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Abstract 

 

 

Huntington’s disease (HD) is a progressive autosomal dominant neurodegenerative disease that 

produces pronounced neurodegeneration of neostriatal neurons as well as cortical neurons in HD 

patients. Despite the fact that HD is caused by a dominant mutation in a single gene, the HTT 

gene, HD patients display great phenotypic variability related to both motor and mood 

symptoms. In the early stages of HD, there is a massive preferential loss of medium spiny 

neurons and asymmetry in the degeneration of the striatal compartments, particularly in the 

striosomal system (Thu et al., 2010). However, the role of striosomes in relation to HD mouse 

models still has yet to be elucidated.  

 

This study investigates whether the striosome system in the striatum is disrupted in a mouse 

model of Huntington’s disease (HD), the Q175 HD mouse model. In the human brain, the most 

striking neuropathology is the significant loss of the medium spiny neurons (MSNs) in the 

striatum and cortical pyramidal neurons, relative to the neuronal loss in other regions. Post-

mortem tissue analysis in both human and animal models of HD, show that the striosome and 

matrix striatal compartments degenerate in an asymmetrical manner. Could the striosomes be a 

direct player to the dysfunctions that occur in HD? Furthermore, the striosome neurons 



	

	

are rich in mu-opioid receptors, which are involved in regulating dopamine functions in the 

brain. Could the disruption of the striosome system explain the changes occurring in the 

dopamine system in HD? I explored these questions by examining the immunohistochemical and 

immunofluorescence staining patterns and distributions of mu-opioid receptor 1 (MOR1) in 

transverse brain sections of the Q175 HD model mice. The initial results suggest an 

augmentation of the MOR1, a possible upregulation of the receptor, indicating a dysregulation of 

the striosome-enriched receptor protein. Post-mortem analysis of HD brains has shown that 

individuals with preferential degeneration of striosomes were more likely to have experienced 

predominant mood symptoms. These imbalances in the striosome system could contribute to the 

range of emotional and cognitive problems experienced by HD patients.  
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Chapter I 

Introduction 

	
Huntington’s disease  

Huntington’s disease (HD) is a progressive autosomal dominant neurodegenerative 

disorder that is characterized by motor, psychiatric disturbances and progressive cognitive 

decline associated with the development of involuntary choreic movements (Bates and Jones, 

2002). HD is caused by a mutation that leads the polyglutamine (CAG) expansion repeats in the 

coding region of the huntingtin gene (HTT)  to expand (The Huntington’s Disease Collaborative 

Research Group, 1993). Healthy humans carry from 6-35 glutamine-encoding CAG repeats, 

while individuals with HD in almost all cases carry alleles more than 39 repeats, which translate 

as an expanded polyglutamine domain in the huntingtin (Htt) protein. This single mutation 

initiates an array of cellular changes and dysregulations that affect transcription and induce 

excitotoxicity within the brain. The exact pathologic mechanism by which the mutant huntingtin 

causes neuronal dysfunction and ultimately cell death still remains uncertain.  

 

zQ175 HD model 

The discovery of the huntingtin gene has enabled the study of mechanisms and disease 

progression through the engineering of numerous genetic HD mouse models. Using these 

models, researchers are able to study, for example, the behavior and motor deficits relevant to the 
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disease. In efforts to best mimic the human condition, researchers have engineered knock-in (KI) 

HD mouse models, generated by homologous recombination techniques using mouse embryonic 

stem cells. In this model, a specified number of CAG repeats is introduced directly into the 

mouse HTT gene, limiting the variability in expression levels and avoiding random transgene 

integration. Secondly, the HD knock-in mice are also heterozygous for one wild-type HTT allele 

and one CAG-expanded allele, which so far provides an advantage compared to other HD mouse 

models as it closely mimics the human HD condition.  

The recent development of the zQ175 (Q175) knock-In HD model has appealed to many 

in the HD field, as it offers advantages of genetic precision of the insertion and control of the 

mutation copy number. In comparison to the previously original R6/2 mouse model for HD, 

Q175 mice exhibit significantly slower progression of the disease, allowing researchers an 

opportunity to identify the progressive functional and neurodegenerative changes that emerge 

over time. As a result of a spontaneous expansion of the mutant gene, these mice possess over 

175 CAG repeats and exhibit behavioral, morphological and electrophysiological alterations 

(Menalled et al., 2012; Smith et al., 2014). These motor deficits and alterations in synaptic 

function in the striatum, motor cortex, prefrontal cortex and hippocampus are apparent as early 

as six months of age (Smith et al., 2014). In addition, at 12-16 months of age, Q175 mice have 

been found to display motor and cognitive deficits, which were paralleled at postmortem by, for 

example, striatal atrophy, cortical thinning, and decreased striatal dopamine levels (Smith et al., 

2014). However, there is little evidence of cell death in the striatum and neocortex, a lack 

exhibited by some other models as well. In the absence of cell death, other HD mouse models 

like R6/1 and R6/2 show evidence of striatal shrinkage (Naver et al., 2003) and earlier knock-in 

mice have only shown evidence for inclusions and striatal astrogliosis (Ramaswamy et al., 2007). 
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So far, the Q175 mice are no exception. There is a reduction in DARP-32 positive striatal neuron 

number in Q175 KI HET mice at 16 month of age (Smith et al., 2014). Despite this limitation, 

because these mice recapitulate both the phenotype and WT/mutant Htt heterozygosity of the 

human condition, this model is appealing for the testing of novel therapeutic interventions for 

HD. This model may further allow us to investigate the striosome compartment and how MOR 

could be an important anatomical substrate in considering the compensatory roles of opioid 

transmissions in HD.  

 

Striatal Compartments in HD 

In the human brain, the most striking neuropathology of HD is the massive preferential 

loss of the medium spiny neurons (MSNs) in the striatum and cortical pyramidal neurons, 

relative to the neuronal loss in other brain regions (Vonsattel et al., 1985; Vonsattel & DiFiglia, 

1998; Han et al., 2010; Crittenden & Graybiel, 2011; Ehrlich, 2012). Despite the discovery of the 

HTT, the exact mechanism by which a subset of neurons in the striatum becomes vulnerable and 

differentially sensitive to HTT remains unclear.  The striatum, the primary input region of the 

basal ganglia system, consists of a heterogeneous mosaic of neurochemically distinct 

compartments known as striosomes and the matrix. Each compartment is characterized by its 

unique input-output connections and neurotransmitters, neuromodulators, and associated 

receptors (Gerfen, 1984; Graybiel and Ragsdale, 1978; Graybiel 1990). If the striatum is affected 

by HTT, so must be the striosome and matrix compartments.  

According to post-mortem tissue analysis in human and animal models of HD, the striatal 

compartments degenerate in an asymmetrical manner (Tippet et al., 2007; Thu et al., 2010). 

Studying the preferential degeneration of the striosome and matrix compartments have brought 
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special interest to several striatum-enriched molecules that signal through the ERK1/2 pathway, 

including CalDAG-GEFI, which is expressed in the matrix. In the R6/2 model of HD and in 

post-mortem striatal tissue from human HD patients, matrix-enriched CalDAG-GEFI is severely 

down-regulated (Crittenden et al., 2010). In that study, the authors further concluded that the 

knockdown of CalDAG-GEFI expression could provide a compensatory mechanism, whereby it 

blocks some of the deleterious effects of an over-expressing mutant fragment of the Htt protein. 

There are others who also believe that these changes could be occurring as protective or 

compensatory mechanisms in response to Htt (Desplats et al., 2006). On the contrary, how the 

expression levels vary in the markers for striosomes, specifically mu-opioid receptor 1 (MOR1), 

has not been studied as closely in HD.   

Striosomes could be a direct player to the dysfunctions that occur in HD. The striosome 

compartment is composed predominately of striatal neurons that have direct projections to 

dopamine-containing substantia nigra, pars compacta (SNc) (Jimenez-Castellanos and Graybiel, 

1989; Fujiyama et al., 2011) and receive receive input from the prelimbic, infralimbic, 

orbitalfrontal, and anterior cingulate cortex (Donoghue et al., 1986; Eblen and Graybiel, 1995; 

Ragsdale and Graybiel, 1988; Levesque and Parent, 1998; Bayer, 1990). Studies of drug 

addiction have linked hyper-responsivity of dopamine (DA) receptor signaling to differential 

activation of the striosomes (Crittenden and Graybiel, 2011). Striosomes could play a direct role 

in influencing the dopaminergic system, contributing to the changes in DA signaling and 

potentially influencing both the mood and movement symptoms in HD.  

Neurons in the striosomes are rich in mu-opioid receptors (MORs), D1 dopamine 

receptors, substance P, and dynorphin (Graybiel, 1990; Gerfen, 1984). Of these markers, MORs 

may provide the most practical and reliable immunolabeling markers of striosomes in the mouse 
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striatum (Tajima and Fukuda, 2013). There are several subtypes of opioid receptors that are 

involved in regulating dopamine functions in the brain. In the case of Parkinson’s disease (PD), 

these subtypes have shown to be implicated in opioid transmission in the basal ganglia (Bezard 

et al., 2003; Samadi et al., 2006). The same groups further believe that an enhancement of opioid 

transmission plays a compensatory role in altered functions of the basal ganglia under the 

conditions of striatal dopamine depletion in PD. So far, evidence has suggested that alterations in 

the striatal dopamine regulation influence the expression of phenotypic behaviors in HD mice 

(Hikey et al., 2002) and dopamine release in late-stage R6/2 mice and transgenic HD rats was 

found to be diminished compared to age-matched wild-type controls (Ortiz et al., 2012; Hikey et 

al., 2002). Studying the changes in the striosomes (MOR1) could also provide insight to the 

specific changes that are occurring in the dopaminergic system as a result of HD. 
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Chapter II 

 

Materials and Methods 

 

Mice 

We obtained adult Q175 knock-in mice from Jackson Laboratories, provided by the 

CHDI Foundation. We requested an age-matched cohort of 13 month old male and female mice 

(N=16) on the C57Bl6/J background that are wildtype (WT) and heterozygote (Het) for the Q175 

allele. The CAG repeat sequence of each Q175 KI cohort ranged from 178 to 196 repeats. In 

total, we received 16 animals. Additionally, we asked to have the cage mates of the mice to be 

organized either randomly or with mixed genotypes so that we could control for possible cage 

effects. Once the mice arrived in the MIT housing facilities, the animals underwent 72 hours of 

habituation to the facilities and were maintained under a standard light/dark cycle with free 

access to food and water.  

In addition, to validate that the morphology of the striosomes was not disrupted or 

abnormal, we crossed an additional cohort of the Q175 mice, received from Jackson Laboratory, 

to CalDAG-GEFI-GFP transgenic mice to produce Q175 HD mice that express GFP where the 

CalDAG-GEFI gene is expressed in the striatum. The resultant offspring mice were perfused for 

post-mortem analysis at 4.5 months of age.  

All experimental procedures were approved by the Committee of Animal Care at the 

Massachusetts Institute of Technology and were carried out in accordance with the U.S. National 

Research Council Guide for the Care and Use of Laboratory Animals.  
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Tissue Preparation and Immunohistochemistry 

Each mouse was injected intraperitoneally with a lethal dose of pentobarbital sodium, and 

then was transcardially perfused with 0.9% saline and 4% paraformaldehyde prepared in 0.1M 

phosphate buffer. The mice were perfused at specific age of 13 months old. The brains were 

removed, post-fixed in the 4% paraformaldehyde solution for 24 hours in room temperature, and 

stored in 25% glycerol in 0.1M PB solution overnight for cryoprotection. 24-30 µm-thick 

coronal frozen sections through the striatum were cut using a sliding microtome and stored in a 

solution of 0.1M NaKPO4 and 0.4% Na azide until use. For immunohistochemistry of Q175 

mouse brains, sections were rinsed 3x2 min in 0.01M phosphate buffered saline (PBS) contained 

0.2% Triton X-1000 (Tx) and then were pre-treated with 3% hydrogen peroxide in PBS-Tx for 

10 min. The sections were then rinsed 3x2 min in PBS-Tx, and blocked in 10% normal goat 

serum (Gibco, ThermoFisher Scientific) for 1 hr. The sections were then incubated with primary 

antibody solution containing rabbit anti-mu opioid receptor (MOR1; 24216; Immunostar) for 48 

hr at 4°C with gentle shaking. 

Following 48 hr primary incubation, sections were rinsed 3x2 min in PBS-Tx, incubated 

in anti-rabbit secondary antibody coupled to biotin (BA-1000; Vector Laboratories) for 2 hr, and 

incubated for ABC amplification (ABC Elite Kit; Vector Laboratory). Following amplification, 

sections were rinsed for 3x2 min in 0.1M phosphate buffer, and placed into DAB HRP substrate 

(Vector Laboratory) for antigen-antibody compounds detection. Sections were mounted, 

dehydrated and coverslipped with Eukitt mounting medium (VWR). The stained sections were 

evaluated under the light microscope by an experienced histologist blinded to genotype, and the 

results were spot-checked by a second individual, also blinded to the genotype of the mice.  
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For immunohistochemistry of CalDAG-GEFI-GFPxQ175 mice, 30 µm-thick coronal 

sections were rinsed 3x2 min in 0.01M PBS-Tx 3x2 min and blocked in tyramide signal 

amplification (TSA) blocking reagent (PerkinElmer) for 20 min. The sections were incubated 

with primary antibody solution containing chicken anti-GFP (GFP-1020; Aves Labs Inc.) and 

rabbit anti-mu opioid receptor (MOR1; Immunostar) in TSA blocking reagent in PBS-Tx for 48 

hr at at 4°C with gentle shaking. After 48 hr, sections were rinsed 3x2 min in PBS-Tx and 

incubated for 2 hr in the secondary antibody solution containing goat anti-chicken Alexa Fluor 

488 [1:300] (ThermoFischer Scientific) and goat anti-rabbit Alexa Fluor 647 [1:300] 

(ThermoFischer Scientific) in TSA blocking reagent in PBS-Tx. Following incubation, sections 

were rinsed 3x2 min in 0.1M PB, mounted onto subbed glass slides, and were coverslipped using 

ProLong Antifade Reagent containing DAPI (ThermoFischer Scientific).  

 

Imaging and Densitometric Analysis 

Brain sections were imaged on an Olympus BX61 microscope with an Olympus DP70 

digital camera. Using the Olympus image acquisition system, each coronal brain section was 

imaged using a 10x objective, then stitched together using the Adobe Photoshop CS5. In 

preparation for densitometry measurements, images of sections from eight different anterior-

posterior levels were chosen and sorted based on the mouse atlas bregma coordinates (+1.00mm 

to -0.75mm). Within each image, half a hemisphere of a specific aged and genotyped mouse was 

studied and used as a template for the tracing of individual striosomes. Using the ImageJ 

software, each striosome was outlined by an observer blind to genotype, and then the outlined 

structures were analyzed to calculate the mean pixel density within the outlined area, after 

applying a threshold to exclude the fiber bundles from being outlined. Using the same software, 
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striosome area and fiber bundle count was calculated for both genotypes to see if there were any 

differences present. Each WT animal was randomly paired with one of the Q175 KI mice for 

comparison. 

Brain sections processed for immunofluorescence were scanned with a Zeiss LSM 510 

confocal microscope with ZEN software. Images were converted and processed as compatible 

image files using Fiji software.  

 

Statistical Analysis 

Statistical analysis was performed using Microsoft Excel. All experimental values were 

expressed as means + S.E.M, with the statistical significance set at P <0.05. Statistics were 

performed for multiple comparisons.  
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Chapter III 

 

Results 

 

Validation of Q175 HD mouse model with CalDAG-GEFI marker 

The Graybiel laboratory has previously reported that the striatum-enriched protein, CalDAG-

GEFI, is severely down-regulated in the striatum of R6/2 mouse HD models and in the 

postmortem striatum of HD individuals. Crittenden et al (2010) suggested that this down-

regulation in HD could be a protective mechanism that mitigates Htt-induced degeneration. We 

wanted to confirm whether this down-regulation of CalDAG-GEFI is observed in the Q175 

model, and thus to help validate this HD mouse model further. In agreement with those previous 

findings, we also found that when the 13-month old Q175 brain sections were processed along 

with WT brain sections, through the same conditions with the antibody targeting CalDAG-GEFI, 

the expression CalDAG-GEFI immunostaining was decreased in the HD mice, indicated by the 

lighter immunostaining of the protein. Figure 1 shows the results for three WT and three HD 

Q175 mice that were reacted against the CalDAG-GEFI protein. In all three sets of HD HET 

animals, the matrix-enriched CalDAG-GEFI was down-regulated when compared to the matrix 

of the wildtype controls, consistent with the findings in R6/2 HD mice. Nevertheless, there was 

still sufficient immunostaining to allow us to use this marker as a negative marker for striosomes 

in this study. 
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Histological evaluation of MOR1 expression in Q175 mice 

Histological evaluation showed large differences in MOR1 expression in 13- month old male 

Q175 KI mice. The bregma coordinates of interest covered the range to encompass the entire 

striatum (+1.00mm to -2.00mm). Immunostaining of MOR1 in the Q175 KI mouse appears 

darker than its wildtype sibling controls at the same bregma coordinates (Figures 2-3). More 

specifically, in the Q175 KI mice, there was a difference in expression of the staining of 

striosomes located in the dorsal versus the ventral striatum; the striosomes in the dorsal parts of 

the striatum were noticeably more intensely immunostained. This pattern was consistent 

throughout anterior-posterior striatum in the Q175 KI mice (Figure 2,3) and was further 

confirmed by densitometry measurements.  

 

	

Figure 1: Histological evaluation shows down-regulation of CalDAG-GEFI in 13-month old Q175 
mice, consistent with findings in R6/2 HD model mice. 
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Figure 2: Histological evaluation on 13-month old Q175 mice shows increased immunostaining 
of MOR1 in striosomes in the anterior striatum, compared to its wildtype sibling controls. The 
red arrows indicate the lighter striosomes in WT and darker striosomes in HET mice.  

Figure 3: Histological evaluation on 13-month old Q175 mice shows increased 
immunostaining of MOR1 in striosomes in the posterior striatum, compared to its wildtype 
sibling controls. The red arrows indicate light striosomes in WT mice and darker striosomes in 
the HET mice.  
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Differences in MOR1 patterning in WT and Q175 HET 

The Q175 KI mice differ not only in 

the increased immuno-expression of 

MOR1, but in patterning as well. In the 

wildtype mice, the most darkly stained 

striosomes were located in the 

dorsomedial striatum, close to the 

borders of the lateral ventricles. In the 

posterior striatum, as the striatal area in 

the sections decreased, so did the area 

containing the darker striosomes. This 

patterning was consistent across all 

wildtypes (Figure 4A). By contrast, the 

darkest striosomes in the Q175 KI 

mice, at the same AP levels, covered 

the entire dorsal striatum, while leaving 

the lightly-stained striosomes in the 

ventral half. This patterning was consistent through out the entire range of the striatum (Figure 

4B). In the posterior striatal sections, the lateral streak, also part of the striosome system, was as 

darkly stained as the dorsal striosomes. The most striking contrast between the wildtypes and 

Q175 HET staining was apparent in the posterior striatum, where the striosomes were very 

difficult to distinguish in the wildtype controls, but were visible to the naked eye in sections from 

the Q175 KI mice, despite the light immunostaining. 

Figure 4: Differences in MOR1 patterning in WT and 
Q175 HET mice. Strongest MOR1 stained striosomes in 
WT mice were located primarily in the dorsal medial part 
of the striatum (A), whereas in the Q175 HET, the 
darkest striosomes were distributed widely throughout the 
entire dorsal striatum (B). These areas are indicated by 
the green shading.   
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Densitometry Analysis   

To quantify the higher expression of 

MOR1 in HD mice, densitometry 

measurements were obtained using 

the ImageJ software. Eight specific 

brain regions were selected for each 

mouse, representative of eight 

different matching anterior-posterior 

(AP) levels (Figure 5). The entire set 

of paired mice, composed of one WT 

and one HD HET, was excluded from 

analysis if it did not contain the 

specific AP levels necessary for 

comparison. 

Each image, half a hemisphere 

of a specific age and genotyped 

mouse, was studied and used as a 

template for the tracing of individual striosomes. Using the ImageJ software, each outlined 

striosome was calculated after applying the threshold chosen to exclude fiber bundles in the 

measurements (Figure 6). Once these values were obtained, each striosome was categorized 

based on its location in the striatum (Figure 7). The data points were separated into the following 

Figure 5: Eight bregma coordinates were designated for 
densitometry analysis to measure MOR1 expression. Each 
folder was created to represent each bregma level on the 
mouse brain atlas.  

Figure 6: (A) Each striatal image, taken with a light 
microscope, was sorted based on the bregma coordinates. 
(B) Every individual striosome was outlined by hand using 
ImageJ software. (C) Threshold analysis was performed to 
exclude the fiber bundles, in green, into the densitometry 
measurements. 
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regions of the striatum: dorsal medial striatum (DMS), dorsal lateral striatum (DLS), ventral 

striatum (VS) and lateral streak (LS).  

Densitometric analysis data of the MOR1 

reactivity confirm that the striosomes in the striatum of 

Q175 KI mice have higher mean values, when compared 

to the striosomes in the wildtype sample at the matched 

levels (p<0.02; two-tailed t-test). The Q175 mice have 

higher mean values, indicating darker striosomes 

(Graphs 5-6), in various AP levels. Using the same 

software, striosome area and fiber bundle count was also 

calculated for both genotypes. There was, however, no 

significant difference in striosome area, fiber bundle 

count between Q175 KI mice and WT mice at this age 

or region of brain analyzed (Graphs 1-4). These results 

were consistent in both male and female mice. 

  

Figure 7: After each striosome was 
individually traced, it was categorized 
into either the dorsal medial striatum 
(DMS), dorsal lateral striatum (DLS), 
ventral striatum (VS), or the lateral 
streak (LS) category for further 
analysis in both WT and Q175 KI HET 
mice. Pictured here is an example of 
striosomes outlined in Q175 KI HET 
mouse. 
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Validation of striosome morphology in CalDAG-GEFI-EGFP x Q175 mice 

To initiate the neuroanatomical evaluation of the compartments in Q175 KI mice, Q175 

KI mice were crossed to CalDAG-GEFI –EGFP Gensat BAC mice. We have so far evaluated 

one 4.5 month old double transgenic mouse, relative to male and female siblings that also carry 

the CalDAG-GEFI-EGFP BAC. In these mice, because CalDAG-GEFI is highly enriched in the 

matrix of the striatum, the reporter for the gene would indicate the locations for the putative 

striosomes, the CalDAG-GEFI- poor zones, despite the eventual severe down-regulation of the 

gene. Examination of the GFP reporter (matrix) and MOR1 (striosome) immunofluorescence 

allowed us to observe the striosome shape and morphology of the Q175 mice in relation to the 

surrounding matrix (Figure 8-9). The Q175 KI mice, combined with matrix-GFP mice provide a 

way to not only detect simultaneously the striosome and matrix compartments, but to manipulate 

and observe how these substrates are vulnerable in animal models of HD.   

  

Figure 8: CalDAG-GEFI-GFP BAC expression (green) in a striatal section highlights matrix projection 
neurons and Q175 male at 4.5 months of age. Striosomes in red fill in CalDAG-GEFI –negative zones in 
the striatum without overlap. 
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Figure 9: CalDAG-GEFI-GFP BAC expression (green) in striatal section highlights matrix 
projection neurons in Q175 mice at 4.5 months of age. Striosomes (red) fill the CalDAG-GEFI-
negative zones consistently throughout the entire striatum without overlap.  
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Chapter IV 

 

Discussion 

 

 

The aim of this thesis work was to test directly whether there are neurochemically 

detectible changes in the striosomal system in the Q175 KI mouse model of Huntington’s disease 

(HD). My approach was to use anatomical characterization of in the striatum of the Q175 KI 

model mice, a currently favored mouse model of HD, during adulthood, and to look for possible 

progressive changes in the striosome marker, Mu opioid receptor (MOR1), that could correlate 

with disease progression. All analyses were done relative to age-and sex-matched sibling 

controls. In Q175 KI and WT mice at 13-months of age, I demonstrate here a striking 

augmentation of MOR1 immunostaining in the Q175 KI animals, indicating a potential 

upregulation of this striosome-enriched receptor protein. Notably, I found there to be a regional 

effect in the increased expression of MOR1, stronger MOR1 in caudal and lateral regions in the 

Q175 KI HD mice. These findings suggest that there might be an abnormal balance of the 

striosome and matrix in sensorimotor regions of the striatum, which could further influence the 

imbalance detected in the dopamine system. These changes could contribute to the emotional and 

cognitive problems HD patients experience in addition to their motor symptoms.  	

In an initial step to validate the Q175 KI model in the Graybiel laboratory, I assayed the  

immunostaining for CalDAG-GEFI, a matrix-enriched protein whose gene the Graybiel 

laboratory originally discovered in a search of striatum-enriched genes. I confirmed the down- 
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regulation of immunolabeling for CalDAG-GEFI in the 13-month old Q175 heterozygous mice 

relative to CalDAG-GEFI immunostaining in the controls. This result is consistent with earlier 

findings in other HD models including the R6/2 HD model mice and in post-mortem striatal 

tissue from human HD patients (Crittenden et al., 2010). Several groups suggest that these 

changes may be occurring as protective or compensatory mechanisms in response to the mutant 

huntingtin gene HTT (Crittenden et. al, 2010; Desplats et al., 2006). If this is true and the matrix 

compartment is already playing this protective role, it highlights the potential role in HD of the 

changes in striosomes reported here: How are the down-regulations of CalDAG-GEFI and the 

upregulation of MOR1 related? Could one influence the other? And how could these changes 

affect the output of the two compartments and their interactions?  

I next applied the same immunohistochemical reactions to several pairs of mice, each pair 

including one wildtype and one Q175 KI HET mouse, but this time with the antibody reactive 

against the mu-opioid receptor 1. Anticipating the importance in the specific bregma coordinates 

for direct comparison between the two genotypes, brain slices at matched anterior-posterior 

levels were selected prior to performing the histology. The same levels were used for all mouse 

pairs for comparison.  

The quality of the increased MOR1 immunostaining, as well as the specific regions 

where the increases were evident, were important factors to consider. MOR1 staining of 

striosomes in the lateral striatum of the Q175 KI mice, generally including sensorimotor regions, 

was visibly augmented.  Q175 KI mice exhibited darker striosomes, indicating higher MOR1 

expression in the dorsal striatum, including almost the entire dorsal half of the striatum. In 

contrast, wildtype mice showed more variety in MOR1 expression, having the darkest striosomes 

located only in the dorsal medial striatum. The contrasting augmentation of MOR1 in these 
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specific regions in the wildtypes and Q175 KI mice could suggest a decrease in the normal 

medial-to-lateral gradient of MOR1 expression in the HD model.  

In this thesis work, I have now observed the down-regulation of the matrix (CalDAG-

GEFI) and the potential upregulation of the striosome (MOR1) compartments in HD model mice, 

when compared to the wildtype mice. This increase in MOR1 is a particularly interesting finding 

because many of the striatal genes so far studied in HD models, like CalDAG-GEFI, are strongly 

down-regulated; Here, our findings show a gene product that is increased in the Q175 HD model 

mouse.  

Future questions concern the existence of possible compensatory mechanisms in HD and 

whether they will give us clues to the preferential vulnerability characterized in the striatum of 

HD brains. Crittenden et al. (2010) have shown that the expression of CalDAG-GEFI may render 

striatal cells more vulnerable to Htt, by leading to increased levels of toxic species in transgenic 

mice. Therefore, the knock-down of this gene is neuroprotective against mHtt-induced 

neurodegeneration. Observing this phenomenon, we question whether the increased level of 

MOR1 is also a compensatory change as either a direct or indirect interaction with mHtt. These 

questions are certainly worth examining further. 

Another research group also studying the Q175 KI HD mice examined the progression of 

electrophysiological and morphological alterations that occurred in striatal MSNs (medium spiny 

neurons) and CPN (cortical pyramidal neurons) of Q175 HOMO and HET mice. They found that 

at 12 months old, Q175 HET mice had increased inhibitory inputs (Indersmitten et al., 2015). 

These alterations were indications that there was an imbalance in the ratio of inhibition to 

excitation in the MSNs in the striatum as the HD model phenotype further developed. In addition 

to such imbalances in the connectivity, the actual disruption of the striatal connections could also 



	

21	

be an alternative explanation to striatal vulnerability. In 12-month old YAC 128 HD model mice, 

the presence of massive neurodegeneration, including in regions projecting to the striatum/basal 

ganglia, like the substantial nigra pars compacta and the thalamus (Kim et al. 2015). It is possible 

that such specific alterations and disturbances exist in lesser form in the Q175 KI mice, and are 

influencing the augmentation of MOR1 in the striosomes. These findings, if confirmed by 

additional methods, could affirm a change in the balance between striosome and matrix function 

in the striatum affecting sensorimotor function as well as associative-emotion-related function. 

 In this current study, because I focused on just one age (13 months old), I did not address 

the issue of disease progression across different ages. However, our findings do confirm the 

occurrence of the upregulation of MOR1 at this stage in the HD mice, and preliminary 

observations suggest such changes at earlier ages (in progress). The 13 month snapshot of 

differences between the wildtype and HET striosomal system gives us an insight into the pattern 

of how HD may progress in the striatum. In the HD mice, more striosomes are visible with the 

MOR1 staining in the sensorimotor regions of the striatum, critical for the organization and 

control of movements, which leads us to believe that the functions related to these regions are the 

affected at this stage, perhaps most notably motor skills of Q175 KI mice. In fact, these mice 

have been reported to exhibiting significant deficits in fine motor skills and gait as early as 6 

month of age (Heikkinen et al., 2014). Observing MOR1 patterning in brains of younger Q175 

KI mice (3, 6, 9 month old mice), can potentially tell us more about this relationship.  

 In addition to the severe motor symptoms, patients with HD also experience various 

mood and cognitive symptoms. In fact, psychiatric symptoms are a common feature of 

Huntington’s disease and often precede the onset of motor and cognitive impairments (Julian et 

al., 2006). Tippett et al (2007) first demonstrated the relationship between the striosome 
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compartment of the striatum and mood disturbances in humans, and that the striosome-related 

circuits may modulate mood functioning. If the elevated MOR1 levels are also characteristic of 

the human HD striatum, this study prompts the question of whether they could be related to the 

mood disturbances experienced by the patients.  

Another player that may affect the differential expression of striosomes is dopamine. 

There are several types of opioid receptors that are involved in regulating dopamine functions in 

the brain. In Parkinson’s disease (PD), subtypes of opioid peptide receptors have shown to be 

implicated in opioid transmission in the basal ganglia (Bezard et al., 2003). Some further believe 

that the increased opioid transmissions are playing a compensatory role in the altered functions 

of the basal ganglia in PD (Koizumi et al., 2013). This is an interesting question to think about in 

relevance to Huntington’s disease, where it is also marked with diminished dopamine release and 

signaling (Ortiz et al., 2012; Hikey et al., 2002). Striosomal MSNs may be unique among striatal 

cells in sending GABAergic projections directly to the substantia nigra pars compacta, which 

contain dopamine-producing cells that project back to both the striosome and matrix 

compartments (Graybiel, 1990; Gerfen, 1984; Fujiyama et al., 2011). Therefore, the striosome 

compartments could be in a position to directly influence the control over dopamine signaling in 

the dorsal striatum. Increased MOR1 activity in striosomes could be the result of the dopamine 

signaling deficiency in these mice.  To approach this question, one could assess how the striatal 

dopamine regulation is influencing the phenotypic behaviors in the HD mice using involving in-

vivo fast-scan cyclic voltammetry methods in these mice.  

 These anatomical findings were faced with limitations imposed by the lack of sensitive 

methods to quantify the potential striosome upregulation, and a lack of a series of potentially 

independent markers of the striosomal system. We found the densitometric measurements to be a 
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good measure for brain sections that were most distinctively different, marked with great contrast 

between striosome and matrix compartments, but failed with samples of low quality image or the 

outlined striosomes were too light for detection. In efforts to alleviate these differences, we 

applied filters for thresholding on the ImageJ software, but despite this effort, in several cases, it 

was still not sensitive enough. For example, by assessing qualitatively by eye, the striosomes in 

Q175 KI mice were distinguishable at particular AP coordinates, yet the quantitative data 

revealed no significance when compared to barely visible striosomes in wildtype controls.  

Concurrently, because we were able to see the striosomes better, due to the higher 

expression of MOR1, more striosomes were outlined, compared to the WT. During analysis, we 

were faced with comparing different numbers of striosomes for each area of interest (e.g. DMS 

WT n=6; HET n=10). There were consistently fewer visible striosomes in the wildtype group 

when marked with the MOR1 antibody. However, we were able to confirm that the number of 

striosomes was not reduced in the wildtype by assessing the number CalDAG-GEFI- negative 

zones in both WT and Q175 KI mouse crossed with CalDAG-GEFI-GFP BAC mouse. This is 

critical confirmation that striosomes were not missing in the Q175 animals, but rather, that our 

current image analysis methods are as yet insufficient in accounting for the MOR1 positive 

striosomes that are low in expression. Stronger methods are required to encompass all striosomes 

in the striatum for analysis. In addition, we could not make direct comparisons of the striosomes 

in the specific areas of the striatum within each pair; we did not have enough data points for 

significance. We would require more striatal sections and more mice. Since the upregulation of 

MOR1 looks to be area specific, the next steps should involve studying the specific areas of the 

striatum in additional mice to obtain more data points for further comparison. Thus, we have 

begun looking at additional 9 and 13 month old Q175 KI and WT mice.  
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An alternative method to quantify and assess MOR1 expression may be through GTP 

gamma autoradiography. Receptor autoradiography method allows for the visualization of 

receptor ligand binding sites, even determine the number of receptor bindings sites, and give 

details to the the affinity, sensitive and sensitivity the radioligand. In the case of MOR1, an 

agonist for MOR1 (DAMGO) could be used to activate the G-protein. The coupled reaction 

causes the GTP to be converted to GDP, showing functionality through the activation. However, 

this method is currently not available to us, but an option that we could possibly explore.  

To study further the protein upregulation and how it could lead to functional changes, 

additional behavioral and pharmacological experiments can be performed on these mice. 

Through experimental animals, the striosome compartment has shown to have particularly strong 

connections with regions of the limbic forebrain including the anterior cingulate cortex, the 

caudal orbital cortex and the basolateral amygdala (Eblen and Graybiel, 1995). All of these 

structures have been implicated in various mood disorders in humans (Graybiel and Rauch, 

2000; Rolls, 2005; Cardinal et. al, 2002). Differential activation of the striosomal system occurs 

in response to drug treatments that induce repetitive stereotyped behaviors (Crittenden et. al, 

2014; Horner et al., 2010). We could preferentially activate the striatal system by administering 

metamphetamine to these mice, observing their stereotypic behavior, defined as abnormally 

repetitive motor actions that coincides with inability to initiative normal adaptive responses 

(Graybiel and Rauch, 2000), and processing the brains for striosome activation.  

 In conclusion, our data show increased immunolabeling for the Mu opioid receptor-1 

(MOR1) in the striatum of Q175 KI HD model mice, indicating a rare upregulation of this 

striosome-enriched receptor protein. We provide evidence for a dysregulation that is occurring in 

the striatum, perhaps clues to the preferential vulnerability of the striatum HD. Such changes to 
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MOR1 protein expression in the striosome system may be key to understanding the differential 

symptom phenotypes, behavior problems and patterns of neurodegeneration in Huntington’s 

disease.  
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Graphs 

 
Graph 1: Fiber bundle count per striosome in Pair #1 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
Graph 2: Comparison of striosome area in Pair #1 
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Graph 3: Fiber bundle count per striosome in Pair #2 

Graph 4: Comparison of striosome area in Pair #2 
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Graph 5: Mean of MOR1 densitometry of anterior striatum of Pair #1 
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Graph 6: Mean of MOR1 densitometry of anterior striatum of Pair #2 
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Graph 7: Female mice also have elevated MOR1 immunoreactivity in striosomes 
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Charts 
 

Chart 1: Densitometry measurement for anterior striatum for two pairs of mice 
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Chart 2: Densitometry measurements for posterior striatum in wildtype mice 
 

 
 
Chart 3: Densitometry measurements for posterior striatum in Q175 KI mice 
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