our results here indicate that presynaptic Htt is involved with the 

development of inhibitory, GABAergic synapses.   

Presynaptic Htt must be involved in a transsynaptic form of communication that 

stabilizes inhibitory synapses.  This could occur either be through a transsynaptic 
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adhesion complex, a signaling mechanism, or through activity-based stabilization.  

Given Htt’s wide array of physical interactions, there are many possible signaling 

mechanisms (Kaltenbach et al., 2007, Shirasaki et al., 2012).  The Neurexin/Neuroligin2 

interaction has been demonstrated to be important for inhibitory synapse formation and 

stabilization, but the presynaptic component, Neurexin, is enriched in the dSPN 

compared to the iSPNs, making it a less likely possibility in our iSPN-Htt-cKO model 

(Varoqueaux et al., 2004, Lobo et al., 2006, Poulopoulos et al., 2009).  BDNF signaling has 

been identified as an inducer and stabilizer of inhibitory synapses (Yamada et al., 2002, 

Ohba et al., 2005).  Postsynaptic BDNF release can induce presynaptic release in 

inhibitory neurons through its receptor, TrkB (Kohara et al., 2007).  This is an attractive 

possibility since HD mice show deficiencies in BDNF signaling at corticostriatal 

synapses due to TrkB signaling defects, and wild type Htt may function in this pathway 

(Gauthier et al., 2004, Plotkin et al., 2014). Unfortunately, deletion of TrkB from iSPNs 

does not affect GPe synapse number (Besusso et al., 2013).  There is considerable 

evidence that inhibitory synapses are not static structures, but rather they shift, reform, 

and adjust their structure regularly (Calamai et al., 2009, Dobie and Craig, 2011, Specht 

et al., 2013).  It is possible that the loss of Htt decreases the stability of the presynaptic 

active zone, resulting in a smaller pool of functional inhibitory synapses.  There is 

evidence in disease models of HD that excitatory synapses are less stable; it is possible 

that a similar process occurs in the inhibitory synapses.  Finally, changes in presynaptic 
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function can also affect the inhibitory synapse number.  Synapsin II desynchronizes 

GABA release in the presynaptic terminal, and its loss leads to a reduction in mIPSCs in 

the dentate gyrus, similar to what we observed in the GPe of iSPN-cKOs (Medrihan et 

al., 2013).  As synapsin II has also been identified as a Htt interacting protein, these 

findings present the possibility that a loss of Htt may impair its function (Kaltenbach et 

al., 2007, Shirasaki et al., 2012).  Further study is clearly needed to identify through what 

mechanism presynaptic Htt increases striatopallidal synapses.  

3.4.4 Conclusion  

Previous work from our lab showed that excitatory synapses require Htt for the 

proper timing of formation and maturation (McKinstry et al., 2014).  Here, we again find 

that the establishment of synapses, inhibitory this time, is affected by the presynaptic 

loss of Htt.  Together, these studies show that wild type Htt plays an important role in 

establishing synaptic connectivity throughout the basal ganglia circuit.  Wild type Htt 

plays a vital role in the basal ganglia circuit, and its loss of function can drive serious 

deficits in brain function.  

Our results show that loss of Htt in the indirect pathway SPNs alone can drive 

SPN death, disrupt striatopallidal connectivity, and disrupt motor function – all 

prominent features of HD.  Our work here demonstrates the importance of maintaining 

normal Htt function in the striatum, and indicates that loss of function mechanisms 

could be a major factor in HD pathogenesis.  This has important implications for the 
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treatment of HD.  Any potential therapeutics for HD must maintain wild type Htt 

function or they risk phenocopying many aspects of the disease. Elucidating the normal 

function of Htt will help us to better understand the pathogenesis of the disease, and 

will be vital for the development of therapeutic strategies that can prevent HD’s 

devastating neurodegeneration.  
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4. Molecular mechanisms of Huntingtin’s interaction 
with α2δ-1 and its postsynaptic control of excitatory 
synaptogenesis 

4.1 Introduction 

In the previous two chapters, I demonstrated that Huntingtin (Htt) regulates the 

formation and maturation of both excitatory and inhibitory synapses in the basal ganglia 

circuit. Examining known protein-protein interactions of Htt could illuminate potential 

mechanisms by which Htt regulates said synapse formation. Screens for Huntingtin-

interacting proteins identified over a thousand interacting proteins in diverse pathways 

(Kaltenbach et al., 2007, Shirasaki et al., 2012, Tourette et al., 2014). The Htt-associated 

pathways suggest many possible mechanisms through which Htt could act to regulate 

synapse formation, including actin cytoskeleton regulation, membrane fusion, vesicle 

trafficking, and proteins involved in both pre- and postsynaptic function. From the 

Huntingtin interacting protein screens, I identified α2δ-1 as a promising candidate to 

partner with Htt in the regulation of synapse formation (Kaltenbach et al., 2007). 

α2δ-1 is both important for astrocyte-induced synapse formation, and its 

expression aggravates mutant Htt toxicity, indicating potential involvement in HD 

pathogenesis (Kaltenbach et al., 2007, Eroglu et al., 2009). Although α2δ-1 was originally 

identified as a calcium channel subunit, it has also been shown to have calcium-channel-

independent functions, including regulating astrocyte-induced excitatory synapse 

formation (Witcher et al., 1993, Eroglu et al., 2009). α2δ-1 not only physically interacts 
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with Htt, it also genetically interacts with mutant Htt to affect cellular toxicity 

(Kaltenbach et al., 2007). Expression of a poly-Q expanded first exon of Htt (mHtt) in the 

Drosophila eye drove degeneration that could be rescued by a hypomorphic allele of α2δ-

1. Furthermore, overexpression of α2δ-1 increased mHtt driven degeneration, indicating 

that expression levels of α2δ-1 positively correlated with mHtt toxicity in the Drosophila 

eye.  These results indicate that α2δ-1 could both interact with wild type Htt and that it 

could participate in the pathogenesis of HD.  

4.1.1 The role of α2δ-1 in excitatory synapse formation 

α2δ-1 is the neuronal receptor for the astrocyte-secreted synaptogenic 

thrombospondin family of proteins (TSP) (Eroglu et al., 2009). Astrocytes secrete a 

number of extracellular matrix proteins that drive excitatory synapse formation, 

including the Thrombospondin (TSP) protein family, Hevin, and glypicans 4 and 6 

(Pfrieger and Barres, 1997, Christopherson et al., 2005, Kucukdereli et al., 2011, Allen et 

al., 2012). These astrocyte-secreted proteins regulate excitatory synapse formation at 

various stages of development. TSPs induce postsynaptically silent synapses that require 

other factors to functionally mature (Christopherson et al., 2005). While TSPs induce 

synapse formation through binding to neuronal α2δ-1, the neuronal components 

downstream of α2δ-1 in the TSP synaptogenic pathway are unknown (Eroglu et al., 

2009).  
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α2δ-1 is required postsynaptically for TSP induced synapse formation, but its 

presynaptic requirement is unknown. Outside of astrocyte induced synapse formation, 

α2δ-1 is important presynaptically for excitatory synapse function. α2δ-1 was originally 

identified as an L-type calcium channel subunit which regulates the presynaptic release 

of neurotransmitters (Llinas et al., 1976, Witcher et al., 1993, Neher, 1998), and α2δ-1 

enhances current stimulation of calcium channels (Gurnett et al., 1996). Critically for 

presynaptic function, α2δs regulates the abundance of presynaptic calcium channels that 

control presynaptic release of synaptic vesicles (Hoppa et al., 2012). This regulation of 

presynaptic release is necessary for the proper formation and maturation of excitatory 

synapses (Ziv and Garner, 2004). 

α2δ-1 is thus important for synapse formation and function both pre- and post-

synaptically. It stands to reason that Htt could regulate excitatory synapse formation 

and maturation through an interaction with α2δ-1. 

Here, I show that Htt postsynaptically suppresses excitatory synapse formation 

in cultured neurons. Htt and α2δ-1 physically interact in or closely juxtaposed to 

membranes, and that the pathogenic ploy-Q mutation in Htt interferes with the α2δ-1 

interaction. Taken together, this data suggests that Htt acts to suppress α2δ-1’s 

synaptogenic function and that this regulation is lost in HD.  
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4.2 Materials and methods 

4.2.1 Constructs 

Table 2. Plasmid constructs used in chapter 4 

Construct Description Source 

FLAG-α2δ-1 

 

α2δ-1 with an N-terminal FLAG tag 

used for immunoprecipitation. 

Eroglu et al., 2008 

FLAG-α2δ-1ΔC Amino acids 1-1082 of α2δ-1 with an 

N-terminal FLAG tag. Deletes α2δ-1's 

cytosolic C-terminal tail domain. 

Site directed mutagenesis of 

FLAG-α2δ-1. See below for 

primers. 

 

FLAG-α2δ-1ΔTM  Amino acids 1-1064 of α2δ-1 fused to a 

C-terminal GPI anchor and an N-

terminal FLAG tag. Deletes α2δ-1's 

transmembrane domain. 

Fusion of α2δ-1ΔTM (Ippolito, 

2012) and FLAG-α2δ-1. See 

below for primers. 

HttQ23 Full length, wild type Htt with 23 

glutamines 

Coriell Institute, CHDI-90000038 

hHtt-GFP Full length, wild type, human Htt with 

23 glutamines and a C-terminal GFP 

tag. 

Fusion of HttQ23 and GFP from 

pBetaActin-GFP. See below for 

primers 

mHttQ73 Full length mutant Htt with 73 

glutamines 

Coriell Institute, CHDI-90000039 

Htt853 Amino acids 1-853 of Htt Truncation of HttQ23 by 

digestion with BsaBI and ClaI 

HttΔN17 Full length Htt with amino acids 2-17 

deleted. Deletes the N-terminal, 

membrane-associated α-helix. 

Site directed mutagenesis of 

HttQ23. See below for primers. 

HttC214S Full length Htt with cysteine 214 

mutated to a serine to eliminate 

palmitoylation site 

Site directed mutagenesis 

HttQ23. See below for primers. 

HttΔ172-287  Full length Htt with amino acids 172-

287 deleted. Deletes a membrane 

associated region 

Mutagenesis HttQ23. See below 

for details. 

 

GFP pBetaActin-GFP, GFP under the 

control of a chicken Beta Actin 

promoter. 

Dr. Scott Soderling 

shHtt pLKO.1-TRC Mouse specific Htt 

shRNA 

Dharmacon, TRCN0000100345 

TRC Control pLKO.1 - TRC cloning vector Addgene (plasmid # 10878) 

(Moffat et al., 2006) 
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FLAG-α2δ-1ΔC was cloned by adding a stop codon after the transmembrane 

domain of FLAG-α2δ-1 to eliminate the final 9 amino acids. FLAG-α2δ-1ΔC was cloned 

using site directed mutagenesis on the FLAG-α2δ-1 construct, according to the 

manufacture’s protocol (Strategene QuikChange II XL). Primers used to convert V1083 

to a stop codon were: 

 5’-TTATACTCCTTTGGCTGTGAATCTAGAGCAGCAGACACTATCTATGG 

TAGGACCC-3’ 

5’-GATAGTGTCTGCTGCTCTAGATTCACAGCCAAAGGAGTATAAATTGGA 

GTCC-3’. 

 Mutation was confirmed by sequencing. 

FLAG-α2δ-1ΔTM: α2δ-1ΔTM-GPI, an α2δ-1 construct in which the 

transmembrane portion was deleted and replaced with a GPI anchor, was previously 

constructed in our lab by making a fusion protein of amino acids 1-1064 from α2δ-1 and 

the GPI targeting sequence from GFP-GPI (Keller et al., 2001, Ippolito, 2012). The FLAG 

tag was inserted into this construct by excising the N-terminus of FLAG-α2δ-1 and α2δ-

1ΔTM-GPI by digestion with KpnI and AgeI. The resulting fragments were gel purified, 

and the backbone from α2δ-1ΔTM-GPI was ligated using T4 ligase to the N-terminal 

fragment from FLAG-α2δ-1 to form FLAG-α2δ-1ΔTM. The construct was confirmed by 

sequencing and expression in HEK293 cells. 
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hHtt-GFP was constructed by adding GFP to the C-terminus of HttQ23 replacing 

the myc tag in the original plasmid. GFP was cloned from pBetaActin-GFP into a 

Topo2.1 plasmid by using PCR, and BstBI and AgeI restriction enzyme cut sites were 

added by using the primers: 

 5’-TTCGAAggaggtgcaggagctgcaGTGAGCAAGGGCGAGGA-3’ and 

 5’-accggtGACGGTCCGCTTGTACAG-3’.  

The Topo2.1 plasmid was digested with AgeI and BstBI, the fragment was gel 

purified, then ligated into the HttQ23 backbone using T4 ligase (NEB). GFP insertion 

was confirmed by sequencing and western blot after expression in HEK293 cells. 

HttΔN17 and HttC214S were created by using site directed mutagenesis 

performed according to the manufacture’s protocol (Strategene QuikChange II XL) on 

HttQ23. Primers for HttΔN17: 

5’-GATAAACACCACCATG-CAACAGCAGCAACAGCAACAAC-3’  

5’-TTGCTGCTGTTGCAT-GGTGGTGTTTATCTGCAGAATTCC-3’  

Primers for HttC214S: 

5’-GAACCTTCTGCCGTCCCTGACGCGTACAAGCAAGAGACCCGAAG 

AATCAG-3’  

5’-GGTCTCTTGCTTGTACGCGTCAGGGACGGCAGAAGGTTCACCAGGT 

AAGG-3’  

Mutations were confirmed by sequencing. 
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Htt853 was cloned by digesting HttQ23 with BsaBI and ClaI, gel purifying the 8 

kb backbone, and re-ligating it to form the shortened construct. 

HttΔ172-287 was created by replacing amino acids 172-287 with an XhoI cut site 

(encoding a lysine and a glutamic acid). This was accomplished using PCR to create a 

fragment from the NdeI cut site in the promoter sequence of HttQ23 plasmid to amino 

acid 172 and adding a XhoI cut site using the primers: 

5’-CCCACTTGGCAGTACATC-3’  

5’-TCGAGCTGTAACCTTGG-3’ 

A second fragment was created by adding a XhoI cutsite before amino acid 287 

and extending to the internal ClaI site in Htt using primers: 

5’-CTCGAGTATTTCTATAGTTGGCTAC-3’ 

5’-TCCTCAGAGTCAGCACATCG-3’ 

 PCR products were ligated into Topo2.1 plasmids, cut with appropriate 

restriction enzymes, and ligated into the HttQ23 backbone digested with NdeI and ClaI. 

4.2.2 Protein purification  

Chinese Hamster Ovary (CHO) cells expressing human TSP2 were grown in 

DMEM high glucose growth media (100 units/ml Pen G, 100 ug/ml Streptomycin, 5 

µg/ml insulin, 1 mM Sodium Pyruvate, 2 mM L-Glutamine, 0.0001% b-

mercaptoethanol). Minimal media (Neurobasal (Gibco, 12348) with 100 units/ml Pen G, 

100 ug/ml Streptomycin, 2 mM L-Glutamine, 1 mM Sodium Pyruvate) was conditioned 
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for 5 days before collection. Media was run through a HiTrap Heparin HP column (GE 

Healthcare Life Sciences), and with DPBS + D-Glucose + Sodium Pyruvate (Gibco 14287) 

to remove non-specifically bound proteins. TSP2 was eluted in DPBS + 300 mM NaCl. 

Purified TSP2 was concentrated in Vivaspin 20 Centrifugal Concentrators, 30 kDa 

MWCO (Satorius Stedim). Purified protein was resolved by SDS-PAGE, and purity was 

assessed by coomassie stain. 

4.2.3 Retinal ganglion cell (RGC) preparations 

RGCs were purified with greater than 99.5% purity from P7 Sprague-Dawley rats 

(Charles Rivers) and cultured in serum-free medium as described previously (Meyer-

Franke et al., 1995, Ullian et al., 2001, Christopherson et al., 2005, Eroglu et al., 2009, 

Kucukdereli et al., 2011). RCGs were cultured for 4 days to allow robust process 

outgrowth before transfection. RGCs were transfected with Lipofectamine LTX 

(ThermoFisher) using 0.5 μg of each DNA per well (GFP and TRC Control or shHtt) for 

2 hours, and cells were placed in fresh media after transfection. RGCs were cultured for 

3 additional days after transfection to allow for recovery and plasmid expression. RGCs 

were fed with fresh media and treated 3 and 6 days post-transfection, then fixed and 

stained 9 days after transfection. 

RGCs were fixed in 4% PFA in PBS warmed to 37° for 7 minutes. Cells were 

washed with PBS, blocked in a 1:1 solution of Normal Goat Serum (NGS) and Antibody 

Buffer (150 mM NaCl, 50mM Tris-Base, 1% BSA, 100 mM L-lysine, 0.04% Azide, pH 7.4) 



 

130 

with 0.2% Triton-X100 for 30 minutes at room temperature, and washed again with PBS. 

Primary antibodies (1:400 mouse anti-bassoon (Enzo, SAP7F07), 1:750 rabbit anti-homer 

(Synaptic Systems, 160 002), 1:1000 chicken anti-GFP (Millipore, AB16901) were diluted 

in Antibody Buffer with 10% NGS. Cells were incubated in primary antibodies 

overnight at 4°. Fluorescent conjugated secondary antibodies were diluted (1:1000) in 

Antibody Buffer with 10% NGS, and incubated with cells for 2 hours. Coverslips were 

mounted with Vectashield containing DAPI. Cells were imaged on a Zeiss Axioimager 

at 63x. 21-40 cells per condition. 

4.2.4 Quantification of excitatory synapse number 

Synapses were identified as the colocalization of pre- (bassoon) and post-

synaptic (homer) markers. A custom ImageJ macro was programmed to automatically 

identify the colocalization of synaptic markers within transfected cells. The area of cells 

was detected by automatically thresholding the blue channel and identifying the largest 

objective within the image. Manual thresholding of the red and green channels identifies 

and quantifies synaptic proteins, and then colocalization is identified and quantified. 

Synapse number is then normalized to the area of the transfected cell.  

4.2.5 Immunoprecipitation of FLAG-α2δ-1 and Huntingtin constructs 

Confluent HEK293 cell in a 10 cm2 tissue culture plate were transfected with 

Lipofectamine 2000 (ThermoFischer, 11668019) for 5 hours then washed with PBS and 

put in to a serum free media (DMEM, Pen/Strep, Glutamine, Sodium Pyruvate). 
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Transfected HEK293 cell were cultured for three days in serum-free media to allow for 

expression of the proteins before they were collected for the immunoprecipitation. Cells 

were washed with, and scraped off into, ice cold PBS. Cells were spun down at 500xg for 

5 min and the supernatant removed. Cells were then resuspended in 1 ml of Membrane 

Solubilization Buffer (25 mM TRIS pH 7.4, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2) 

with 0.5% NP-40. Resuspended cells were lysed by rotating for 10 minutes at 4°. Lysed 

cells were spun down in at 20,000xg for 1 min to pellet unlysed cells, and 900 μl of 

supernatant was transferred to pre-chilled ultracentrifuge tubes (Beckman Coulter, 

343778). Supernatant was centrifuged at 100,000xg for 45 minutes to pellet any lipid 

fragments that may have persisted in the cell lysate. 50 µl of supernatant was collected 

for total lysate and diluted 1:1 with 2x Laemmli sample buffer (Bio-Rad, 1610737). 600 µl 

of supernatant was added to 50 µl of washed Anti-FLAG® M2 Affinity Gel (Sigma-

Aldrich, A2220) in 1.2 ml of MSB to give a final concentration of 0.2% NP-40, and this 

mixture was nutated overnight at 4° to facilitate binding to the gel. Gel was washed 3 

times in MSB with 0.1% NP-40, and protein was eluted into 75 µl of 2x Laemmli sample 

buffer by heating the sample to 42° for 10 minutes. 

Samples were transferred to clean tubes and β-mercaptoethanol was added. 

Samples were denatured at 65° for 10 minutes. 15 µl of samples was loaded into 4-15% 

polyacrylamide gels (BioRad), resolved by SDS-PAGE, and transferred onto an 

Immobilon-FL PVDF membrane (Millipore). Blots were blocked in 5% milk in PBS 
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containing 0.1% Tween-20 for 1 hour at room temperature before incubating with 

primary antibody dilutions in blocking buffer (mouse anti-Htt 1:1000 (Millipore 

MAB2166), mouse anti-Dihydropyridine Receptor (α2 Subunit) 1:500 (Sigma-Aldrich 

D219)) overnight at 4°C. HRP-conjugated secondary antibodies (Jackson 

ImmunoResearch 115-035-062) were diluted (1:5000) in the same buffer as primary 

antibodies and Western blots were incubated with secondary antibodies for 2 hours at 

room temperature in the dark. Detection was performed using the ECL system (GE 

Healthcare Life Science, RPN2109). Three to four replicates of each immunoprecipitation 

were performed for quantification. The intensities of protein bands were quantified 

using ImageJ. Htt band intensities were normalized to band of HttQ23 co-

immunoprecipitated with FLAG- α2δ-1. Comparison were calculated using a two-tailed 

student’s t-test. 

4.3 Results 

4.3.1 Htt interacts with α2δ-1 through its C-terminal tail and 
transmembrane domain  

In order to confirm the Htt and α2δ-1 interaction, I co-transfected HEK293 cells 

with a full length human Htt construct and N-terminal FLAG tagged α2δ-1 construct 

(FLAG-α2δ-1, Figure 20A) and performed an immunoprecipitation of FLAG-α2δ-1.  In 

confirmation of previous results, Htt co-immunoprecipitated with FLAG-α2δ-1 (Figure 

20B). α2δ-1 is a single-pass transmembrane protein composed of an α2 unit and a δ unit 

that are bridged by a disulphide bond (Jay et al., 1991). The α2 unit is completely 



 

133 

extracellular, and the δ unit contains the transmembrane domain and a small, nine 

amino acid intracellular cytoplasmic tail (Jay et al., 1991). In order to identify the region 

of α2δ-1 that interacts with Htt, I created a series of C-terminal deletions of FLAG-α2δ-1 

to eliminate the intracellular portions of α2δ-1 that may interact with Htt (Figure 20A). 

The first truncation removed α2δ-1’s short C-terminal cytoplasmic tail (FLAG-ΔC), 

which could interact intracellularly with Htt. The second deletion removed the 

transmembrane portion of α2δ-1 (FLAG-ΔTM, hereafter) and replaced it with a 

glycosylphosphatidylinositol (GPI anchor) to maintain its association with the plasma 

membrane. FLAG-ΔC exhibited a reduced interaction with Htt (54% of FLAG-α2δ-1, 

p<0.05, unpaired t-test), but there was still a significant association. FLAG-ΔTM showed 

an almost complete loss of Htt interaction (15% of FLAG-α2δ-1, p<0.001, unpaired t-test, 

Figure 20 B,C). These results show that the transmembrane portion of α2δ-1 is required 

for its interaction with Htt. The cytoplasmic tail also has a significant effect on the 

interaction with Htt, but the two proteins can still bind in the absence of α2δ-1’s 

cytoplasmic tail. The cytoplasmic tail may act to stabilize the interaction or otherwise 

facilitate it. While it is surprising that the transmembrane portion of a protein would 

interact with an intracellular protein, the N-terminal domain Htt has been shown to 

insert into the plasma membrane (Atwal et al., 2007). The transmembrane domain of 

α2δ-1 is also only theoretical and has never been rigorously tested. It is possible that a 

fraction of the cytoplasmic tail remained in FLAG-ΔC. 
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Figure 20. The transmembrane region of α2δ-1 is critical for its interaction 

with Huntingtin. A) Schematic of C-terminal deletions of α2δ-1. FLAG-α2δ-1ΔC deletes 

the nine C-terminal, intracellular amino acids of α2δ-1, and FLAG-α2δ-1ΔTM deletes the 

transmembrane portion and add a GPI anchor to secure the protein to the membrane. B) 

FLAG immunoprecipitation of α2δ-1 C terminal deletions with full length, wildtype 

Huntingtin. C) Quantification of Htt co-immunoprecipitated with the α2δ-1 constructs. 

Levels are normalized to full length α2δ-1. Error bars show mean ± SEM. (* = p<0.05, 

n=3. Unpaired t-test) 
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 4.3.2 Huntingtin negatively regulates synapse formation in RGCs 

Having confirmed the physical interaction between α2δ-1 and Htt, I next tested 

their functional interaction in synaptogenesis. To do so, I manipulated Htt expression in 

cultured retinal ganglion cells (RGCs) and induced α2δ-1 mediated synapse formation 

by TSP treatment. Under normal minimal growth media conditions RGCs form very few 

synapses, but treatment with the Thrombospondins family of proteins induces robust 

synapse formation in RGCs through α2δ-1 (Pfrieger and Barres, 1997, Christopherson et 

al., 2005, Eroglu et al., 2009). To determine whether Htt regulates TSP-induced synapse 

formation, I used an shRNA targeting the rodent mRNA of Htt (shHtt) to knockdown 

Htt expression. I transfected RGCs with shHtt or a control vector (TRC Control) and 

then treated them with 0.6 μg/ml of TSP2 to induce synapse formation. I cultured the 

neurons for 9 day post-transfection before fixation and synapse analysis.  

Control RGCs in growth media only (GM) displayed relatively few synapses 

(Figure 21A, B). Surprisingly, the shHtt transfected RGCs in the growth media only 

showed a significant 1.7 fold increase in excitatory synapses (p<0.01, ANOVA Fisher 

LSD). This increase in synapses was rescued by expression of a human Htt-GFP 

construct that is insensitive to shHtt (p=0.77, ANOVA Fisher LSD). As expected, the 

control RGCs treated with TSP2 showed a significant increase in synapse number 

compared to the growth media only control RGCs (p=0.02, ANOVA Fisher LSD). 
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Figure 21. Loss of Huntingtin induces synapse formation and masks the effect 

of TSP.  A) Sample images of RGC dendrites of transfected cells stained for synaptic 

proteins homer (postsynaptic) and bassoon (presynaptic). RGCs were treated with 0.6 

μg/ml. B) Quantification of synapses per area of cell. Error bars show mean ± SEM. (* = 

p<0.05) C) Sample images of Control and shHtt transfected RGCs with different 

concentrations of TSP2. D) Quantification of synapses per area of cell. Error bars show 

mean ± SEM. (* = p<0.05). 

RGCs transfected with shHtt did not have a significant increase in synapses compared to 

shHtt RGCs in growth media (p=0.92, ANOVA Fisher LSD). There was no significant 

change in synapses between shHtt transfected RGCs in growth media only and control 

RGCs treated with TSP2 (p=0.63, ANOVA Fisher LSD). These results could be explained 
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two ways: Either the RGCs transfected with shHtt are insensitive to TSP2 or RGCs reach 

a saturated density of synapses when Htt is silenced that they cannot exceed. 

I attempted to distinguish between these possibilities by testing multiple 

concentrations of TSP2 to determine whether higher concentrations of TSP2 might 

overcome synapse saturation induced by shHtt (Figure 21 C,D). If shHtt RGCs are TSP 

insensitive then higher concentrations of TSP2 might induce significantly more synapses 

in control RGCs compared to the shHtt transfected RGCs. If the shHtt RGCs are still TSP 

sensitive, then higher concentrations of TSP2 might also be able to induce additional 

synapses in shHtt transfected RGCs. If none of the control RGC conditions significantly 

increase synapse number over the shHtt treated cells, or if none of the TSP2 treated 

shHtt RGCs have more synapses than the growth-media-only shHtt RGCs, it would 

indicate that the shHtt RGCs have reached a synapse saturation point. 

I used concentrations of TSP2 ranging from 300 ng/ml all the way up 10 μg/ml on 

shHtt transfected RGCs and controls. Although increasing the concentration of TSP2 

steadily increased the synapse number in control transfected cells, there was no 

significant difference in synapse number between shHtt transfected RGCs grown 

without TSP and those treated with 10 μg/ml TSP2 (p=0.91, ANOVA Fisher LSD). 

Unfortunately, there was no significant difference between shHtt RGCs and controls in 

any of the TSP2 treated conditions (p=0.14, ANOVA Fisher LSD). Thus, the shHtt RGCs 
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have reached a saturation point with synapses and I cannot determine how loss of Htt 

affects TSP induced synapse formation. 

Here, I have shown that in vitro Htt negatively regulates excitatory synapse 

formation.  I am unable to determine whether Htt is required for TSP signaling because 

the increased level of synapse formation due to silencing of Htt occludes any possible 

TSP effect. In order to determine whether Htt’s interaction with α2δ-1 is required for 

TSP induced synaptogenesis, a Htt construct is needed that could rescue synapse 

number in untreated neurons but that cannot interact with α2δ-1. This required 

identifying the interacting regions of α2δ-1 and Htt. 

4.3.3 Membrane localization and poly-Q length are important for 
Huntingtin’s interaction with α2δ-1  

In order to identify the region of Htt required for its interaction with α2δ-1, I 

created a series of Htt truncations. This interaction was first identified through a mass 

spectrometry screen that used the first exon of Htt as bait (Kaltenbach et al., 2007). To 

ensure that the N-terminal portion of Htt contained the region necessary for its 

interaction with α2δ-1, I created an N-terminal truncation of Htt containing the first 853 

amino acids (Htt853). This construct terminates after Htt’s 4th HEAT repeat (Figure 

22A). When Htt853 was co-expressed with FLAG-α2δ-1, the two proteins were able to 

interact at a level similar to full length Htt (Figure 22B).  

Since I identified the transmembrane domain of α2δ-1 as the critical region for its 

interaction with Htt, I tested known membrane associated domains of Htt. The first 17 
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amino acids of Htt (N17), which precede the poly-Q domain, form an α-helix that can 

insert into the plasma membrane (Atwal et al., 2007), so I created a Htt truncation  
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Figure 22. Huntingtin membrane association is important for its interaction 

with α2δ-1.  A) Schematic of important features in the first 853 aa of Huntingtin. Blue 

indicates membrane associated regions.  B) Htt fragment composed of the first 853 aa of 

Htt (Htt853) is able to co-immunoprecipitate with FLAG- α2δ-1. C) (Top Left) The first 
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17 amino acids at Huntingtin’s N-terminus (N17) can be inserted into membranes. 

Deletion of this region (ΔN17) does not have a significant effect on Huntingtin’s 

interaction with α2δ-1. (Top Right) Mutating the cysteine at position 214 in Htt to a 

serine (C214S) eliminates an important palmitoylation site. This mutation significantly 

reduces Htt’s interaction with FLAG-α2δ-1. (Bottom) Quantification of Htt’s interaction 

with α2δ-1. Huntingtin level in the IP fraction was normalized to wild type Htt. Error 

bars show mean ± SEM. (* = p<0.05, for C214S n=4, for ΔN17 n=3. Unpaired t-test). D) 

Deletion of the membrane association region containing C214 (aa 172-287) does not 

eliminate Htt’s interaction with FLAG-α2δ-1. E) A Htt construct containing a pathogenic 

poly-Q mutation (73 glutamines (mHttQ73)) interacts significantly less with FLAG- α2δ-

1 than wildtype Htt.   Right: Quantification of Huntingtin’s interaction with α2δ-1. 

Huntingtin level in the IP fraction was normalized to wild type Huntingtin. Error bars 

show mean ± SEM. (* = p<0.05) 

 

construct lacking this domain (ΔN17) (Figure 22A). A second domain important for Htt 

membrane association is a palmitoylation site on C214. Previous work showed that a 

mutation of this residue to a serine abolishes Htt palmitoylation and severely reduces its 

association with the membrane (Yanai et al., 2006). I created a full length Htt construct 

with the cysteine 214 mutated to a serine (C214S) ) (Figure 22A). When I tested the 

ability of these two Htt mutants to interact with FLAG-α2δ-1, there was no significant 

difference between HttQ23 and ΔN17, but C214S interacted with FLAG-α2δ-1 

significantly less than wild type Htt (67% of HttQ23, Figure 22C) (p=0.019, unpaired t-

test, n=4). 

Htt’s C214 lies within a membrane association region ranging from amino acids 

172-287 (Kegel et al., 2005). To test whether that region contained the α2δ-1 binding 

domain, I deleted amino acid 172-287 in Htt (HttΔ172-287). This construct expressed at 

much lower levels, which may indicate that it was not properly folded and was being 
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degraded. Despite its low expression level, HttΔ172-287 still co-immunoprecipitated 

with FLAG-α2δ-1(Figure 22D), indicating that that domain is not required for α2δ-1 

binding. 

Because there is a genetic interaction between α2δ-1 and mHtt toxicity, I wanted 

to determine whether the poly-Q mutation affected Htt’s physical interaction with α2δ-

1. I used a Htt construct with 73 glutamines (mHttQ73), a pathogenic length poly-Q 

length, to test whether the pathogenic poly-Q expansion affects the physical interaction 

with α2δ-1. 60% less mHttQ73 co-immunoprecipitated with FLAG-α2δ-1 compared to 

HttQ23 (Figure 22E) (p<0.01, unpaired t-test, n=3). Thus, the pathogenic, poly-Q 

mutation significantly reduces Htt’s association with α2δ-1. 

Taken together, these results show that Htt is able to interact with α2δ-1 through 

N-terminal third, and that this interaction is sensitive to poly-Q length and membrane 

localization. This suggests that in HD, Htt’s function with α2δ-1 is impaired. I was 

unable to identify a domain within Htt that is required for its interaction with α2δ-1, so I 

could not test whether these proteins cooperate in TSP induced synapse formation.  

4.4 Discussion 

Here, I have shown that in vitro, Htt acts postsynaptically to suppress excitatory 

synapse formation in retinal ganglion cells. The loss of Htt-mediated suppression of 

synaptogenesis occluded any effects on synapse formation induced by astrocyte-

secreted TSP2. This led me to investigate the physical interaction between Htt and α2δ-1 
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in order to separate Htt’s interaction with α2δ-1 from its role in suppressing synapse 

formation. Co-immunoprecipitation of the two proteins showed that both the 

transmembrane domain and cytoplasmic tail of α2δ-1 are required for its interaction 

with Htt. Palmitoylation of Htt at C214 helps Htt interact with α2δ-1, indicating that 

membrane association is important but not necessary for Htt to interact with α2δ-1. 

Finally, I observed that the pathogenic poly-Q expansion in mHtt significantly reduced 

its interaction with α2δ-1. Taken together, these results show that Htt and α2δ-1 interact 

and that both regulate synapse formation. Unfortunately, I was unable show how the 

interaction between the two proteins contributes to normal excitatory synapse formation 

and how that role is affected in HD. 

4.4.1 The physical interaction of Htt and α2δ-1 

Htt’s interaction with α2δ-1 occurs either within the plasma membrane or very 

closely apposed to it, and the pathogenic poly-Q mutation in HD may disrupt the α2δ-

1/Htt interaction. 

Palmitoylation directs Htt to membrane lipid rafts and that mHtt is less 

palmitoylated by HIP14 (Yanai et al., 2006). This suggests the mHtt interacts less with 

α2δ-1 because it is no longer in the same lipid domain. But surprisingly, reduced 

palmitoylation does not reduce mHtt’s ability to associate with membranes, there is 

more mHtt found on membranes, and mHtt associates with a wider range of lipid 

fractions in the plasma membrane (Kegel et al., 2005, Yanai et al., 2006, Kegel et al., 
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2009a). In fact, poly-Q expansion in Htt increases its association with membranes and its 

insertion into membranes (Kegel et al., 2009b, Burke et al., 2013), which suggests that 

mHtt’s loss of interaction with α2δ-1 is not due to a lack of membrane association. The 

poly-Q expansion in mHtt thus directly affects the interaction with α2δ-1. 

Unfortunately, I can infer little about the functional interaction between Htt and 

α2δ-1 based on their interacting domains. The transmembrane of α2δ-1, which interacts 

with Htt, is evolutionarily well conserved, but little is known about its contribution to 

α2δ-1 function. The extracellular α2 subunit has been implicated in α2δ-1’s role in 

manipulating calcium channel function and trafficking, and it is capable of interacting 

with the α1 calcium channel (Gurnett et al., 1997). Furthermore, the VWA domain, 

which binds gabapentin and TSPs, is also in the extracellular α2 subunit. Overexpression 

of the δ subunit, which contains the transmembrane and cytoplasmic domains, acts as a 

dominant negative and blocks α2δ-1’s synaptogenic and current stimulating functions 

(Gurnett et al., 1996, Eroglu et al., 2009). This indicates that the δ subunit is required for 

those functions, though its specific function is unknown. Htt is the first cytoplasmic 

protein identified to interact with this domain of α2δ-1, which suggests it may 

contribute to the above functions of α2δ-1, but further study is required to understand 

how these proteins functionally interact. 
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4.4.2 α2δ-1 and Htt’s regulation of synaptogenesis 

Here, I have shown that Htt has a postsynaptic role in suppressing synapse 

formation. In the previous 2 chapters I saw hints that Htt may perform this role, but in 

both cases presynaptic contributions to synapse formation could not be discounted. The 

sparse transfection of cultured neurons ensures that the postsynaptic loss of Htt is 

driving the increase in excitatory synapse number.  

α2δ-1 is required postsynaptically to form TSP-induced excitatory synapses.. 

There are no known downstream, neuronal components of this pathway. Even though 

α2δ-1 modulates calcium influx, calcium signaling is not required for α2δ-1 to induce 

synapses (Eroglu et al., 2009). While I was able to confirm that Htt is an intracellular 

α2δ-1 interacting protein, I was unable to test its role in TSP induced synaptogenesis.  

How could Htt and α2δ-1 be interacting to regulate synapse formation? α2δ-1 is 

known to traffic Ca2+ channels from the endoplasmic reticulum (ER) to the plasma 

membrane (Saheki and Bargmann, 2009), and Htt is also involved in trafficking proteins 

from the ER to the cell surface (Strehlow et al., 2007, Brandstaetter et al., 2014). Thus, this 

process seems like a likely intersection for the two proteins. The proper trafficking of 

proteins to the plasma membrane is critically important for proper synapse formation. 

Misdirected proteins could cause aberrant synapse formation. As an example, 

overexpression of glutamate receptor 2 (GluR2) subunit of AMPA receptors can induce 

synapse formation (Passafaro et al., 2003). If α2δ-1 excessively traffics receptors to the  



 

146 

 

Figure 23. Proposed model of how mutant Htt disrupts synaptic connectivity 

through its interaction with α2δ-1.  (Left) Under normal conditions Htt suppresses 

constitutive α2δ-1 synaptogenic activity thus allowing TSP induced synapse formation 

and proper circuit formation. (Right) Expression of mutant Htt disrupts the suppression 

of constitutive α2δ-1 synaptogenic activity and a loss of TSP induced synapses. This 

leads malformed circuits that can drive dysfunction and lead to neuronal degeneration. 

surface in the absence of Htt suppression, this could drive the exuberant synapse 

formation that I observed in RGC’s expressing shHtt. This is purely speculative, and 

further investigation is required to determine if and how the functions of α2δ-1 and Htt 

intersect to regulate synapse formation.  

4.4.3 Future directions in determining the synaptogenic role of the 
α2δ-1/Htt interaction in health and disease 

What is known about the α2δ-1/Htt interaction? α2δ-1 increases mHtt toxicity, 

but this is unlikely due to a gain-of-function effect because mHtt interacts less with α2δ-

1. This instead implies that Htt suppresses some toxic function of α2δ-1, and that 
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suppression is lost when mHtt cannot interact with α2δ-1. Because α2δ-1 helps induces 

synapse formation and a loss of Htt also induces synapse formation, synapse formation 

could that toxic process and excessive synapse formation may be driving a toxic process 

like excitotoxicity. 

This suggests a possible model for how Htt and α2δ-1 may interact to drive 

pathogenesis in HD (Figure 23). Normally, Htt suppresses α2δ-1 synapses unless TSP 

activates α2δ-1, and this leads to normal, health synapse formation. But mHtt is unable 

to effectively interact with α2δ-1, which leads to excessive, toxic synapse formation in 

HD. While this model fits with our current data, there are several holes in our data 

needed to support this model. 

First, I need to determine if mHtt is able to postsynaptically induce synapse 

formation in a similar manner to the loss of Htt. I observed an increase in excitatory 

synapses in the cortices of zQ175 mice that was similar to the Cort-cKOs. This suggests 

that, in the presence of the poly-Q mutation, Htt loses the ability to suppress synapse 

formation, but I do not know if that effect was postsynaptically driven. Expression of 

mHtt in RGCs would test this effect. I have performed preliminary experiments to test 

this, but it is difficult to get enough surviving, transfected neurons to quantify the 

results. 

Secondly, I need to determine whether α2δ-1 is necessary for the synapse 

formation induced by the loss of Htt. This can accomplish this by either using shRNAs 
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to knockdown α2δ-1 in conjunction with Htt, or by using neurons from α2δ-1 null mice. 

If α2δ-1 is not involved in the excessive synapse formation when Htt is absent, then it 

may not contribute to malformed circuits. Although, if TSP induced synapses are lost in 

HD, then the α2δ-1/Htt interaction could still be important for the malformation of 

circuits in HD.  

Going forward, I need to identify the regions of Htt that are critical for regulating 

the basal level of synapse formation. Only by controlling that process will I be able to 

determine if the coupling of Htt to α2δ-1 is critical for regulating TSP induction of 

synaptogenesis. If the region of Htt that interacts with α2δ-1 also negatively regulates 

synaptogenesis, then it is possible that the α2δ-1/Htt interaction may be directly 

responsible for the regulation of synapse formation. If that is true, then the necessity of 

the α2δ-1/Htt interaction could be tested α2δ-1 side by expressing α2δ-1ΔTM and 

determining what effect the loss of Htt interaction has on synapse formation in RGCs. 

These further experiments will allow me to solidify α2δ-1’s functional interaction 

with Htt in synapse formation. Only then will α2δ-1 function be properly identified as a 

possible mechanism of HD pathogenesis, and open the path to α2δ-1 focused 

therapeutics for HD. 
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5. Final Thoughts 

Huntington’s disease (HD) is a devastating neurodegenerative disease caused by 

an autosomal dominant mutation in the HTT gene.  The genetic nature of the disease 

means that it haunts families through many generations.  The degeneration of the 

striatum and cortex in HD leads to debilitating motor and cognitive symptoms that 

incapacitate patients.  HD is invariably fatal, and despite over 20 years of research since 

the identification of HTT and the pathogenic mutation there are no therapies that stop or 

even slow neurodegeneration in HD.  Current treatments for HD simply alleviate some 

of the symptoms.  In order to properly target the pathogenesis of the disease, we require 

a greater understanding of the role of the normal Huntingtin protein (Htt) and the 

disruptions caused by mutant Htt. 

In HD, synaptic dysfunction in the striatum and cortex arise before the onset of 

motor symptoms.  fMRI data from HD patients have demonstrated that there are large 

scale changes to brain organization, and HD mouse models have shown us that there are 

functional changes all the way down to the level of the synapse.  In the striatum, mHtt 

expression leads to greater excitability in the SPNs of younger mice, and as the disease 

progresses the excitatory input onto cortical neurons also increases (André et al., 2011, 

Raymond et al., 2011, Galvan et al., 2012).  This increase in excitatory input onto 

neurons, combined with the fact that mHtt also makes neurons more susceptible to 

excitotoxicity, provides a possible mechanism for neurodegeneration in HD.   
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Neurodegeneration in the cortex and striatum is thought to disrupt to the 

function of the basal ganglia circuit, which controls motor function and behavior (Grabli 

et al., 2004, Gittis et al., 2014).  Disruption of this circuit’s function is thought to underlie 

the primary symptoms of HD.  Although it has been well established that mHtt affects 

synaptic function in the cortex and striatum, how normal Htt contributes to synapse 

formation and synaptic connectivity in the basal ganglia circuit has not been explored 

(André et al., 2011, Raymond et al., 2011, Galvan et al., 2012).   

In this study, I examined the role of wild type Htt in synapse formation in the 

cortex and striatum to determine how HD may disrupt that function. In the striatum, I 

focused on the indirect pathway neurons, because they are the first to degenerate in HD, 

and thus Htt may have a unique role in these cells.  In order to examine wild type Htt’s 

function, I created conditional deletions of Htt using a flox allele of the gene and Cre 

transgenes.  I found that in both brain regions a loss of Htt led to significant changes in 

synapse formation and maturation that affected the synaptic communication between 

components of the basal ganglia circuit.   

Loss of Htt in cortical neurons resulted in an increase in excitatory synapse 

number and maturity in the cortex at P21, but by 5 weeks the change was reversde and 

cortical neurons had fewer and less mature synapses.  These changes aligned with those 

I identified in the zQ175 mouse, a HD mouse model.  This indicates that Htt’s regulation 

of excitatory synapse formation in the cortex is lost in HD.  In the striatum, the loss of 
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cortical Htt led to a sustained, significant increase in synapse number in the SPNs of the 

dorsal striatum.   

The deletion of Htt in the iSPNs of the striatum also recapitulated pathogenic 

changes found in HD.  The iSPN-cKO mice experienced age dependent SPN death and 

developed progressive motor deficits.  The iSPNs lacking Htt also developed synaptic 

abnormalities.  At two months of age, the number of striatopallidal synapses was 

significantly reduced in the iSPN-cKOs, and the iSPNs of these mice received more 

excitatory synapses with larger amplitudes of current.  The synaptic abnormalities 

preceded cell death and motor decline, which suggests that these synaptic changes may 

contribute to the development of the later pathologies.  

Because I discovered that Htt regulated excitatory synapse formation in both the 

cortex and striatum, I investigated a possible mechanism through which Htt could 

control this process.  I examined Htt’s physical and functional interaction with α2δ-1, a 

synaptogenic protein my lab had previously studied.  α2δ-1 had previously been 

identified as a Htt interacting protein that could genetically modify mHtt toxicity 

(Kaltenbach et al., 2007), but the mechanism through which α2δ-1 affected toxicity was 

unknown.  This investigation revealed that postsynaptic loss of Htt leads to excitatory 

synapse formation in cultured neurons, but I was unable to determine how α2δ-1 and 

Htt functionally interact.  
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Taken together, I have established a role for wild type Htt in creating synaptic 

connectivity in both the cortex and striatum.  Synaptic connectivity underlies the 

formation of synaptic circuits that are responsible for the higher order functions of the 

central nervous system.  Htt works both pre- and postsynaptically to regulate excitatory 

synapse formation.  The Cort- cKOs demonstrated that presynaptic Htt loss in the cortex 

affected excitatory synapse formation in SPNs, and the RGC culture knockdown of Htt 

revealed a postsynaptic requirement for Htt to suppress excitatory synapses.  Htt 

presynaptically regulates inhibitory synapse formation and maturation, as I observed in 

the GPe iSPN-cKOs.  This diversity of locations at which Htt can affect synapse 

formation suggests that there is not a single, simple function that Htt plays in synapses.  

Rather, Htt is likely involved in multiple functions required for synapse formation and 

function. 

In both the cortical and iSPN cKOs, I found an overall increase in excitatory 

synapses formed.  Silencing Htt in cultured neurons also increased excitatory synapses.  

Compounding this increase in excitatory activity, the iSPN-cKOs also had a decrease in 

inhibitory synapse formation.  These synaptic changes show that a loss of Htt function 

pushes brain activity to a more excitatory state.  The increase in excitatory synapses may 

be more transient in the cortex, but it appears to be more sustained in the striatum.  

SPNs, in particular, formed more excitatory synapses in the absence of Htt.  In 

the Cort-cKOs, I observed a sustained increase in excitatory synapses formed onto SPNs, 
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and the loss of Htt in the iSPNs also resulted in an increase in excitatory input onto the 

iSPNs (I did not measure form the dSPNs).  Together these results suggest that a loss of 

Htt function in both the cortex and striatum would lead to a significant increase in 

excitatory synapses onto SPNs.  This is precisely what is found in HD mice at young 

ages (André et al., 2011, Raymond et al., 2011, Galvan et al., 2012).  This suggests that a 

loss of Htt’s regulation of synapse formation may underlie the increase in SPN 

excitatory input found in HD. 

The pattern of synapse formation I found in the cKOs does not precisely mimic 

the changes that occur in HD mouse models.  In the cKOs only a limited number of cells 

are affected, while in HD all cells in the body express mHtt.  This may lead to global 

changes in synaptic connectivity that would alter synapse activity throughout the brain.  

Thus, mHtt expression throughout the brain will directly or indirectly affect the striatum 

in more ways than our limited cKOs.  A pan-neuronal, postnatal deletion of Htt may 

produce a synaptic phenotype more similar to HD models.  The differences between 

cKOs and HD models may also be explained by mHtt not acting as a clean loss of Htt 

function.  A loss-of-function mechanism that is not a true dominant negative but still 

interferes with the normal function of Htt would produce this effect. 

Interestingly, in both of the cKO lines, I saw clear cell non-autonomous effects 

from the loss of Htt.  In the Cort-cKO mice, I observed an increase in thalamostriatal 

synapses despite Htt expression being preserved in both the striatal and thalamic 
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neurons.  This shows that there are clear cell non-autonomous changes to synaptic 

connectivity deriving from the loss of Htt in the cortex. We also observed cell non-

autonomous effects on neuronal survival in the iSPN-cKO mice.  The number of dSPNs 

in the ventral striatum was significantly lower in the 10 month old iSPN-cKOs.  As 

postulated earlier, this cell non-autonomous death could be due to circuit level changes 

that drive a toxic signal.  Both of these cell non-autonomous changes could be attributed 

to feedback mechanisms arising from the recurrent nature of the basal ganglia circuit.  

The feedback nature of the network may act to amplify changes in the synaptic activity 

in HD and eventually lead to excitotoxic death.   

My work here shows that a loss of Htt function in HD could be responsible for 

many of the synaptic changes observed in the corticostriatal circuit.  The increase in SPN 

excitatory input I observed in both cKO models is very similar to changes observed in 

young HD model mice (André et al., 2011, Raymond et al., 2011, Galvan et al., 2012).  

This indicates that a loss of Htt function in HD would shift synaptic circuits to a more 

excitatory state, and potentially make neurons in this circuit more susceptible to 

excitotoxicity.   

Is HD solely caused by loss of function mechanisms?  This seems unlikely.  While 

many aspects of the disease can be mimicked by the deletion of Htt, the total deletion of 

Htt in the CNS did not recapitulate the disease well (Dragatsis et al., 2000).  There is 

considerable evidence of gain–of-function mechanisms that are likely contributing to the 
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disease progression (Imarisio et al., 2008).  It seems most likely that HD pathogenesis 

arises from a combination of gain-of-function and loss-of-function mechanisms.   

The poly-Q expansion in Htt could act as a dominant negative in several ways.  

Changes in poly-Q length affect the affinity of proteins interactions, but it can either 

increase or decrease affinity depending on the individual protein.  It appears that there 

is an optimal poly-Q length for most protein-protein interactions, so changing the poly-

Q length shifts the balance of interacting proteins (Gemayel et al., 2015).  This shift of Htt 

function resulting from poly-Q expansion, with loss of interaction/function for some 

proteins and excessive interaction with others, could act as a dominant negative by 

sequestering some proteins with mHtt so that they fail to interact with lower affinity 

proteins.  This could also act as a gain-of-function by bringing together proteins that 

normal Htt would not scaffold together. 

Loss of Htt function could also arise from the mHtt aggregates.  These aggregates 

remove soluble, wild type Htt from cells (Busch et al., 2003), which could remove any 

functional Htt and act as a dominant negative.  But aggregate formation occurs near the 

onset of the disease, and there are major changes to synaptic connectivity and function 

far before that, so this theory would not account for the early changes that are observed 

in HD. 

Regardless of how loss of Htt function may arise, my work here supports the 

growing body of evidence that wild type Htt plays many critical roles in the brain, and 
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removal of wild type Htt would have serious, negative consequences.  One of the main 

therapeutic strategies for HD is to knockdown the expression of the mHtt with antisense 

oligonucleotides (ASOs).  The ASOs act to catalyze RNase H-mediated degradation of 

huntingtin mRNA (Kordasiewicz et al., 2012). Currently, this therapy is in Phase I 

clinical trials.  ASOs can have off target effects, and given that the only differences 

between normal and mutant HTT mRNA is an expansion of the CAG repeat, it would be 

extremely difficult to target the mutant copy of HTT without affecting the normal copy.  

If normal Htt is eliminated with mutant Htt, then synaptic connectivity and neuronal 

health could be adversely affected.  Because I have found that these changes mimic mHtt 

expression, then elimination of normal Htt would likely mask any positive therapeutic 

outcomes that may come from eliminating the pathogenic mutant protein. 

One concern from this study is that the aggregates may not have the pathogenic 

role that many hypothesize.  The cell non-autonomous nature of dSPN death in the 

iSPN-cKOs shows that aggregates are not required for HD’s cell non-autonomous toxic 

effects.  Some have suggested a mHtt “holiday” to treat HD.  In this scheme ASOs are 

used to eliminate mHtt and wild type Htt for a brief period, which gives neurons a 

chance to eliminate mHtt aggregates and reverse some pathology (Kordasiewicz et al., 

2012).  But if aggregates are not inherently toxic, then clearing the precipitated protein 

may not have much of an effect.  A similar failure has played out in the Alzheimer’s 

disease field.  Several therapeutics aimed at clearing the β-amyloid plaques failed drug 
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trials because eliminating these plaques had little positive effect on cognition (Pimplikar, 

2014). 

The results of this study show that maintaining normal Htt function is vital to 

stopping HD.  Any HD therapies that interfere with wild type Htt function will recreate 

numerous aspects of the disease.  There may still be efficacy from those therapies and 

they should be pursued, but the maximal benefit to HD patients will come when the 

toxic functions of mHtt are specifically targeted. 

5.1 Future Studies 

The work I presented here has raised some important questions that could be the 

focus of future investigations.  Both the cortical and iSPN cKOs of Htt showed 

significant neuronal stress.  I have postulated that the developmental changes to synapse 

formation deriving from the loss of Htt function may drive excitotoxic death.  In order to 

test this, Htt must be eliminated in the brain after neuronal development is complete.  

This would also help establish how well the adult brain could tolerate the loss of Htt.  

Determining the developmental role of Htt would also inform how HD should be 

treated.   

Conversely, it would be important to eliminate mutant Htt postnatally in mice to 

determine how much damage is done by mHtt during development. Since 

neurodegeneration is already underway by the time motor symptoms develop in HD, it 

may be more efficacious to start therapies well before the onset of symptoms.  Because of 
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the purely genetic root of the disease, it can be known very early in a person’s life 

whether they will develop the disease, and intervention can be started before symptoms 

appear.  If developmental defects drive the pathogenesis of Htt, then it may be best to 

begin therapeutics as early as possible.    

In the striatum, I identified a major functional change to striatopallidal 

connectivity when Htt was absent from iSPNs, but it is unknown how striatopallidal 

connectivity changes in HD prior to iSPN axonal degeneration.  An early loss of 

striatopallidal connectivity could increase excitatory input into the striatum through the 

recurrent properties of the basal ganglia (Kozorovitskiy et al., 2012).  A careful 

examination of striatopallidal connectivity in mouse models of HD would determine 

whether synaptic defects arise before axonal degeneration.  The GPe is the primary 

axonal target for iSPNs, but very little functional work has been performed in that 

region. The GPe is understudied in the HD field given its important role in the 

development of HD pathology. Further study of the changes to this region is needed. 

This study identified a possible role for Htt in presynaptically forming or 

stabilizing inhibitory, GABAergic synapses.  Because of the highly plastic, recurrent 

nature of the basal ganglia circuit, it is possible that these changes may arise from cell 

non-autonomous changes.  Therefore, in order to directly study how presynaptic Htt 

influences inhibitory synapse formation, we would need to use a more reduced system, 

possibly cell culture or a different population of inhibitory neurons.  Htt is highly 
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associated with proteins that are involved in presynaptic function, so this is a promising 

new role for Htt (Shirasaki et al., 2012).  

Further investigation is warranted into the mechanisms of how Htt controls 

excitatory synapse formation.  In my work here, I started to characterize the interaction 

between Htt and the synaptogenic protein, α2δ-1.  This is a promising avenue of 

investigation, but as I outlined in Chapter 4, more research is needed. 

Here, I have established a role for Htt in both inhibitory and excitatory synapse 

formation, and these future directions will help establish how Htt controls synapse 

formation.  Synapse formation is disrupted very early in Huntington’s disease, and that 

may establish faulty neuronal circuits that are more vulnerable to degeneration.  A loss 

of Htt’s regulation of synapse formation in HD may push the brain towards a more 

excitatory state that is more susceptible to inducing excitotoxic damage.  The 

dysregulation of synapse formation could be the first misstep in Huntington’s disease. 
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Appendix A: Supplementary figures 

 

Supplementary Figure 1. Htt heterozygosity does not affect SPN survival at 10 

months of age.  Sample images of DARPP32+ SPNs in the dorsal, medial, and ventral 

striatum of Htt WT (Htt (+/+) and Htt Het (Htt(+/-)) mice. Quantification of 10 month of 

Htt Het SPN number normalized to Htt WT (p>0.05 for all, unpaired t-test, n=3 

images/animal, 5 animals/genotype). 
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Supplementary Figure 2. Loss of Htt in iSPNs does not affect GPe area or 

neuron number.   A) GPe size was determined by the expression of tdTomato in iSPN 

axons.  Neuron number in the GPe was determined by counting NeuN positive cells 

within the borders of the GPe. GPe size and neuron number were determined for 10 (B) 

and 2 (C) month old mice.  Error bars show mean ± SEM. (* p<0.05) 



 

162 

 

Supplementary Figure 3. Colocalization of VGAT and gephyrin puncta is not 

random.  Puncta location was randomized by rotating gephyrin channel 90° relative to 

VGAT channel. Sample images of original and gephyrin rotated images.  Quantification 

of puncta number and co-localized synapses was normalized to original images.  (* 

p<0.01, unpaired t-test, n = 3-4 slices/animal, 3 animals/condition) 
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Supplementary Figure 4. Htt heterozygosity does not affect striatopallidal 

synapse number at 2 months of age.  Sample images and quantification of GPe 

synapses in 2-month-old Htt WT (Htt (+/+) and Htt Het (Htt(+/-)) mice.  All values are 

normalized to Htt WT.  (p>0.05 for all, unpaired t-test n = 3-4 slices/animal, 3 

animals/genotype) 
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