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Abstract 

 
Objective: 

Studies in the post mortem human brain and in genetic mouse model suggest that dysfunctional 

cholinergic neurotransmission, through a loss of agonist rather than receptors may be a 

significant contributing factor to HD pathology.  If correct, pharmacological replacement may 

therefore be a potential treatment strategy.  We have investigated whether chronic administration 

of the selective nicotinic partial agonist varenicline improved motor, cognitive and affective 

symptoms in a transgenic mouse model of Huntington’s disease.   

 

Method 

The performance of 15 month old YAC128 mice and age-matched wild-type littermates was 

assessed in the rotarod, T-maze, novel object recognition, novelty supressed feeding and forced 

swim tests prior to and after treatment with varenicline (5mg/kg/day for 28 days via miniosmotic 

pump).  Thymidine analogues, whilst DARPP32 and EM48 immunohistochemistry were used to 

assess the effect of varenicline on progenitor cell proliferation and survival, medium spiny 

neurons and aggregate formation respectively.    

 

Results 

Chronic treatment with varenicline significantly improved motor coordination, delay-dependent 

memory and reduced depressive-like behaviour in late stage YAC128 mice.  Varenicline also 

produced genotype-independent improvements in recognition memory and reduced anxiety. In 

addition, varenicline displayed anxiolytic effects and improved spatial memory in the absence of 

compromised function. Functional improvements were accompanied by neuropathological 

changes including increased aggregate formation, neuroprotection and increased progenitor cell 

proliferation and survival.   

 

Interpretation 

Our findings provide evidence that administration of an exogenous nicotinic agonist may be of 

clinical benefit in the treatment of late-stage Huntington’s disease.   
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1. Introduction 

Huntington’s Disease (HD) is a fatal, autosomal dominant, inherited neurodegenerative disorder 

characterised by progressive movement, cognitive and psychiatric symptoms.  Typical features 

include hyperkinesia, dementia and personality changes{van Duijn, 2008 #796;You, 2013 #730;,  

#963;Waldvogel, 2015 #962}.  At present there is no treatment to prevent or delay the onset or 

progression of HD.  Clinical intervention is restricted to managing disease symptoms with 

limited success, and numerous side effects {Phillips, 2008 #727;Novak, 2011 #732}. 

Very early changes in cognitive function occur in gene carriers before any other clinical 

symptoms are apparent{Montoya, 2006 #726;You, 2013 #730}.  Changes in working memory, 

executive function and recognition memory occurred prior to any evidence of cell loss{Montoya, 

2006 #726;van Duijn, 2007 #734}. Cognitive deficits also manifest in advance of classical motor 

symptoms in animal model{Milnerwood, 2006 #177}; presymptomatic impairments in neuronal 

signalling and alterations in neurotransmitter release have also been reported in several 

transgenic mouse models of HD{Murphy, 2000 #185;Cepeda, 2003 #109;Nicniocaill, 2001 

#189}. These observations support the idea that some form of cellular dysfunction may occur in 

the early stages of the disease {Mazarakis, 2005 #172;Milnerwood, 2006 #177}. 

The cognitive deficits associated with normal aging and age-related neurodegenerative diseases 

are proposed to be caused by impairments in nicotinic cholinergic neurotransmission, in 

particular a reduction in the number of nicotinic acetylcholine receptors (nAChRs) {Zanardi, 

2002 #241;Perry, 1987 #198;Piggott, 1991 #202;Tata, 2014 #964}.  Substantial reductions in 

high affinity nicotine binding have been reported in the hippocampus {Perry, 1987 #198} and 

temporal cortex {Piggott, 1991 #202} of patients with Alzheimer’s disease.  In contrast to this, 

post mortem studies in the HD brain report no change in the number of nAChRs{Perry, 1987 

#198;Piggott, 1991 #202} but a significant loss of acetylcholine (ACh), choline acetyl 

transferase activity (ChAT) and the vesicular acetylcholine transporter (VAChT){Spokes, 1980 

#728;Suzuki, 2001 #228}. These neurochemical changes within the brain correlate with 

cognitive defects{Montoya, 2006 #726}, suggesting dysfunctional cholinergic transmission, 
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through a loss of agonist, rather than receptors, may be a significant contributing factor in the 

pathogenesis of HD{Smith, 2006 #219}. This presents an opportunity to reverse the pathological 

changes and neurological deficits associated with HD by enhancing cholinergic transmission 

through administering an exogenous agonist.  Small-scale clinical studies investigating the 

procholinergic effects of rivastigmine and donepizil in HD patients indicated a trend for 

improved cognitive performance and a slowing of motor deterioration in patients with HD and 

support this hypothesis {Fernandez, 2000 #132;Rot, 2002 #210;de Tommaso, 2004 #123}.   

Nicotinic agonists play a well-established role in reward, mood, cognition and attention.   

Activation of nAChRs has been shown to enhance synaptic plasticity{Ji, 2001 #146;Dani, 2001 

#120;Quik, 2006 #206;Chen, 2006 #111}, induce neurogenesis and support cell survival by 

increasing trophic support {Tariq, 2005 #229}, {Mudo, 2005 #183} 

The current study investigated the potential of the nicotine analogue varenicline to reverse 

neurological deficits in the YAC128 transgenic mouse model of HD.   Identification of a 

therapeutic intervention that improves cognitive, affective and motor symptoms would be of 

enormous clinical benefit in the treatment of HD, particularly if the treatment strategy is 

currently approved for other treatment indications, thus simplifying the translation from 

preclinical investigation to clinical practice.    

 
 

2. Materials and methods 
 

2.1. Animals and surgical procedures 

A total of 71 fifteen month old male and female wildtype and transgenic YAC128 mice were 

used in this study.   YAC128 carry the full length mutant human huntingtin gene with 128 CAG 

repeats under the control of the endogenous mouse promoter and regulatory elements of the 

FVB/N background strain {Slow, 2003 #43}. 

Founder animals were obtained from Jackson laboratories and were bred, genotyped and 

maintained in the animal facility of the Faculty of Medical and Health Sciences at the University 

of Auckland.  All animals were ear marked and genotyped at weaning using standard PCR 
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methods.  Additional tail biopsies were taken from all experimental animals at the end of the 

experimental procedure in order to confirm original genotypes prior to analysis of the data. 

Animals were grouped and caged according to their gender. Housing was maintained at 20oC 

with 12 hour day and night cycle.  Food and water were available ad libitum, except during 

training and testing in the novelty suppressed feeding test, where animals were food restricted to 

approximately 90% of the animals free feeding weight. Testing was conducted during the light 

phase of the cycle between 0800 and 1800 h.  All experimental procedures were pre-approved by 

the University of Auckland Animal Ethics Committee.   

Pre- and post-treatment functional testing was carried out across two mixed sex cohorts, A and B 

(see table 1).  Drug treatment was initiated following baseline testing.   Miniosmotic pumps 

(Alzet) containing varenicline (5mg/kg/day for 28 days) were inserted subcutaneously under 

isofluorane anaesthesia (Figure 1). Experimenters performing functional testing were blind to the 

genotype of each mouse. 

In order to label proliferating progenitor cells, YAC128 mice were injected with equimolar 

concentrations of the thymidine analogues CldU (85 mg/kg) and IdU (115 mg/kg).  CldU was 

injected once a day for 7 days to label a population of cells dividing at the time of treatment 

initiation.  In order to assess the effect of varenicline treatment on SVZ and hippocampal 

progenitor cell proliferation, IdU was delivered as four two-hourly injections with the final 

injection occurring 2h prior to tissue collection.   

A third mixed-sex cohort of YAC128 mice (Cohort C, n=10) received CldU and IdU injections 

but were not administered varenicline and did not undergo functional testing.  These animals 

served as pre-treatment controls for immunohistochemical analysis of brain tissue.  

 

2.2. General welfare and assessment of motor function 

Regular checks of body weight and welfare status were performed through the experimental 

period.  Body weight was measured before and after each functional testing period.    

Motor coordination and balance were tested using a 5 lane rotarod apparatus (Rotarod Series 8, 

IITC Life Sciences, CA, USA) at a constant speed (7 rpm) and an accelerating protocol (4-40 

rpm over 300 s).  Training and testing protocols are described in full elsewhere {Van 

Raamsdonk, 2005 #974}. Mice from cohort A were tested in both the constant and accelerating 
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paradigm.  Cohort B was tested using the accelerating paradigm only.  The mean latency to fall 

from 2 trials on each of 2 consecutive days was recorded.   

 

2.3. T maze 

Delay-dependent memory was assessed in the T maze using a rewarded alternation 

paradigm{Deacon, 2006 #1018}.  Testing was conducted in a white Perspex arena, with the start 

arm (50 cm) perpendicular to the two goal arms (40 cm).  One week prior to testing, animals 

were handled, habituated to the apparatus and introduced to the novel palatable food 

(Cocopops®, Kellogs) in their home cages. 

The T maze procedure comprised a forced-choice trial (both arms baited, one arm blocked) 

followed by a free choice trial (both arms open, previously blocked arm baited) with a 5s inter-

trial interval (ITI).  The ITI was established from prior studies demonstrating impaired 

acquisition (alternation below 50%) in late-stage YAC128 animals using longer ITIs.   

Each trial ended when the mouse consumed the reward from the correct arm or selected the 

incorrect arm.  Each animal performed four trials per day for 5 consecutive days; the number of 

correct choices per day was recorded for each mouse.  The percentage of animals correctly 

alternating on each day was calculated for each treatment group.   

 

2.4. Novel Object Recognition (NOR) Test 

Object recognition tests were performed using a clear Perspex square box (30 x 30 x 30 cm).  

Objects were plastic Duplo® blocks (5 x 3 x 2 cm), large black plastic screws (4 x 3 x 2 cm) and 

miniature light bulbs (4 x 4 x 3 cm).  All mice were handled and habituated to the NOR box in 

the absence of objects prior to testing.  In the initial trial, the exploration of 2 identical objects 

was scored for 3 minutes.  In the novel object recognition (NOR) trial, a copy of the familiar 

object and a new object were placed in the same location as stimuli during the initial trial.  The 

time spent interacting with each object over a 3 minute period was recorded for each mouse.   In 

the novel object location (NOL) trial, one copy of the familiar object was placed at the same 

location and one copy of the familiar object was placed at a new location.  The time spent 

examining each object was recorded over a 3 minute period.  The objects and locations were 

varied to reduce any potential bias.  For both NOR and NOL tests, trials were performed using a 
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5 min, 1 h or 24 h inter-trial intervals (ITI).  Exploration of novel and familiar objects/locations 

were expressed as a discrimination index.  Discrimination indices were calculated the difference 

in time spent exploring novel and familiar objects (or locations) divided by the total time spent 

exploring both objects (or locations).    

 

 

 

2.5. Novelty Suppressed Feeding (NSF) Test 

Mice were given cocopops® (Kellogs) in their home cage for three days prior to testing. Any 

mouse that failed to eat the cocopops over a 5 min period in the home cage was excluded. 

Following an overnight fast (16 h), mice were given 3 cocopops in a novel cage with no bedding 

and under bright light. The latency to initiate eating of the cocoa pop was recorded with a test 

period maximum of 300 s. 

2.6. Forced Swim Test (FST) 

Depressive-like behaviour was assessed in the forced swim test (FST) using a protocol adapted 

from previous methods (Cryan et al., 2005, Evans et al., 2012). Briefly, mice were placed in a 

glass cylinder (15 cm diameter) filled to a depth of 15 cm with water (25 ± 1°C), to ensure the 

mice were unable to rest on the bottom of the cylinder.  On initial exposure, mice spent 15 min in 

the cylinder. Subsequent swim tests were 5 min in duration and animals underwent 1 trial per 

day over 2 subsequent days.  Test sessions were videotaped from the side, and the time spent 

immobile, floating or swimming was recorded by an observer blinded to treatment groups.  

Immobility was defined as the minimum movement made in order for the animal to keep their 

head above water.   

 

2.7. Immunohistochemistry and quantification 

Mice were killed by an overdose of sodium pentobarbital and perfused transcardially with ice 

cold saline (0.9%) followed by 4% paraformaldahyde in 0.1 M phosphate buffer.  Brains were 

removed, post-fixed overnight in 4% paraformaldehyde and cryoprotected in 30% sucrose in 0.1 

M phosphate buffer.  Coronal sections (30 µm) were cut on a sliding microtome (and stored in 
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series with 180 µm separation in cryoprotectant solution containing 30% sucrose and 30% 

ethylene glycol at −20 °C until use.  

 

2.7.1. DARPP32 and EM48  

Free floating sections were washed in 50% methanol and 1% H2O2 followed by incubation with 

primary antibody for 24h at room temperature.  Antibody concentrations were as follows; mouse 

α EM48 (Merck Millipore) 1:100; rabbit α DARPP32 (Merck Millipore) 1:250.  Following 

incubation with primary antibodies, biotinylated goat anti-mouse or goat anti-rabbit IgG was 

applied to the appropriate sections and incubated for 3 h at room temperature followed by 

ExtrAvidin Peroxidase (Sigma, 1:500) for 2 h at room temperature and colour reaction 

performed using Nickel-DAB solution. 

Each section was scanned using a MetaSystems VSlide Scanner to capture the entire section in a 

single image.  Images were viewed in MetaViewer and manual cell counts performed for each 

brain region of interest.  The total count was multiplied by 6 to obtain an estimate of the total 

number of EM48+ cell nuclei and DARPP32 + cells in the striatum and hippocampus. 

 

2.7.2.  IdU and CldU 

Immunohistochemistry was performed according to standard protocols {Tattersfield, 2004 

#39;Vazey, 2006 #82}, whereby retrieval for thymidine labels required incubation with 2 M HCl 

for 1 h at 37 °C and rehydration in sodium tetraborate.   DAB immunohistochemistry was 

performed using BrdU antibodies that are cross-reactive against either CldU or IdU (Vega and 

Peterson, 2005): rat α BrdU (Accurate Chemicals, 1:250); mouse α BrdU (BD Bioscience, 

1:500).  Biotinylated secondary antibodies were used (anti-rat 1:500, Sigma; anti-mouse 1:500, 

Sigma) followed by ExtrAvidin Peroxidase (Sigma, 1:500) and colour reaction performed using 

Nickel-DAB solution.  

To determine the total number of proliferating (IdU+) cells in each treatment group every sixth 

section of the entire forebrain was processed.  Due to the clustering and uneven distribution of 

IdU+ cells in the SVZ, a quantification system based on previous studies {Henry, 2007 #81} 

{Tattersfield, 2004 #39} was used. To determine the total number of proliferating (IdU+) cells in 
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each treatment group, tile scan images were acquired at 20x magnification from every sixth 

section of the entire using a Nikon TE2000 microscope and Prior ProScan II motorized stage.  

Each image was set at threshold to select IdU+ cells, a contour drawn to surround the SVZ, and 

the total area of IdU immunoreactivity (µm2) within the contour calculated.   An unbiased 

representative cell count for IdU+ cells present in sections of the SVZ was extrapolated using 

average single cell area calculated from 100 randomly selected IdU+ cells.  All IdU + cells in the 

subgranular zone (SGZ) of the hippocampal dentate gyrus were manually counted (Leica 

microscope, 40 × objective).  The total count was multiplied by 6 to obtain an estimate of the 

total number of IdU + cells in the SVZ and hippocampal dentate gyrus{Malberg, 2000 #975}. 

The phenotype of newly generated cells was investigated using immunofluorescent double-

labelling and confocal microscopy (Zeiss LSM710 inverted confocal microscope, 63× objective) 

to identify co-localisation of CldU + cells (Accurate anti-BrdU, 1:250; Alexafluor anti rat 488) 

with NeuN (Merck Millipore, 1:500) or DARPP32 (Merck Millipore, 1:250) with species 

specific AlexaFluor 594 (1:500).   

 

2.8. Statistical analysis  

Statistical analyses were performed using SigmaPlot 13 (Systat Software Inc.).  All data are 

presented as mean ± S.E.M.  

Repeated measures two-way ANOVA was used to determine differences between groups in all 

functional tests.  Factors were ‘genotype’ (WT vs YAC128) and ‘time-point’ (pre-treatment vs 

post-treatment).  Holm-Sidak post hoc tests were performed and analyses deemed to be 

significant when p<0.05.   

To determine whether varenicline treatment altered DARPP32+, IdU+ and CldU+ cell counts in 

the YAC128 striatum and hippocampus, immunohistochemical data was analysed using t-tests.  

The number of EM48+ nuclei within the striatum showed unequal variance and differences 

between untreated and varenicline treated YAC128 mice and were thus analysed by the Mann-

Whitney Rank Sum Test. The number of EM48 + nuclei in the hippocampus was analysed by t- 

test.  
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3. Results 

 

3.1. Varenicline treatment produces improvements in motor coordination in YAC128 mice 

To determine the effect of chronic varenicline administration on motor coordination and balance, 

the performance of 15 month old YAC128 and age-matched WT mice was assessed in the 

rotarod (cohort A) and accelerod tests (cohort A and B).  Bodyweight was not different between 

groups pre or post varenicline treatment and was not included in analysis as a confounding 

variable.  

Two-way repeated-measures ANOVA revealed a significant effect of genotype (F(1, 25), =8.89, 

p =0.006) and time-point (F(1, 25) = 12.959, p< 0.001) in the standard rotarod test (Figure 2A).  

Post hoc analysis confirmed that prior to treatment, YAC128 mice displayed significantly lower 

fall latencies (31.8 ± 18.5 s) compared to age-matched WT littermates (246.8 ± 54.0 s, p < 

0.001).  Varenicline treatment produced no significant change in the performance of WT mice (p 

= 0.192).  In contrast, varenicline significantly increased latency to fall in YAC128 mice (p < 

0.001) and restored motor performance to that observed in WT mice (p = 0.080).   

All animals displayed lower average fall latencies in the more challenging accelerating rotarod 

task than in the standard rotarod task (Figure 2B, C).  Prior to varenicline treatment, both cohorts 

of YAC128 mice displayed significantly lower fall latencies compared to age-matched WT mice 

(Cohort A: 25.2 ± 7.3 s vs 100.3 ± 16.3 s, p < 0.001; Cohort B: 14.0 ± 2.4 s vs 96.0 ± 11.8 s,   p 

< 0.001).  Varenicline treatment significantly improved motor coordination in YAC128 mice in 

both cohorts (p < 0.001 and p = 0.034 respectively).  In addition, varenicline produced a modest 

improvement in fall latency in WT mice in cohort A only (p = 0.025).  Despite increased fall 

latencies in YAC128 mice, varenicline treatment did not restore performance to pretreatment 

WT levels in this task (Cohort A: p = 0.002; Cohort B: p < 0.001). 

 

3.2. Varenicline improves delay-dependent memory in YAC128 mice 

Alpha7 nAChRs have been implicated in learning and memory, therefore the effect of 

varenicline on delay-dependent memory using a rewarded T maze paradigm were investigated.   

Fifteen month old WT and YAC128 mice (Cohort A) acquired the task and the percentage of 
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mice alternating in each group on day 5 of testing was above chance (>50%, Figure 3A).  

Comparison of the percentage of animals alternating on day 5 before and after 4 weeks of 

varenicline treatment showed a significant main effect of genotype (F(1, 21) = 4.85, p = 0.039).  

Post hoc analysis demonstrated that varenicline treatment significantly increased the percentage 

of YAC128 mice alternating (pre-treatment: 63 ± 8%; post-treatment: 88 ± 6%, p= 0.049).  

Alternation in WT mice was unaffected by varenicline treatment (p = 0.393). 

 

 

 

Short term recognition and spatial memory is improved in both genotypes of mice following 

varenicline treatment  

To further evaluate the effect of varenicline on cognition, recognition memory was assessed 

using the novel object recognition (NOR) test in the same cohort of animals.  The time spent 

exploring novel and familiar objects was collected for each animals and a discrimination index 

calculated as a measure of object preference.  To test the effect of genotype and varenicline 

treatment on object recognition memory, discrimination indices for tasks using short (5 min), 

medium (1 h) or long (24 h) ITI were analysed by 2-way repeated measures ANOVA. Prior to 

treatment, mice of both genotypes displayed no preference for the novel or familiar object, with 

discrimination indices close to zero (Figure 4A).  At the shortest ITI investigated ANOVA 

showed no significant main effect of genotype (F(1, 22) = 0.37, p =0.549), YAC128 and WT 

animals showed comparable discrimination indices pre- and post-treatment.  The main effect of 

time-point was significant (F(1, 22) = 50.051, p < 0.001).  Holm-Sidak post-hoc tests showed 

varenicline treatment significantly increased novel object preference in both WT and YAC128 

mice ((F(1,22) = 50.05, p < 0.001) following a 5 minute ITI but had no effect on the 

discrimination index in either genotype when the ITI was increased to 1 h (p=0.849, Figure 4B) 

or 24 h (p= 0.274, data not shown).   

The novel object location (NOL) variant of this task was used to assess spatial memory and 

discrimination. Discrimination indices were again calculated as a measure of novelty preference.  
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Pre-treatment, mice of both genotypes displayed a negative discrimination index (WT: -0.25 ± 

0.10, YAC128: -0.52 ± 0.07) indicating impaired recognition of a relocated object (Figure 4C). 

Further, YAC128 mice showed significantly impaired performance compared to WT animals 

(p=0.032).  ANOVA revealed a main effect of time-point following a short ITI (F(1, 21) = 

49.479, p<0.001).  Preference for the relocated object was significantly increased in both 

YAC128 and WT mice following varenicline treatment (F(1,21) =49.479, p<0.001).  However, 

varenicline treatment failed to improve spatial memory when the ITI was increased to 1 h (p = 

0.459, Figure 4D) or 24 h (p = 0.085, data not shown).   

 

 

 

Varenicline has anxiolytic effects in the novelty suppressed feeding (NSF) test.  

The NSF test assesses anxiety and has previously been shown to be sensitive to α4β2 partial 

agonists {Turner, 2010 #793}.  Longer latency to feed in a novel environment indicates an 

anxiety response. Before varenicline treatment, YAC128 mice displayed comparable feed 

latencies to WT animals (208 ± 29 s and 178 ± 30 s respectively, Figure 3B).  The predefined 

maximum test duration of 300 s was frequently reached by individual mice of both genotypes 

prior to treatment.  While the data was not normally distributed, groups displayed equal variance.  

Repeated measures ANOVA showed no effect of genotype (F(1,21) = 0.83, p = 0.372) on  

anxiety response but a significant effect of time-point (F(1,21) = 28.19, p < 0.001).  Varenicline 

treatment significantly reduced latency to feed in both YAC128 (111 ± 14 s) and WT mice (86 ± 

23 s, p < 0.001).   

 

3.3. Varenicline significantly reduces depressive-like behavior  

Depressive-like behaviour was assessed in the forced swim test (FST).  A significant interaction 

between genotype and time-point (F(1, 21) = 8.1, p = 0.010, ƞ2 = 0.719) following analysis of 

total time spent immobile for each group of animals in cohort B (Figure 3C) was observed.  

YAC128 mice spent significantly more time immobile (129 ± 19 s) than WT mice (58 ± 17 s) 

prior to treatment (p<0.001).  Post-treatment, both genotypes displayed significantly less 
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immobility (WT; p=0.009, YAC128: p<0.001) and there was no difference in depressive-like 

behaviour between WT (10 ± 2 s) and YAC128 (15 ± 4 s) mice after 4 weeks of varenicline 

treatment (p=0.770).   

Following varenicline treatment, WT mice displayed a significant increase in time spent 

swimming (124 ± 18 s vs 194 ± 23 s, p=0.002).  In contrast, YAC128 mice spent significantly 

more time climbing (68 ± 17 s vs 124 ± 21 s, p=0.012). 

 

3.4. Varenicline increases the number of EM48+ nuclei in the YAC128 striatum and 

hippocampus  

Intracellular aggregates of mutant huntingtin or inclusion bodies are a hall mark feature of HD 

{Arrasate, 2012 #965}. To examine potential mechanisms underlying the observed functional 

improvements in YAC128 mice the effect of varenicline on aggregates in the striatum and 

hippocampus was investigated using an antibody to EM48{Van Raamsdonk, 2005 #712}.   

EM48+ nuclei with evident huntingtin aggregates were observed throughout the striatum (Figure 

5A) and hippocampus of aged YAC128 mice.   

The number of EM48+ nuclei in the striatum was significantly increased by varenicline 

treatment (Figure 5B, C, YAC128 pre: 1353 ± 71, YAC128 post: 46,748 ± 1431, p< 0.001). The 

number of EM48+ nuclei in the hippocampus was also significantly increased after treatment 

(Figure 5D, YAC128 pre: 42 ± 4, YAC128 post: 129 ± 11, p < 0.001). No images are presented 

due to the very low number of hippocampal aggregates observed even in varenicline treated 

animals.  

 

3.5. DARPP32+ cell number is increased in the YAC128 striatum after varenicline treatment 

Striatal neuronal loss is correlated with motor deficits in YAC128 mice{Slow, 2003 #43}. To 

determine whether varenicline treatment influences striatal neurodegeneration, the number of 

DARPP32+ cells in the striatum were counted (Figure 6).  Prior to treatment, 15 month old 

YAC128 mice displayed significantly fewer DARPP32+ cells in the striatum compared to age-

matched WT animals (Figure 6B; WT: 5831 ± 123, YAC128: 4117 ± 267, p=0.001). Varenicline 

treatment increased striatal DARPP32+ cell numbers in both WT (pre: 5831 ± 123, post: 10,338 

± 199, p<0.001) and YAC128 mice (pre: 4117 ± 267, post: 9692 ± 268, p<0.001).  
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We also investigated the effect of varenicline of hippocampal DARPP32+ cell numbers.  Prior to 

treatment, YAC128 mice had fewer DARPP32+ cells than WT animals (Figure 6B; WT: 258 ± 

17, YAC128: 128 ± 15, p=0.001).  While varenicline significantly increased the number of 

DARPP32+ cells in WT mice (pre: 258 ± 17, post: 354 ± 25,  p=0.022), it did not alter the 

number of DARPP32+ cells within the hippocampus of YAC128 mice (pre: 128 ± 15, post: 117 

± 7, p=0.498).  No hippocampal images are presented due to the low number of cells observed in 

this region.  

   

 

 

3.6. Varenicline increases progenitor cell proliferation and survival in the SVZ of YAC128 mice 

The effect of varenicline treatment on striatal and hippocampal neurogenesis in the YAC128 

mouse was also investigated.  Progenitor cell proliferation and survival was assessed by 

determining IdU+ and CldU+ cell number respectively.   

Prior to treatment, YAC128 mice showed reduced proliferation in the SVZ (Figure 7B; WT: 

8932 ± 247, YAC128: 7224 ± 319, p=0.001) and in the subgranular zone (SGZ) of the dentate 

gyrus compared to WT animals (Figure 7C; WT: 557 ± 13, YAC128: 438 ± 24, p=0.001).  

Varenicline treatment significantly increased IdU+ cell numbers in the SVZ in both genotypes 

(WT: p=0.001, YAC128: p<0.001) such that following treatment, proliferation levels were 

comparable (p=0.082). 

Varenicline treatment also produced a modest increase in SGZ proliferation in WT mice 

(p=0.022).   In contrast, SGZ proliferation in YAC128 mice remained unaffected by varenicline 

treatment (p=0.487) 

 

Pre-treatment, the number of CldU+ cells were not different between genotypes in either region 

investigated.  Progenitor cell survival within the striatum was significantly increased in 

varenicline-treated YAC128 mice (Figure 7D; pre: 3429 ± 214, post: 4429 ± 143, p=0.004).  

Varenicline had no effect on CldU+ cell number in the dentate gyrus of the hippocampus of WT 

(p) or YAC128 mice (p=0.579).  
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3.7. Varenicline does not promote neuronal differentiation 

In order to identify the phenotype of these newly formed cells in the striatum of YAC128 mice, 

CldU/NeuN and CldU/DARPP32 double label immunohistochemistry was performed.  No co-

localisation of CldU+ and NeuN+ or DARPP32+ cells within the striatum of varenicline-treated 

animals was observed (data not shown).  

 

 

4. Discussion 

Pre- and post-synaptic nicotinic acetylcholine receptors (nAchRs) play a role in motor control, 

cognitive function, learning and memory, arousal and reward pathways {Arneric, 2007 

#983;Fowler, 2008 #985;Nees, 2015 #984;Kutlu, 2015 #987;Hahn, 2015 #986}. Activation of 

neuronal nAChRs modulates important physiological processes including neurotransmitter 

release{Mihalak, 2006 #175} synaptic plasticity{Yakel, 2012 #988}, neurogenesis{Mudo, 2005 

#183;Shingo, 2005 #218} and neuronal cell survival{Mudo, 2006 #184} and there is growing 

evidence that nicotinic agonists have therapeutic potential in the management of pain, 

schizophrenia and neurodegenerative disorders{Bencherif, 2006 #981;Hogg, 2007 

#978;Bertrand, 2015 #980;Terry, 2015 #982}.  The current study examined whether varenicline, 

a high affinity agonist at α7 and partial agonist at α4β2 nAChR subtypes {Obach, 2006 

#864;Mihalak, 2006 #175} could reverse the functional impairments and underlying 

neuropathology in the YAC128 transgenic mouse model of HD.  Varenicline has been shown to 

improve motor and cognitive function and to display anti-depressant activity in both preclinical 

{King, 2011 #991;Gubner, 2014 #992;Lange-Asschenfeldt, 2016 #973;Rollema, 2009 

#738;Rollema, 2009 #737;Turner, 2010 #793} and clinical studies {Zesiewicz, 2012 

#740;Zesiewicz, 2008 #742;Smith, 2009 #990;Smith, 2016 #989}, in addition to its role as a 

smoking cessation aid.  Our recent 

 

Fifteen month old YAC128 mice replicated the motor, cognitive and affective symptoms 

observed in HD patients and exhibited impairments in motor function, delay-dependent and 

spatial memory and increased depressive behavior compared to age-matched WT littermates.  

Chronic administration of varenicline for 4 weeks significantly improved coordination, but did 
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not completely reverse motor impairments in late-stage symptomatic YAC128 mice. This is 

consistent with previous reports that varenicline improved gait, stance and balance in both 

animal models and patients with ataxia {Zesiewicz, 2008 #742;Wecker, 2013 #736;Lambert, 

2015 #993}.  We have recently shown that varenicline produces modest improvements in motor 

function in patients transitioning to symptomatic HD suggesting our observations in aged 

YAC128 mice generalise to earlier stages of the disease in human patients {McGregor, 2016 

#1022}. 

The partial agonist effects of varenicline at α4β2 nAChRs {Rollema, 2007 #739} may avoid the 

persistent elevation of dopamine levels which are associated with motor deficits and 

degeneration of striatal medium spiny neurons (MSNs) {Tang, 2007 #996}.  Its action as a 

partial agonist may also explain the inability of varenicline to completely reverse motor 

dysfunction in late-stage YAC128 mice.  In the presence of striatal atrophy, varenicline-induced 

dopamine release may be insufficient to reverse the depleted dopamine levels in the HD brain 

{Chen, 2013 #995} and ultimately restore motor behavior {Van Raamsdonk, 2005 #712;Joshi, 

2009 #994},  

 

In addition to a partial recovery of motor function, varenicline restored performance in 

hippocampal-based memory tasks and reduced depressive-like behavior to that observed in age-

matched WT animals.  These results are in keeping with preclinical observations that varenicline 

improves sustained attention and protects against scopolamine-induced cognitive 

dysfunction{Gould, 2013 #997;Lange-Asschenfeldt, 2016 #973} and improves performance in 

executive function and facial recognition tasks in patients with HD {McGregor, 2016 #1022}.  

Further, varenicline also produced universal improvements in recognition memory in both 

YAC128 and WT mice, suggesting it can also reverse age-related cognitive decline. We propose 

that the pro-cognitive effects of varenicline observed in this study are most likely mediated 

through its action at α7 nAChR subtypes.  Both agonists and positive allosteric modulators of 

α7nAChRs have been shown previously to enhance aspects of learning and memory in 

preclinical tasks {Bitner, 2010 #998;Nikiforuk, 2015 #999;Potasiewicz, 2015 #1000}, possibly 

through direct coupling to NMDA receptors and enhancement of LTP {Li, 2013 #1001}. 
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In the present study we also observed a significant reduction in depressive-like behavior as well 

as anxiolytic effects in both YAC128 and WT mice following varenicline treatment.  Varenicline 

has previously been reported to produce antidepressant-like effects per se in addition to 

enhancing the effect of sertraline in mice {Rollema, 2009 #738;Rollema, 2009 #738}. Clinically, 

varenicline improved positive affect during smoking cessation and augmented the effect of 

antidepressants in depressed smokers {Patterson, 2009 #1002;Philip, 2009 #1003}.  

Few studies have investigated the effect of varenicline on anxiety.  While varenicline reduced 

hyponeophagia and alleviated anxiety during nicotine withdrawal in mice {Turner, 2010 

#793;Yohn, 2014 #1004}, it was associated with a small increase in the risk of anxiety in 

patients with pre-existing psychiatric disorders {Molero, 2015 #1005}, 

 

While varenicline reduced immobility in the FST in both genotypes of mice, the concomitant 

increase in swimming behaviour in WT mice and increased climbing in YAC128 mice suggest 

different pharmacological mechanisms contribute to antidepressant activity.  These distinct 

behavioral effects in the FST suggest that varenicline produces its antidepressant effect through 

increased serotonin release in WT mice while promoting catecholaminergic neurotransmission in 

YAC128 mice {Cryan, 2005 #1037;Cryan, 2005 #1039}.  Further, activation of α4β2 nAchRs 

also promotes the release of GABA{DuBois, 2013 #1008} which may contribute to the 

anxiolytic effects of varenicline{Rollema, 2009 #737}.   

 

 

It was of interest to determine whether varenicline had effects beyond symptomatic relief.    We 

therefore investigated whether functional improvements were accompanied by neuropathological 

changes in the brain of varenicline-treated YAC128 mice.   

 

Chronic varenicline treatment markedly increased the number of EM48+ cell nuclei in the 

YAC128 brain, in particular we observed a 35-fold increase in aggregate formation in the 

striatum.  While intracellular aggregates of mutant huntingtin have been attributed a causal role 

in HD pathology, increasing evidence suggests that inclusion bodies reduce the soluble, diffuse 

form of mutant huntingtin and may be protective {Arrasate, 2012 #965;Subramaniam, 2009 
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#966}. Taken together with the observed functional improvements in varenicline-treated 

animals, our findings support the hypothesis that inclusion body formation is a cellular coping 

response {Arrasate, 2012 #965}. The mechanism underlying the varenicline-induced increase in 

aggregate formation observed in this study remains unknown.  However, pharmacological 

promotion of inclusion body formation by altering the level or activity of chaperone proteins has 

been investigate as a therapeutic approach for HD and other neurological disorders {Bodner, 

2006 #970}. Varenicline may increase inclusion body formation by influencing the activity of 

proteins such as NACHO, an endoplasmic reticulum (ER) resident and essential chaperone for 

nAChRs {Gu, 2016 #971}.  Indeed, varenicline administration increases the expression of both 

α7 and α4 subunit nAChRs in the mouse brain {Marks, 2015 #972;Lange-Asschenfeldt, 2016 

#973} and pharmacological chaperoning by nicotine and nicotinic ligands reduces (ER) stress 

{Srinivasan, 2011 #969;Srinivasan, 2012 #968;Srinivasan, 2014 #967}.  While varenicline-

induced aggregation may confer short-term functional improvements in this study, the longer-

term consequences of this increased aggregate burden remain unclear.  

 

 

DARPP32 is highly expressed in medium spiny neurons (MSNs), acts as a molecular integrator 

of dopamine and glutamate signalling {Straccia, 2016 #1042} and is implicated in neuronal 

health {Reis, 2007 #1045}.   YAC128 mice have previously been reported to display reduced 

numbers of DARPP32+ cells in the striatum{Van Raamsdonk, 2005 #712}.  The loss of medium 

spiny neurons in this region is highly correlated with motor deficits{Slow, 2003 #43}.  

Quantification of DARPP32+ cell numbers in the present study suggest an approximate 18% cell 

loss within the striatum of YAC128 mice, which is in keeping with previousl reports{Slow, 2003 

#43}.  The 2.35-fold increase in DARPP32+ cells in the striatum of YAC128 post-treatment 

suggests a potential neuroprotective action of varenicline.  However, it is clear from our data that 

this effect is not genotype-specific and that varenicline also produces an approximate 1.8 fold 

increase in DARPP32+ cells in WT animals.   From a mechanistic perspective, this effect in non-

diseased littermates requires consideration.   
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MSNs display different patterns of growth and development with advancing age.  While 

DARPP32 expression gradually increases throughout postnatal life to old age {Kunii, 2014 

#1043;Colantuoni, 2008 #1044} aged mice have a significantly increased number of MSNs 

displaying atrophic degeneration {McNeill, 1990 #1046}.  These age-related morphological 

changes are associated with poor performance in the balance rod and align with our own 

observation that 15 month old WT animals display impaired performance in the rotarod test 

compared to young 3 month old CD1 mice (McGregor, unpublished).    We propose therefore 

that the increase in DARPP32+ cells in aged WT animals also reflects the neuroprotective 

properties of varenicline, though to a lesser extent than in late-stage YAC128 mice.  

 

The precise mechanisms contributing to varenicline’s protective effects remain unclear.  The 

prototypical nicotinic agonist, nicotine promotes dopamine release via striatal α7 and α4β2 

receptors {Hamada, 2005 #1011} and alters DARPP32 activity in vivo and in vitro via regulation 

of its phosphorylation{Straccia, 2016 #1042;Kunii, 2014 #1043}.  Like other psychostimulants, 

nicotine increases the excitation of MSNs via D1 receptors and supresses activity via D2 

receptors{Livingstone, 2009 #1047}.  It is likely that varenicline, as an agonist at α7 and α4β2 

nicotinic receptor subtypes promotes neuronal function and survival in both late-stage YAC128 

and aged WT animals in the same way.    

 

The generation of adult-born neurons in the hippocampus is essential for optimal cognitive 

function and memory formation {Winocur, 2006 #1012;Deng, 2010 #1013}.  Nine and 12 month 

old YAC128 mice have been shown to display significant impairments in both progenitor cell 

proliferation and neuronal differentiation in the dentate gyrus{Simpson, 2011 #1014}.  In the 

present study we observed impaired progenitor cell proliferation in both the SVZ and SGZ of the 

dentate gyrus in 15 month old mice.  While varenicline treatment was associated with improved 

function in hippocampal-based memory tasks, chronic varenicline administration did not restore 

hippocampal neurogenesis in YAC128 mice.   The beneficial effects of varenicline on cognition 

may result from the actions of varenicline on α7-nAChRs in regions such as the cortex or CA1 of 

the hippocampus.  In contrast, varenicline treatment significantly increased SVZ progenitor cell 

proliferation and survival but did not promote neuronal differentiation in the striatum.  This 
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correlates with previous reports that nicotinic signaling may be important for the development of 

adult-born neurons in the SVZ but has detrimental effects on their long-term survival {Mudo, 

2005 #183}.  Newly generated neurons derived from the SVZ and dentate gyrus express α7 and 

β2 subunit-containing nAChRs, however SVZ derived neurons predominantly express β2 

containing subunits.  While it remains unclear how nicotinic input influences neurogenesis, the 

differential expression of nAChRs may explain why the 2 regions respond differently to 

varenicline {Resende, 2009 #1017;Campbell, 2010 #1016;Campbell, 2011 #1015}.    

 

In summary, varenicline improved motor and cognitive performance and decreased depressive-

like behaviour in late-stage symptomatic YAC128.  Consistent with these beneficial effects, 

varenicline exerts positive effects on multiple pro-survival mechanisms. In addition, varenicline 

displayed anxiolytic effects and improved spatial memory in the absence of compromised 

function. Collectively our results provide evidence that varenicline has multi-target directed 

effects{Terry, 2015 #982} and its pro-motor,  pro-cognitive,  anti-depressant and 

neuroprotective, actions may be of benefit in the treatment of HD.    
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Figure Legends 

 

Figure 1 

Experimental timeline.  Fifteen month old YAC128 mice and age-matched wild-type (WT) 

littermates underwent baseline functional tests; Cohort A were subjected to rotarod, accelerod, T 

maze and NOR tests.  Cohort B underwent accelerod, novelty suppressed feeding and forced 

swim tests.  CldU injections were administered daily for a period of 7 days.  At week 0, osmotic 

minipumps containing varenicline (5mg/kg/day) were surgically implanted.  Functional tests 

were performed following 4 weeks of varenicline treatment and animals received 3 x 2 hourly 

IdU injections.  The final IdU injection occurred 2 h prior to tissue collection.  

 

Figure 2 

The motor coordination of WT and YAC128 mice in Cohort A was assessed by measuring the 

latency to fall in the rotarod test (A).  Performance in the accelerod test was also measured for 

(B) Cohort A and (C) Cohort B.  At baseline testing (Pre) YAC128 mice show impaired motor 

coordination compared to WT littermates in all motor function tests.  YAC128 performance was 

significantly improved in all tests after 4 weeks of varenicline treatment (Post). Comparison 

between genotypes, # p< 0.05, comparison within genotypes, * p< 0.05.  N = 12-14 per group.  

White symbols = WT, black symbols = YAC128. 
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Figure 3 

(A) Delay-dependent memory was assessed in the rewarded T maze.  Data are presented as % 

alternating in each group.  Pre-treatment, YAC128 mice display a significantly lower alternation 

on test day 5 than WT littermates.   Varenicline treatment significantly increased the number of 

YAC128 animals alternating.  (B) Anxiety was assessed in the Novelty Suppressed Feeding 

(NSF) test.  YAC128 mice displayed comparable latencies to feed at baseline (Pre) testing. 

Varenicline treatment significantly decreased the latency to feed in a novel environment in both 

YAC128 and WT mice.  (C) Prior to treatment, YAC128 mice displayed significantly more 

depressive-like behavior than WT animals in the forced swim test (FST).  Total time spent 

immobile was significantly reduced in both genotypes following 4 weeks of varenicline 

treatment.  YAC128 mice showed a concomitant increase in climbing behavior, while WT mice 

showed an increase in swimming.  Comparison between genotypes, # p< 0.05, comparison 

within genotypes, * p< 0.05.  N =12-14 per group.  While symbols = WT, black symbols = 

YAC128. 

 

Figure 4 

Varenicline treatment significantly improved short-term (A) object recognition memory in both 

genotypes.  Data are presented as discrimination indices, where positive scores reflect novelty 

preference. Varenicline-induced improvements in recognition memory were lost when the inter 

trial interval (ITI) was increased from 5 min to 1 h (B).   Short-term spatial memory (C) was also 

increased in both genotypes following varenicline treatment.  Varenicline did not improve spatial 
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memory following a longer ITI (D). Comparison between genotype, # p< 0.05, comparison 

within genotypes, * p< 0.05.  Data are mean ± S.E.M., n =14 per group.  White bars = WT, black 

bars = YAC128 

 

 

Figure 5 

Representative images of EM48+ staining in the striatum of untreated (A) and varenicline-treated 

(B) YAC1298 mice.  No EM48+ staining was observed in WT brains.  Due to low aggregate 

counts, representative staining in hippocampal regions are not shown.  Arrows indicate positively 

stained cells. Scale bar = 50µm. 

The estimated total number of EM48+ nuclei with evident huntingtin aggregates within the 

striatum (C) and hippocampus (D) of YAC128 mice.  Data are presented and mean ± S.E.M, 

n=4-6 per group *p <0.05.  Note the difference in axis scale between the 2 brain regions.  Black 

bars = untreated YAC128 mice, hatched bars = varenicline-treated YAC128 mice. 

 

Figure 6 

Representative images of DARPP+ immunoreactivity within the striatum of WT and YAC128 

mice prior to (Pre) and after (Post) varenicline- treatment (A).  Due to low DARPP32+ cell  

counts, representative staining in hippocampal regions are not shown. Scale bar = 50µm. 

The estimated total number of DARPP32+ cells within the striatum (B) and hippocampus (C) of 

WT and YAC128 mice.  Note the difference in axis scale between the 2 brain regions.  White 

bars = WT mice, black bars = YAC128 mice. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
McGregor  et al, Varenicline in HD  

 

32                                                                                                                                               version 2, 5/11/16 

  

 

 

Figure 7 

Representative images of IdU+ staining within the SVZ (region shown in A) of untreated and 

varenicline-treated WT and YAC128 mice (B).  Due to low IdU+ cell counts, representative 

images from the SGZ of the dentate gyrus (DG) are not shown. Scale bar =50 µm.   

The estimated total number of IdU+ (C) and CldU+ (D) within the SVZ and SGZ of WT and 

YAC128 mice.  Data are presented and mean ± S.E.M, n=4-6 per group *p <0.05. White bars = 

WT mice, black bars = YAC128 mice. 

 

 

 

Table 1:  

 

Cohort Age Wild Type   YAC128   Functional 
    Male Female Male Female Tests 
A 15 months 10 4 4 10 RR, AR, T maze, 

NORT 
B 15 months 7 5 6 8 AR, NSF, FST 

  
C 15 months - - 6 4 None 
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Research Highlights 

• Dysfunctional cholinergic neurotransmission may contribute to HD pathology 

 

• Varenicline treatment improved motor and cognitive symptoms in late-stage YAC128 mice 

 

• Varenicline treatment increased aggregate formation and neuronal proliferation and survival   

 

• Pharmacological agonist replacement may be a therapeutic strategy for HD 
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