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Abstract

Huntington’s Disease (HD) is an autosomal-dominant neurodegenerative disorder, characterized 

by involuntary body movements, cognitive impairment, and psychiatric disorder. The metabotropic 

glutamate receptor 5 (mGluR5) plays an important role in HD and we have recently demonstrated 

that mGluR5-positive allosteric modulators (PAMs) can ameliorate pathology and the phenotypic 

signs of a mouse model of HD. In this study, we investigated the molecular mechanisms involved 

in mGluR5 PAMs effect on memory. Our results demonstrate that subchronic treatment with the 

mGluR5 PAM VU0409551 was effective in reversing the memory deficits exhibited by BACHD 

mice, a mouse model for HD. Moreover, VU0409551 treatment stabilized mGluR5 at the cellular 

plasma membrane of BACHD mice, increasing the expression of several genes important for 

synaptic plasticity, including c-Fos, brain-derived neurotrophic factor, Arc/Arg3.1, syntaxin 1A, 

and post-synaptic density-95. In addition, VU0409551 treatment also increased dendritic spine 

density and maturation and augmented the number of pre-synaptic sites. In conclusion, our results 

demonstrate that VU0409551 triggered the activation of cell signaling pathways important for 

synaptic plasticity, enhancing the level of dendritic spine maturation and rescuing BACHD 

memory impairment.
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Huntington’s disease (HD) is a hereditary and progressive neurodegenerative disorder 

caused by an expansion of the glutamine-encoding CAG tract present in the first exon of the 

huntingtin (HTT) gene (Group 1993). Despite its ubiquitous expression, mutant HTT protein 

triggers selective neuronal cell loss in the striatum and cortex and, as disease progresses, it 

also affects the hippocampus and hypothalamus (Vonsattel et al. 1985; Vonsattel 2008). HD 

symptoms include movement disorder, psychological disturbance, and cognitive dysfunction 

(Li and Li 2004; Vonsattel 2008). Notably, cognitive deficits can be detected in pre-

motormanifest HD patients, gradually worsening in later stages of the disease (Baake et al. 
2017).

The metabotropic glutamate receptor 5 (mGluR5) plays a significant role in HD. mGluR5, 

which is highly expressed in the brain regions that are mainly affected in HD, has been 

shown to physically interact with both wild-type and mutant HTT (Anborgh et al. 2005). 

Moreover, mGluR5 is important for various forms of synaptic plasticity, as mGluR5 receptor 

antagonism and genetic ablation have been shown to impair learning and memory (Simonyi 

et al. 2010). Thus, mGluR5 is a potential pharmacological target to treat HD-related memory 

deficits. For instance, it has been shown that mGluR5-positive allosteric modulators (PAMs) 

enhance memory, facilitate hippocampal long-term potentiation (LTP) and long-term 

depression, and improve spatial learning (Ayala et al. 2009). In addition, mGluR5 PAMs 

rescue pharmacologically induced deficits in object recognition memory (Uslaner et al. 
2009; Reichel et al. 2011). Regarding HD, we previously demonstrated that chronic 

treatment for 18 weeks of a transgenic mouse model of HD, the BACHD mice, with the 

mGluR5 PAM 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) prevents 

neuronal cell loss, decreases HTT aggregate formation and rescues memory deficits (Doria 

et al. 2015). Moreover, we have also demonstrated that mGluR5 stimulation by CDPPB can 

activate cell signaling pathways that are important for neuronal survival and synaptic 

plasticity, including extracellular signal-regulated kinase (ERK) and brain-derived 

neurotrophic factor (BDNF) (Doria et al. 2015, 2013; Batista et al. 2016). Interestingly, 

although BACHD mice only exhibit overt neuronal cell death at 12 months of age, memory 

deficits can be observed as early as 6 months of age (Gray et al. 2008; Doria et al. 2015), 

indicating that earlier alterations other than neuronal cell death might play a role in HD-

related memory disturbance. Thus, it is possible that mGluR5 PAMs improve memory 

impairment by enhancing synaptic plasticity in a mechanism that is independent of their 

neuroprotective effect. It has been demonstrated that the recently developed mGluR5 PAM, 

[6,7-Dihydro-2-(phenox-ymethyl)oxazolo[5,4-c]pyridin-5(4H)-yl](fluorophenyl) methanone 

(VU0409551), exhibits superior pharmacokinetics, as compared to other mGluR5 PAMs, 

such as CDPPB, and facilitates synaptic plasticity by potentiating an N-methyl-D-aspartate 

receptor (NMDAR)-independent form of long-term depression (Rook et al. 2015). 

Therefore, in this study, we decided to determine whether VU0409551 could rescue BACHD 

memory deficits.
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Subchronic administration of 3 mg/Kg VU0409551 intraperitoneal (i.p.) for 8 days fully 

rescued the cognitive impairment exhibited by 8- to 10-month-old BACHD mice. 

Interestingly, VU0409551 treatment increased mGluR5 plasma membrane expression in 

BACHD mice, potentiating its intracellular signaling pathways. As a consequence, there was 

an up-regulation of the expression levels of genes that are important for synaptic plasticity, 

including BDNF, cytoskeletal-associated protein (Arc/Arg3.1), c-Fos, syntaxin 1A, and post-

synaptic density-95 (PSD-95), as well as an increase in the density of mature spines and pre-

synaptic terminals in mice treated with VU0409551. Thus, our results shed light on the 

mechanisms involved in VU0409551-induced memory enhancement and suggest that 

mGluR5 PAMs may have promise as therapeutic agents used to prevent the cognitive deficits 

typical of HD.

Material and methods

Material

Neurobasal medium (CAT #21103049), N2 (CAT #17502-048) and B27 (CAT #0080085SA) 

supplements, GlutaMAX (50 mg/mL penicillin and 50 mg/mL streptomycin) (CAT 

#35050-061), Live/Dead viability assay (CAT #L3224), TRIzol (CAT #15596-018), 

Nuclease-Free Water (CAT #750023), Power SYBR® Green PCR Master Mix (CAT # 

#4367659), and NeutrAvidin bead (CAT # #29200) were purchased from Thermo Fisher 

Scientific, Waltham, MA, USA. Vectastain Elite ABC Kit (Mouse IgG) (CAT #PK-6102) 

and Vector SG Peroxidase Substrate Kit (CAT #PK-6101) where purchased from Vector 

laboratories, Burlingame, CA, USA. Entellan® (CAT #107960) was from Merck, 

Kenilworth, NJ, USA. Horseradish peroxidase-conjugated anti-rabbit IgG secondary 

antibody (CAT #170-6515) was from Bio-Rad Laboratories, Hercules, CA, USA. FD Rapid 

GolgiStain™ (CAT #PK401) was purchased from FD NeuroTechnologies, Columbia, MD, 

USA. Rabbit anti-c-Fos polyclonal antibody (CAT #sc-52, RRID:AB_2629503) was 

obtained from Santa Cruz Biotechnology, Minneapolis, MN, USA. Rabbit anti-mGluR5 

polyclonal antibody (CAT #AB5675, RRID: AB_2295173) was obtained from Millipore, 

Burlington, MA, USA. Mouse monoclonal anti-synaptotagmin 2 (CAT #znp-1, RRID: 

AB_10013783) was from DSHB, Iowa City, IA, USA. ECL Western blotting detection 

reagents (CAT # #RPN2232) were purchased from GE Healthcare, Chicago, IL, USA. 

VU0409551 was kindly donated by Dr P. J. Conn. Rabbit anti-β-actin polyclonal antibody 

(CAT #A2228) and other biochemical reagents were purchased from Sigma–Aldrich, Saint 

Louis, MO, USA. This study was not pre-registered.

Mouse model

FVB/NJ (wild type, RRID:IMSR_JAX:001800) and FVB/N -Tg(HTT*97Q)IXwy/J 

(BACHD) transgenic mice (Gray et al. 2008) were purchased from Jackson Laboratory 

(RRID: IMSR_JAX:008197, http://jaxmice.jax.org/strain/008197.html) (Bar Harbor, ME, 

USA). C57BL/6 mice (25–30 g) were purchased from the animal facility from the 

Universidade Federal de Minas Gerais. Mice were housed in an animal care facility at 23°C 

on a 12 h light/12 h dark cycle with food and water provided ad libitum. Animal care was in 

accordance with the Universidade Federal de Minas Gerais – Ethics Committee on Animal 

Experimentation, CEUA 35/2015. A total of 33 wild-type (WT) and 31 BACHD male mice 
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and 6 female C57BL/6 mice were used for this study. All mice that were killed in this study 

were first anesthetized with ketamine/xylazine (80/8 mg/kg) i.p. before cervical dislocation. 

Predicted sample size was calculated using the formula IC=2×SD/n−2 (IC, confidence 

interval; SD, standard deviation; n, sample size).

Neuronal primary culture preparation

Neuronal cultures were prepared from either the striatal region of E15 mouse embryo brains 

or the hippocampus of E19 mouse embryo brains. After dissection, striatal or hippocampal 

tissue was submitted to trypsin digestion followed by cell dissociation using a fire-polished 

Pasteur pipette. Cells were plated on poly-L-ornithine-coated dishes in Neurobasal medium 

supplemented with N2 and B27 supplements, 2 mM GlutaMAX, 50 μg/mL penicillin, and 

50 μg/mL streptomycin. Cells were incubated at 37°C and 5% CO2 in a humidified 

incubator and cultured for 10–12 days in vitro with medium replenishment every 4 days.

Cell death assay

Neurons were incubated for 20 h with either vehicle (Hank’s balanced salt solution) or 50 

μM glutamate, in the presence or absence of V0409551, as indicated in the Figure Legend, 
and cell death was determined by Live/Dead viability assay, as described previously (Doria 

et al. 2013). Briefly, neurons were stained with 2 μM calcein acetoxymethyl ester (AM) and 

2 μM ethidium homodimer-1 for 15 min and the fractions of live (calcein AM positive) and 

dead (ethidium homodimer-1 positive) cells were determined. Neurons were visualized by 

fluorescence microscopy EVOS® FLoid® Cell Imaging Station (Thermo Scientific, 

Waltham, MA, USA) and scored by a blinded observer. A minimum of 300 cells were 

analyzed per well in triplicate using ImageJ™ software. Dead cells were expressed as a 

percentage of the total number of cells.

Drug administration

VU0409551 was dissolved in 20% β-cyclodextrin and injected intraperitoneal (i.p.) at a 

volume of 4 mL/Kg. Male WT and BACHD mice were allocated in two groups, Vehicle and 

Drug, by simple randomization. Either vehicle (20% β-cyclodextrin) or VU0409551 3 

mg/Kg were delivered to 8- to 10-month-old WT and BACHD mice once a day during a 

total of 8 days. The behavioral tests were performed on day 7 and 8. On day 8, mice were 

anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) intraperitoneally (i.p.) and 

killed, and brain tissue was utilized for protein and gene expression analyses.

Open field

To measure spontaneous locomotor activity, male WT and BACHD mice treated with either 

vehicle or 3 mg/Kg VU0409551 for 7 days were subjected to the open field apparatus (LE 

8811 IR Motor Activity Monitors PANLAB, Harvard Apparatus), which consists of a 450 × 

450 × 200 mm acrylic box. Animals were placed in the open field apparatus and the 

horizontal activity (distance travelled) and center distance was assessed during 60 min. All 

sessions were performed during the first part of the light cycle and mice were acclimated to 

the room for at least 30 min before the beginning of each session. Quantification of the total 

activity was calculated using the ACTITRACK program.
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Object recognition

Male WT and BACHD mice treated with either vehicle or 3 mg/Kg VU0409551 were 

submitted to object recognition test. This memory test is based on mice preferential 

spontaneous exploration of objects placed at a novel location. The apparatus used was an 

open box made of polyvinyl chloride (PVC) 50 cm × 35 cm × 25 cm surmounted by a video 

camera and a light. Two identical objects made of glass or plastic were used. Objects weight 

was such that they could not be displaced by mice. As far as we could ascertain, they had no 

natural significance for mice and they had never been associated with reinforcement. Initial 

tests showed that mice did not have any preference for the objects used. The general 

procedure consisted of three different phases: a familiarization phase, a training phase, and a 

test phase. On the first day (VU0409551 treatment day 7), mice were individually submitted 

to a single familiarization session of 10 min, during which they were introduced to the 

empty arena. Twenty hours later (VU0409551 treatment day 8), animals were submitted to a 

single 10-min training session during which two identical objects were placed in 

symmetrical positions from the center of the arena and each object was 15 cm from the side 

walls. After a 90-min delay, during which mice returned to their home cage, animals were 

reintroduced into the arena for 10 min (test phase) and exposed to the same objects, but one 

of the objects was displaced to a novel position. To control odor cues, the apparatus was 

cleaned with 70% ethanol and ventilated between each session and animal. All sessions were 

performed during the first part of the light cycle and mice were acclimated to the room for at 

least 15 min before the beginning of each session. Exploration time was defined as sniffing 

or touching the object with the nose. Data are expressed as recognition index, calculated 

according to the following formulae: (i) Training phase: time exploring object 1 × 100/(time 

exploring object 1 + time exploring object 2); (ii) Test phase: time exploring the object 1 

placed at the new location × 100/(time exploring the object 2 placed at the familiar + time 

exploring the object 1 placed at the new location) (Lazaroni et al. 2012).

Cued fear conditioning test

Male WT and BACHD mice treated with either vehicle or 3 mg/Kg VU0409551 for 8 days 

were subjected to cued fear conditioning test. Mice were placed in a conditioning chamber 

23 × 23 × 30 cm Plexiglas box with black walls (Insight Equipamentos). Floor was made of 

stainless-steel grid rods (0.4 cm in diameter, spaced 0.6 cm apart) and at the sealing there 

was a video camera system. Chamber was located inside a soundproof box. First, mice were 

allowed to freely explore the chamber for 120 s. To induce conditioning, a tone (CS: 

conditioned stimulus; 85 dB, 1KHz) was delivered for 30 s, being the last 2 s paired with 

foot-shock (US: unconditioned stimulus; 0.7 mA). The presentation of the CS-US paring 

was repeated five times to strengthen the association, with 30 s interval between each paring. 

After 60 s, animals were placed into their home cage. After 90 min, mice were allocated into 

another chamber, providing a different context for the testing phase. This novel chamber had 

the same size as the previous one (training phase), but black and white walls and different 

smell. After staying in this new chamber for 180 s, animals were exposed during additional 

180 s to the same tone (CS) used for conditioning, but in the absence of foot-shock. Freezing 

behavior, defined as a complete lack of movement, except for respiration, was scored for 2 s 

every 5 s during the entire period animals remained in the novel chamber (Radwanska et al. 
2011).
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Cell surface biotinylation assay

The biotinylation assay was performed as described previously (Silva et al. 2017). The 

striatum and hippocampus of WT and BACHD mice treated with either vehicle or 3 mg/Kg 

VU0409551 for 8 days were dissected and sliced (300 μm) using a McIlwain tissue chopper. 

Slices were recovered in artificial cerebrospinal fluid (ACSF) (127 mM NaCl, 2 mM KCl, 

10 mM glucose, 1.2 mM KH2PO4, 26 mM NaH2CO3, 1 mM MgSO4, 1 mM CaCl2, pH 7.4) 

gassed with 95% O2/5% CO2 and incubated in a shaking bath at 37°C for 30 min. Plasma 

membrane proteins of hippocampal and striatal slices were biotinylated with 1 mg/mL sulfo-

NHS-SS-biotin (Thermo Scientific) for 1 h on ice. To quench the biotinylation reaction, 

slices were washed and incubated for 30 min with cold 100 mM glycine in ACSF, followed 

by three washes with cold ACSF. Slices were then lysed in RIPA buffer (0.15 M NaCl, 0.05 

M tris-HCl, pH 7.2, 0.05 M EDTA, 1% Nonidet P40, 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS) containing SigmaFast™ Protease Inhibitor Cocktail Tablets. 

Biotinylated proteins were separated from non-biotinylated proteins by NeutrAvidin bead 

pull-down from equivalent amounts of total cellular protein from each sample; 80 μg of total 

cellular proteins for each sample were saved to determine mGluR5 total cellular expression. 

Biotinylated proteins and total cellular proteins were subjected to SDS-PAGE, followed by 

electroblotting onto nitrocellulose membranes.

Immunoblotting

The striatum and hippocampus of WT and BACHD mice treated with either vehicle or 3 

mg/Kg VU0409551 for 8 days were dissected and lysed in RIPA buffer containing 

SigmaFast™ Protease Inhibitor Cocktail Tablets. Total cellular protein (80 μg) for each 

sample was subjected to SDS-PAGE, followed by immunoblotting onto nitrocellulose 

membranes. Membranes were blocked with 5% bovine serum albumin (BSA) in wash buffer 

(150 mM NaCl, 10 mM Tris-HCl, pH 7.0, and 0.05% Tween 20) for 1 h and then incubated 

with either rabbit anti-c-Fos (sc-253) (1 : 700) or rabbit anti-mGluR5 (1 : 500) antibodies in 

wash buffer containing 3% BSA at 4°C overnight. Membranes were rinsed three times with 

wash buffer and then incubated with secondary peroxidase-conjugated anti-rabbit IgG 

antibody diluted 1 : 5000 in wash buffer containing 3% skim milk for 1 h. Membranes were 

rinsed three times with wash buffer and incubated with ECL western blotting detection 

reagents. Antibodies were then stripped and membranes were incubated with rabbit anti-β-

actin (1 : 1000) antibody for 2 h and probed with secondary antibody anti-rabbit IgG diluted 

1 : 5000. Non-saturated, immunoreactive c-Fos and mGluR5 bands were quantified by 

scanning densitometry. Immunoband intensity was calculated using Image J™ software to 

determine the number of pixels of c-Fos and mGluR5 bands.

Quantitative RT-PCR

The striatum and hippocampus of WT and BACHD mice treated with either vehicle or 3 

mg/Kg VU0409551 for 8 days were dissected and used for RNA extraction. RNA was 

isolated using TRIzol® reagent as per manufacturer’s instructions. RNA was re-suspended 

in 20 μL of nuclease-free water, and its concentration and quality was analyzed by 

NanoDropTM (Thermo Scientific) and gel electrophoresis, respectively. cDNAs were 

prepared from 2 μg of total RNA extracted in a 20 μL final reverse transcription reaction. 
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Quantitative RT-PCR (RT-qPCR) was performed using the Power SYBR® Green PCR 

Master Mix in the QuantStudio™ 7 Flex real-time PCR system platform (Applied 

Biosystems). RT-qPCR was performed to quantify mRNA levels of the brain-derived 

neurotrophic factor – BDNF (NM_001285416.1), activity regulated cytoskeleton associated 

protein – Arc (NM_018790.3), syntaxin 1A (NM_016801.3), and post-synaptic density 

protein PSD-95 – Dgl4 (NM_007864.3). Primers were designed using Primer3Plus Program 

(Agerman et al. 2003). BDNF (forward: 5′ ATGAAAGAAGTAAACGTCCAC 3′; reverse 
5′ CCAGCAGAAAGAGTAGAGGAG 3′), ARC (forward 5′ 
GCTGAAGCAGCAGACCTGA 3′; reserve 5′ TTCACTGGTATGAATCACTGCTG 3′), 

syntaxin 1A (forward: 5′ GAACAAAGTTCGCTCCAAGC 3′; reverse: 5′ 
GTGGCGTTGTACTCGGACAT 3′) and PSD-95 (forward: 5′ 
TCTGTGCGAGAGGTAGCAGA 3′; reverse 5′ AAGCACTCCGTGAACTCCTG 3′). The 

BDNF set of primers allows the detection of all the 12 BDNF transcript variants. Previous 

verification of undesired secondary formations or dimers between primers were performed 

using ‘OligoAnalyser 3.1’ tool (Integrated DNA Tecnology©), available at https://

www.idtdna.com/calc/an alyzer. All primers used in this work were validated by serial 

dilution assay and the reaction efficiency was calculated, comprising 90–110% (data not 

shown). Samples were prepared in triplicate and changes in gene expression were 

determined with the 2−ΔCt method using actin for normalization.

Golgi-Cox staining

WT and BACHD mice treated with either vehicle or 3 mg/Kg VU0409551 for 8 days were 

killed and brains were removed and stained with the FD Rapid GolgiStain™ kit (FD 

NeuroTechnologies), following manufacturer’s instructions. Briefly, brains were immersed 

in an impregnation solution (A + B), which was replaced after 6 h, and then kept in dark for 

14 days. Afterward, brains were transferred into solution C, which was replaced after 24 h, 

and kept in dark for 72 h. Brains were coronally sectioned generating 100 μm slices using a 

cryostat. Slices were then mounted on gelatin-coated microscope slides, stained, dehydrated, 

and cover-slipped with Entellan®.

Image acquisition and dendritic spine analyses

Pyramidal hippocampal neurons were chosen for analyses according to the following 

criteria: (i) Cell completely filled with Golgi-Cox stain; (ii) No overlap with other cell to 

ensure no bias of confusion; (iii) Cell body well defined; (iv) Intact primary dendrite 

ramification; (v) Presence of secondary or tertiary ramification measuring at least 20 μm. A 

total of 12–15 Z-stack images per animal were acquired using a confocal microscope (Nikon 

Eclipse C2 with a ×63 objective-oil) by a blinded observer. Measurement and classification 

of the dendritic spines were performed using the free software Image J™ and 

RECONSTRUCT, available at (http://synapses.clm.utexas.edu), as previously described 

(Risher et al. 2014).

Immunofluorescence and imaging

WT and BACHD mice treated with either vehicle or 3 mg/Kg VU0409551 for 8 days were 

anesthetized with ketamine/xylazine (80/8 mg/kg) i.p. and transcardially perfused with 

phosphate-buffered saline (PBS). Brains were dissected and stored in 4% paraformaldehyde 
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in PBS for 72 h and then infiltrated with 30% sucrose in PBS. Brains were coronally 

sectioned using a cryostat and 30 μm slices were stored in cryoprotect solution. Sections 

were washed three times for 30 min with tris-buffered saline (TBS) and 0.5% Triton X-100. 

Then, slices were incubated for 30 min in citrate buffer at 70°C, washed three times for 10 

min and blocked for 120 min using 4% BSA in TBS and 0.5% Triton X-100. Sections were 

incubated with mouse anti-synaptotagmin 2 (1 : 500) primary antibody in blocking solution 

overnight at 4°C. Sections were washed three times for 10 min in TBS and 0.5% Triton 

X-100 and then incubated with goat anti-mouse antibody conjugated to Alexa Fluor 488 

1:500 in blocking solution for 60 min at 25°C. Finally, sections were washed 6 times for 10 

min with TBS and 0.5% Triton X-100. Sections were mounted on slides and fluorescence 

microscopy was performed using a Zeiss LSM 880 confocal system equipped with a 20x/

1.30 DIC M27 objective. Image acquisition was performed by a blinded observer using the 

Zen 2 software. Alexa Fluor 488-labeled anti-synaptotagmin 2 antibody was detected 

between 499 and 552 nm and excitation of fluorophore was performed using 488 nm laser. A 

total of 18 images were taken from at least three animals for each condition. Fluorescence 

intensity of pixel gray levels was obtained blind using ImageJ software.

Data analyses

Means ± SEM are shown for the number of independent experiments indicated in Figure 
Legends. GraphPad Prism™ software was used to analyze data for statistical significance 

and for curve fitting. Data were tested for normality of distribution by the D’Agostino & 

Pearson omnibus normality test. No outliers (greater than two deviations from the mean) 

were found and, thus, no data were excluded. Statistical significance was determined by 

analysis of variance, one-way and two-way (ANOVA), followed by Bonferroni post hoc 
multiple comparison testing.

Results

VU0409551 treatment rescued BACHD mice memory deficits

BACHD mice exhibit several of the phenotypic signs typical of HD, as well as the molecular 

and cellular alterations that take place in the disease (Gray et al. 2008). The memory deficits 

exhibited by BACHD mice can be detected as early as at 6 months of age (Doria et al. 2015). 

Thus, in order to evaluate the effect of VU0409551 subchronic treatment on memory 

deficits, all behavioral tests were performed employing WT and BACHD mice at 8–10 

months of age. Mice were treated with either 3 mg/kg VU0409551 or vehicle (20% β-

cyclodextrin) via intraperitoneal injections daily over 8 days. The dose of 3 mg/kg was 

chosen based on dose–response curves performed previously (Rook et al. 2015). To assess 

the effect of VU0409551 subchronic treatment on a specific memory deficit observed in 

BACHD mice, we performed the novel object location recognition test, which evaluates 

memory based on mice preference for novelty. WT animals treated with either vehicle or 

VU0409551 explored the object placed at the novel location for a percentage of time 

significantly higher than 50% [WT-vehicle: t(6) = 3.44; p = 0.01; WT-VU0409551: t(7)) = 

2.97; p = 0.02] (Fig. 1a), indicating that these animals exhibit intact memory. However, 

vehicle-treated BACHD mice failed to distinguish between the objects placed at the familiar 

and novel positions, confirming that this animal model exhibit memory impairment [t(7) = 
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0.03; p = 0.97] (Fig. 1a). On the other hand, VU0409551 treatment enhanced BACHD 

memory, as these animals exhibited a percentage of novel location exploration very similar 

to that of WT controls [t(8) = 4.46; p = 0.002] (Fig. 1a).

Fear is an innate defense mechanism triggered by an aversive stimulus. To determine 

whether VU0409551 could improve associative fear memory, we performed the cued 

conditioned task. In this task, the initial non-aversive neutral stimulus, which in the case of 

this study was sound, gains an emotional component after being paired with a noxious 

stimulus, such as foot-shock, generating an associative conditioned response. After learning 

this association, animals will respond to the previously neutral stimulus with fear behavior, 

such as freezing, which is characterized as total absence of movement, except for breathing 

(Radwanska et al. 2011). WT mice, treated with either vehicle or VU0409551, displayed 

increased freezing behavior in the presence (CS+) than in the absence (CS−) of the 

conditioning stimulus [WT-vehicle: t(58) = 3.45; p = 0.004; WT-VU0409551: t(58) = 2.69; p 
= 0.04] (Fig. 1b). However, freezing time of vehicle-treated BACHD mice was not different 

in the presence or in the absence of CS, indicating that these mice had impaired associative 

fear memory [t(58) = 0.95; p = 0.82] (Fig. 1b). Interestingly, BACHD mice treated with 

VU0409551 displayed longer durations of freezing in the presence than in the absence of CS 

[t(58) = 3.75; p = 0.002] (Fig. 1b), indicating that VU0409551 treatment can rescue BACHD 

associative fear memory impairment. As treatment with VU0409551 was performed for only 

8 days and this length of time is not enough to prevent neuronal cell loss, these results 

suggest that VU0409551 ability to enhance memory is not necessarily related to its 

neuroprotective effect. Thus, we hypothesize that VU0409551 improves memory by 

facilitating synaptic plasticity.

To evaluate whether alterations in locomotion could be influencing the memory behavioral 

tests, spontaneous locomotor activity of WT and BACHD mice treated with either 

VU0409551 or vehicle were evaluated using the open field apparatus. There was no 

significant difference in the total distance travelled when comparing all tested groups 

[Genotype: F(1,29) = 0.46, p = 0.83; Treatment: F(1,29) = 0.26, p = 0.62; Interaction: F(1,29) = 

0.66, P = 0.42] (Fig. 1c and d). The percentage of time mice spend at the center of the 

apparatus is regarded as an indication of anxiolytic behavior, as rodents tend to spend more 

time closer to the walls of the apparatus than in the center of the arena, an unprotected 

environment (Bailey and Crawley 2009). There were no differences in the distance travelled 

in the center when comparing all tested groups [Genotype: F(1,29) = 0.11, p = 0.74; 

Treatment: F(1,29) = 0.43, p = 0.52; Interaction: F(1,29) = 0.30, p = 0.59] (Fig. 1e and f). 

Taken together, these data suggest that treatment with VU0409551 did not promote changes 

in locomotor activity and anxiety-associated behavior.

VU0409551 treatment enhanced mGluR5 plasma membrane expression in BACHD mice

mGluR5 stimulation leads to the activation of a wide variety of cell signaling pathways 

important for synaptic plasticity, which can be regulated by receptor subcellular localization 

(Ferreira et al. 2009). To investigate whether VU0409551 treatment alters mGluR5 

subcellular localization, hippocampal and striatal slices obtained from WT and BACHD 

mice treated with either vehicle or VU0409551 were subjected to biotinylation assay to 
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separate plasma membrane from intracellular proteins. Statistical analyses indicated that 

VU0409551 treatment had a significant effect on mGluR5 cell surface expression in 

hippocampal [Genotype: F(1,12) = 1.09, P = 0.32; Treatment: F(1,12) = 6.68, p = 0.02; 

Interaction: F(1,12) = 2.81, p = 0.11] (Fig. 2a and c] and striatal slices [Genotype: 

F(1,12)=0.02, p = 0.89; Treatment: F(1,12) = 12.80, p = 0.004; Interaction: F(1,12) = 0.02, p = 

0.89] (Fig. 2b and d). Post hoc analyses indicated that VU0409551 treatment significantly 

increased the expression of mGluR5 at the plasma membrane of BACHD mice in both the 

hippocampus (Fig. 2a and c) and striatum (Fig. 2b and d). In addition, mGluR5 protein 

levels in total cell lysate obtained from hippocampal [Genotype: F(1,20) = 0.16, p = 0.69; 

Treatment: F(1,20) = 0.01, p = 0.91; Interaction: F(1,20) = 0.01, p = 0.92] (Fig. 2e) and striatal 

slices [Genotype: F(1,20) = 0.65, p = 0.43; Treatment: F(1,20) = 0.30, p = 0.59; Interaction: 

F(1,20) = 0.42, p = 0.52] (Fig. 2f) were not different when comparing BACHD and WT mice. 

Thus, unlike what would be expected for a classical agonist, VU0409551 appears to alter 

mGluR5 subcellular localization, favoring receptor expression at the plasma membrane.

VU0409551 increased expression of genes important for synaptic plasticity

It has been shown that VU0409551 increases ERK1/2 activation (Rook et al. 2015). ERK1/2 

triggers the activation of transcription factors important for synaptic plasticity, including the 

cAMP-responsive element (CREB) (Xing et al. 1996). As VU0409551 treatment increased 

mGluR5 expression at the plasma membrane, it is possible that mGluR5-dependent cell 

signaling pathways might be overactivated. Therefore, we determined whether VU0409551 

could increase the expression of CREB target genes that are important for synaptic plasticity. 

c-Fos is an immediate early gene product and its expression, which can be regulated by 

CREB, is widely used as a marker of neuronal activation (Fleischmann et al. 2003; Albasser 

et al. 2010). Since neuronal activation is an important factor contributing for synaptic 

plasticity, we measured c-Fos protein levels in WT and BACHD mice treated with either 

vehicle or VU0409551. Overall, VU0409551 treatment had a significant effect on c-Fos 

protein expression in the hippocampus [Genotype: F(1,18) = 1.10, p = 0.31; Treatment: F(1,18) 

= 11.40, p = 0.003; Interaction: F(1,18) = 1.34, p = 0.25] (Fig. 3a and c), but not in the 

striatum [Genotype: F(1,18) = 0.21, P = 0.65; Treatment: F(1,18) = 0.14, p = 0.71; Interaction: 

F(1,18) = 0.51, p = 0.48] (Fig. 3b and d). Post hoc analyses indicated that there was a 

significant increase in c-Fos expression levels in the hippocampus of BACHD mice treated 

with VU0409551 relative to that of vehicle-treated BACHD mice (Fig. 3a and c). Thus, 

treatment with VU0409551 promoted an increase in c-Fos levels in the hippocampus of 

BACHD mice, which is an indication of increased neuronal activity in this brain area.

mGluR5 activation, in addition to increase c-Fos expression levels, can also lead to increased 

expression levels of BDNF via ERK/CREB. BDNF plays a critical role in memory by 

stimulating the late phase formation of LTP and enhancing dendritic spine growth and 

maturation (Tyler and Pozzo-Miller 2003). Thus, we determined whether VU0409551 

treatment could enhance BDNF expression. VU0409551 treatment had a significant effect 

on BDNF mRNA levels in the hippocampus [Genotype: F(1,20) = 3.72, p < 0.07; Treatment: 

F(1,20) = 14.88, p = 0.001; Interaction: F(1,20) = 0.23, p = 0.63] (Fig. 4a), but not in the 

striatum [Genotype: F(1,16) = 0.43, p = 0.52; Treatment: F(1,16) = 0.01, p = 0.91; Interaction: 

F(1,16) = 0.17, p = 0.69] (Fig. 4b). Post hoc analyses indicated that there was a significant 
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increase in BDNF expression in the hippocampus of BACHD mice treated with VU0409551 

relative to that of vehicle-treated BACHD mice (Fig. 4a). The observed increase in BNDF 

mRNA levels because of VU0409551 treatment could contribute to neuroprotection. To 

investigate whether VU0409551 could promote neuroprotection or induce toxicity, primary 

cultures of striatal neurons were incubated with VU0409551 in the presence or absence of 

50 μM glutamate for 20 h. Neurons treated with 50 μM glutamate exhibited higher levels of 

neuronal cell death, as compared to control (Figure S1A, B, C, D and G). However, when 

neurons were stimulated with glutamate in the presence of VU0409551 at the concentrations 

of 1, 10, 100, and 10 000 nM, neuronal cell death levels were substantially reduced [F(4,15) = 

7.43, P = 0.002] (Fig. S1E, F and G). Moreover, when applied in the absence of glutamate, 

VU0409551 did not increase neuronal cell death above basal levels at any tested 

concentration [F(4,16) = 2.12, p = 0.13] (Fig. S1G). Similar results were observed in the case 

of hippocampal neurons (Fig. S2). VU0409551 treatment decreased neuronal cell death 

triggered by glutamate and did not increase neuronal cell death above basal levels when 

applied in the absence of glutamate (Fig. S2G). Thus, VU0409551 was able to protect 

primary cultured striatal and hippocampal neurons from glutamate insult and showed no 

toxic effect.

Increased expression of the activity-regulated and cytoskeletal-associated protein Arc/Arg3.1 

represents a rapid response to learning experiences, stimulating mechanisms of synaptic 

plasticity, including the induction of LTP (Plath et al. 2006; Shepherd et al. 2006). In 

addition, it has been demonstrated that BDNF can increase Arc/Arg3.1 expression (Yin et al. 
2002). Thus, we decided to determine whether VU0409551 treatment could enhance Arc/

Arg3.1 expression. Mice genotype, as well as VU0409551 treatment had a significant effect 

on Arc/Arg3.1 expression in the hippocampus [Genotype: F(1,20) = 4.62, p = 0.04; 

Treatment: F(1,20) = 13.78, p = 0.001; Interaction: F(1,20) = 4.62, p = 0.04] (Fig. 4c), but not 

in the striatum [Genotype: F(1,20) = 0.01, p = 0.94; Treatment: F(1,20) = 0.01, p = 0.94; 

Interaction: F(1,20) = 0.06, p = 0.81] (Fig. 4d). Post hoc analyses indicated that there was a 

significant increase in Arc/Arg3.1 mRNA levels in the hippocampus of BACHD mice 

treated with VU0409551 relative to that of vehicle-treated BACHD mice (Fig. 4c). The 

observed increase in BDNF and Arc/Arg3.1 expression in BACHD mice may constitute an 

important mechanism contributing to the memory performance enhancement observed in 

BACHD mice treated with VU0409551.

Syntaxin 1A and PSD-95 are involved in the growth and amplification of pre- and post-

synaptic terminals, respectively, enhancing synaptic transmission and contributing to 

synaptic plasticity (El-Husseini et al. 2000; Guo et al. 2010). Moreover, syntaxin 1A 

expression is also positively regulated by CREB (Guo et al. 2010). Thus, we decided to test 

whether VU0409551 treatment could also increase syntaxin 1A expression levels. Statistical 

analyses indicated that VU0409551 treatment had a significant effect on syntaxin 1A mRNA 

levels in the hippocampus [Genotype: F(1,20) = 0.44, p = 0.51; Treatment: F(1,20) = 9.32, p = 

0.006; Interaction: F(1,20) = 2.85, p = 0.11] (Fig. 4E) and striatum [Genotype: F(1,20) = 0.28, 

p = 0.07; Treatment: F(1,20) = 9.09, p = 0.007; Interaction: F(1,20) = 1.54, p = 0.23] (Fig. 4f). 

Post hoc analyses indicated that there was a significant increase in syntaxin 1A mRNA 

levels in the hippocampus (Fig. 4e) and striatum (Fig. 4f) of BACHD mice treated with 

VU0409551 relative to that of vehicle-treated BACHD mice.
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PSD-95 is regarded as a marker for the number of post-synaptic terminals (El-Husseini et al. 
2000). Moreover, PSD-95 plays an important role in HD, as it interacts with HTT, affecting 

NMDAR function (Fan et al. 2009). As treatment with VU0409551 increased the expression 

of the pre-synaptic marker syntaxin 1A, we decided to determine whether PSD-95 mRNA 

levels were also altered following treatment. Overall, mice genotype and VU0409551 

treatment had a significant effect on PSD-95 mRNA levels in the hippocampus [Genotype: 

F(1,20) = 5.86, p = 0.03; Treatment: F(1,20) = 17.57, p = 0.0004; Interaction: F(1,20) = 4.66, p 
= 0.04] (Fig. 4g). Moreover, VU0409551 treatment also had a significant effect on PSD-95 

expression levels in the striatum [Genotype: F(1,20) = 3.47, p = 0.08; Treatment: F(1,20) = 

5.94, p = 0.02; Interaction: F(1,20) = 0.52, p = 0.48] (Fig. 4f). Post hoc analyses indicated 

that there was a significant increase in PSD-95 mRNA levels in the hippocampus of BACHD 

mice treated with VU0409551, as compared to that of vehicle-treated WT, VU0409551-

treated WT, and vehicle-treated BACHD mice (Fig. 4g). Also, PSD-95 expression levels 

were higher when comparing VU0409551-treated BACHD and vehicle-treated WT mice in 

the striatum (Fig. 4h).

VU040955 enhanced dendritic spine density and maturation and increased the number of 
pre-synaptic terminals

Most excitatory synapses in the mammalian brain involve dendritic spines (Hering and 

Sheng 2001; Nimchinsky et al. 2002). Dendritic spines morphology is very diverse and 

changes in both their density and morphology underlie modification in the strength of 

synaptic transmission (Hering and Sheng 2001; Nimchinsky et al. 2002). Our data 

demonstrated an increase in mGluR5 expression at the plasma membrane, as well as 

increased levels of PSD-95 mRNA. As PSD-95 over-expression promotes an increase in 

spine density (El-Husseini et al. 2000), we employed the Golgi-Cox impregnation technique 

to analyze changes in the number and morphology of dendritic spines in the hippocampus of 

WT and BACHD mice treated with either vehicle or VU0409551. The overall morphology 

and number of dendritic spines appeared to be different when comparing WT and BACHD 

mice treated with either vehicle or VU0409551 (Fig. 5a). Statistical analyses indicated that 

both mice genotype and VU0409551 treatment had a significant effect in the number of 

dendritic spines [Genotype: F(1,47) = 17.05, p = 0.0001; Treatment: F(1,47) = 7.49, p = 0.009; 

Interaction: F(1,47) = 0.02, p = 0.89] (Fig. 5b). Post hoc analyses indicated that the number of 

dendritic spines was decreased in vehicle-treated BACHD mice, as compared to that of 

vehicle-treated WT mice (Fig. 5b). However, VU0409551-treated BACHD mice exhibited 

similar number of dendritic spines as vehicle-treated WT mice (Fig. 5b), indicating that 

VU0409551 treatment can normalize the number of dendritic spines in this mouse model of 

HD. Despite this relatively mild increase in the number of dendritic spines observed in 

VU0409551-treated animals, the overall volume of spines appeared greatly increased in 

VU0409551-treated mice (Fig. 5a), indicating that VU0409551 could be enhancing the 

number of larger mature spines, such as mushroom-like and branched spines. To test this 

hypothesis, we analyzed the morphology of each type of dendritic spines (Fig. 5c and e). 

Statistical analyses indicated that VU0409551 treatment had a significant effect on the 

number of mushroom-like spines [Genotype: F(1,47) = 0.15, p = 0.70; Treatment: F(1,47) = 

15.52, p = 0.0003; Interaction: F(1,47) = 0.04, p = 0.85]. Moreover, post hoc analyses 

indicated that VU0409551 treatment increased the number of mushroom spines in both WT 
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and BACHD mice, as compared to vehicle-treated controls (Fig. 5d). In the case of the 

branched type of spines, which is the last stage of maturation of dendritic spines, statistical 

analyses indicated a significant effect of both mice genotype and VU0409551 treatment on 

the number of branched spines [Genotype: F(1,47) = 6.16, p = 0.02; Treatment: F(1,47) = 

13.64, p = 0.0006; Interaction: F(1,47) = 0.82, p = 0.37] (Fig. 5f). Post hoc analyses indicated 

that VU0409551 treatment increased the number of branched spines in WT mice, as 

compared to that of vehicle-treated WT mice (Fig. 5f). Taken together, these data indicate 

that treatment with VU049551 increases the number of dendritic spines and accelerate spine 

maturation.

As we observed an increase in the number of post-synaptic sites, we decided to investigate 

whether VU0409551 treatment could also modify the number of pre-synaptic terminals. For 

that, we measured the fluorescence intensity of the pre-synaptic marker synaptotagmin 2. 

Synaptotagmin 2 intensity appeared increased in BACHD mice treated with VU0409551, as 

compared to that of vehicle-treated BACHD mice (Fig. 6a–d). Statistical analyses indicated 

that mice genotype had a significant effect in the levels of synaptotagmin 2 intensity 

[Genotype: F(1,68) = 5.49, p = 0.02; Treatment: F(1,68) = 0.88, P = 0.35; Interaction: F(1,68) = 

9.78, p = 0.003] (Fig. 6e). Moreover, post hoc analyses indicated that synaptotagmin 2 

intensity was enhanced in VU0409551-treated BACHD mice, as compared to that of 

vehicle-treated BACHD and VU0409551-treated WT mice (Fig. 6e). Therefore, treatment 

with VU049551 increases the number of pre-synaptic terminals in BACHD mice.

Discussion

Memory impairment is a common finding in a number of neurodegenerative diseases, 

including Alzheimer disease, HD, and schizophrenia (Caine et al. 1978; Saykin et al. 1991; 

Hodges et al. 1992). BACHD mice recapitulate many aspects of the human neuropathology 

and symptoms, including formation of HTT aggregates, neuronal death, and cognitive and 

motor deficits (Gray et al. 2008). We and others have shown that the formation of HTT 

aggregates and neuronal death in BACHD mice only occurs at 12 months of age, although 

cognitive deficits are already evident at 6 months of age (Gray et al. 2008; Doria et al. 2015). 

At this age, BACHD mice do not exhibit overt neuronal cell loss and even if 

neurodegeneration was already present, VU0409551 7-day treatment would not be enough 

to rescue neuronal cell death. Thus, as cognitive deficits precede neuronal cell loss, we 

hypothesize that mGluR5 PAMs promote memory enhancement by activating synaptic 

plasticity mechanisms that are independent of mGluR5 PAM neuroprotective effect. We 

have previously demonstrated that BACHD mice exhibit a reduction in the number of 

synaptic vesicles in the active zone and that chronic treatment with CDPPB for 18 weeks 

increases the number of active zone vesicles (Doria et al. 2015). CDPPB effect on synaptic 

vesicles localization at the active zone could contribute to normalize neurotransmission and 

enhance memory. However, it is possible that mGluR5-PAMs could activate several other 

neuroplastic mechanisms to enhance memory. Corroborating this hypothesis, in this study, 

we demonstrated that BACHD treatment with the mGluR5 PAM VU0409551 increased 

mGluR5 expression at the plasma membrane and triggered the activation of cell signaling 

pathways important for synaptic plasticity, enhancing the level of dendritic spine maturation 

and rescuing BACHD memory impairment.
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In most cases, receptor activation by an agonist leads to receptor endocytosis and consequent 

desensitization, avoiding chronic over-stimulation (Hanyaloglu and von Zastrow 2008). 

However, our results demonstrated that VU0409551 stabilized mGluR5 at the cellular 

plasma membrane in both the striatum and hippocampus of BACHD mice, but not of WT 

mice. We hypothesize that this increase in mGluR5 cell surface expression is because of 

reduced receptor internalization, which has been shown to be regulated by a wide variety of 

proteins, including G protein-coupled receptor kinase 2 (Ribeiro et al. 2009), Ca2+/

calmodulin-dependent protein kinase IIα (CaMKIIα) (Raka et al. 2015), protein kinase C 

and calmodulin protein (CaM) (Lee et al. 2008). It has been shown that binding of CaM to 

mGluR5 stabilizes the receptor at the cell membrane (Lee et al. 2008). Interestingly, in 

addition to binding to mGluR5, CaM also interacts directly with wild-type and mutant HTT, 

binding with higher affinity to mutant HTT (Bao et al. 1996). Moreover, it has been shown 

that mGluR5 also binds to HTT protein (Anborgh et al. 2005). CaM is activated by Ca2+, 

and Ca2+ mobilization via mGluR5 increases CaM binding to this receptor (Ko et al. 2012). 

It has been shown that VU0409551, in the presence of glutamate, increases intracellular 

Ca2+ concentration via mGluR5 in a NMDAR-independent mechanism (Rook et al. 2015). 

Thus, we propose that VU0409551 increases CaM activity and that CaM binding to mGluR5 

may be enhanced because of the presence of mutated HTT, resulting in increased mGluR5 

expression at the cell surface of BACHD mice.

Increased mGluR5 cell surface expression can facilitate the activation of cellular pathways 

dependent on this receptor and our results demonstrate that VU0409551 treatment of 

BACHD mice increased the expression of several genes important for synaptic plasticity. 

Moreover, mGluR5 stimulation modulates the activation of ERK1/2, CaMK, adenylate 

cyclase, protein kinase C, influencing gene expression through several transcription factors 

(Yang et al. 2004; Hou et al. 2006; Ribeiro et al. 2010). Among the transcription factors that 

are regulated by mGluR5, CREB deserves special attention, as it is also regulated by HTT 

(Li and Li 2004). For instance, mutant HTT aggregates can sequester CREB-binding 

protein, which is an important activator of CREB, decreasing the expression of CREB target 

genes (Nucifora et al. 2001). Interestingly, reduced expression of CREB targets, including 

Arc/Arg3.1 and c-Fos, has been associated with memory deficits observed in a HD mouse 

model, Hdh (Q7/Q111) (Giralt et al. 2012). Our results clearly demonstrated that 

VU0409551 treatment of BACHD mice promoted an increase in the mRNA levels of several 

genes important for synaptic plasticity, including BDNF, Arc/Arg3.1, and c-Fos. The crucial 

role of BDNF, c-Fos, and Arc/Arg3.1 on LTP, as well as in spatial and recognition memory 

has been demonstrated in several studies (Guzowski et al. 2000; Mizuno et al. 2000; 

Guzowski 2002; Fleischmann et al. 2003; Labrousse et al. 2009; Albasser et al. 2010). Thus, 

increased expression of these genes important for synaptic plasticity by VU0409551 

treatment could be underlying the memory enhancement observed in BACHD mice. 

Moreover, increased syntaxin 1A and PSD-95 expression could also contribute to 

VU0409551-dependent enhancement in memory. Syntaxin 1A is part of the SNARE 

complex, which is formed by a set of proteins that mediate fusion and exocytosis of vesicles 

in the pre-synaptic terminal (Bennett et al. 1992). It has been demonstrated that mutated 

HTT protein alters pre-synaptic vesicle release and neurotransmission (Trushina et al. 2004; 

Milnerwood and Raymond 2007). Thus, syntaxin 1A increased expression in BACHD mice 
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could contribute to normalize HD-mediated neurotransmission alterations. Interestingly, 

syntaxin 1A expression was increased in both the hippocampus and striatum of BACHD 

mice following VU0409551 treatment, although the other tested genes that are also 

regulated by CREB, including c-Fos, BDNF, Arc/Arg3.1, were increased only in the 

hippocampus, but not in the striatum. Therefore, it is possible that region specific factors 

could be altering the induction of expression by CREB or even that other transcription 

regulators that are differentially expressed in the striatum and hippocampus could be 

influencing the expression of these genes. Future studies will be important to investigate this 

hypothesis.

Increased levels of c-Fos, Arc/Arg3.1, syntaxin 1A, and PSD-95 also contribute to an 

increase in the number of pre- and post-synaptic terminals, enhancing dendritic spine density 

and maturation, which is crucial for memory consolidation (El-Husseini et al. 2000; Plath et 
al. 2006; Shepherd et al. 2006; Edling et al. 2007; Guo et al. 2010). It is well known that 

more than 90% of the excitatory axodendritic synapses in the cortex occur on dendritic 

spines (Hering and Sheng 2001). Throughout development, dendritic spines undergo 

changes in their morphology in a mechanism that is directly related to their function. For 

example, the immature spine shapes (filopodia, long, and thin) are highly motile and can 

initiate synaptic contact (Ziv and Smith 1996). Mature spine shapes (stubby, mushroom, and 

branched) are more stable and contain an abundance of receptors that maintain high levels of 

synaptic activity (Chang and Greenough 1984; Harris et al. 1992; Hering and Sheng 2001). 

Reduction in dendritic spine density has been reported in HD patients (Graveland et al. 
1985), as well as in BACHD mice (Simmons et al. 2013). Our analyses showed that BACHD 

mice exhibited decreased number of dendritic spines, as compared to that of WT, and that 

VU0409551 treatment rescued this phenotype. Notably, VU0409551 treatment increased the 

number of mushroom-like spines in both WT and BACHD mice and enhanced the number 

of branched spines in WT mice. These results are in agreement with previously published 

data demonstrating that CDPPB subchronic treatment increased density and number of 

mushroom spines in rats trained to self-administer alcohol (Gass et al. 2014). Moreover, our 

results indicate that the increase in post-synaptic sites triggered by VU0409551 treatment 

was followed by enhanced number of pre-synaptic terminals in BACHD mice. Thus, our 

data demonstrating that VU0409551 treatment for only 8 days suffice to increase spine 

maturation and pre-synaptic terminal density in a mouse model of HD clearly represents a 

relevant mechanism that could be underlying VU0409551-dependent memory enhancement. 

Together, these data suggest that VU0409551 is a drug with therapeutic potential to reverse 

memory impairment, a common finding of a number of neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Acknowledgments and conflict of interest disclosure

Doria et al. Page 15

J Neurochem. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We thank Dr Gustavo B. Menezes for providing the equipment and technical support for confocal microscopy 
experiments. This work was supported by CNPq (grant number 400133/2014-8) and FAPEMIG (grant number 
APQ-00294-15) grants to F. M. R. The authors have no conflict of interest to declare.

All experiments were conducted in compliance with the ARRIVE guidelines.

Abbreviations used:

AKT protein kinase B

Arc/Arg3.1 cytoskeletal-associated protein

BDNF brain-derived neurotrophic factor

BSA bovine serum albumin

CaM calmodulin protein

CaMKIIα Ca2+/calmodulin-dependent protein kinase IIα

CBP CREB-binding protein

CDPPB 3- Cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide

CREB cAMP-responsive element

CS conditioning stimulus

DIV days in vitro

DMSO dimethyl sulfoxide

ERK extracellular signal-regulated kinase

GRK2 G protein-coupled receptor kinase 2

HBSS Hank’s balanced salt solution

HD Huntington’s disease

HTT huntingtin

i.p. intraperitoneal injection

InsP3 inositol-1,4,5-triphosphate

LTD long-term depression

LTP long-term potentiation

mGluR metabotropic glutamate receptor

NMDAR N-methyl-D-aspartate receptor

PAM positive allosteric modulator

PBS phosphate-buffered saline
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PKC protein kinase C

PSD-95 post-synaptic density-95

RT-qPCR quantitative reverse transcriptase polymerase chain reaction

VU0409551 [6,7-Dihydro-2-(phenoxymethyl)oxazolo [5,4-

c]pyridin-5(4H)-yl](fluorophenyl)methanone

WT wild type
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Fig. 1. 
VU0409551 treatment improved BACHD memory without altering locomotion. (a) Graph 

shows time of object exploration by wild-type (WT) and BACHD mice, calculated as the 

recognition index for the training and test phases. A score of 50% indicates no preference. 

Data represent the means ± SEM, n = 7–9. * indicates significant difference from chance 

exploration (50%) (p < 0.05). (b) Graph shows the freezing response of WT and BACHD 

mice in the presence (+) or absence (−) of conditioning stimulus (CS). Data represent the 

means ± SEM, expressed as percentage of freezing time during CS+ and CS−, n = 7–9. * 

indicates significant difference comparing CS+ and CS− (p < 0.05) and ‘n.s.’ indicates no 

difference comparing CS+ and CS−. Graphs show the distance travelled by WT and BACHD 

mice every 5 min (c), as well as the total distance travelled over 60 min (d) in the open field 

apparatus. Graphs also show the distance travelled by WT and BACHD mice every 5 min 

(e), as well as the total distance travelled over 60 min (f) in the center of the open field 

apparatus. Data represent the means ± SEM. Number of mice: WT-vehicle n = 7, WT-

VU0409551 n = 8, BACHD-vehicle n = 8, and BACHD-VU0409551 n = 9.
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Fig. 2. 
VU0409551 treatment increased mGluR5 cell surface expression in BACHD mice. Shown 

are representative immunoblots for mGluR5 cell surface (upper panel) and total cell lysate 

expression (middle panel), as well as representative immunoblots for actin (lower panel) in 

hippocampal (a) and striatal (b) slices of wild-type (WT) and BACHD mice, treated with 

either vehicle or VU0409551. Graphs show the densitometric analysis of the cell surface 

expression of mGluR5 in hippocampal (c) and striatal (d) slices, as well as mGluR5 total 

cell lysate expression in hippocampal (e) and striatal (f) slices of WT and BACHD mice, 

treated with either vehicle or VU0409551. Data represent the mean ± SEM. Number of 

mice: n = 4. ♦indicates significant difference (p < 0.05).
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Fig. 3. 
VU0409551 treatment enhanced c-Fos expression in BACHD mice. Shown are 

representative immunoblots for c-Fos (upper panel) and actin (lower panel) expression in the 

hippocampus (a) and striatum (b) of wild-type (WT) and BACHD mice, treated with either 

vehicle or VU0409551. 80 μg of total cell lysate was used for each sample. Graphs show the 

densitometric analysis of c-Fos expression in the hippocampus (a) and striatum (b) of WT 

and BACHD mice, treated with either vehicle or VU0409551. Data represent the means ± 

SEM. Number of mice: WT-vehicle n = 6, WT-VU0409551 n = 5, BACHD-vehicle n = 6, 

and BACHD-VU0409551 n = 5. *indicates significant difference (p < 0.05).
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Fig. 4. 
VU0409551 treatment increased the expression of genes important for synaptic plasticity. 

Graphs show brain-derived neurotrophic factor (BDNF) mRNA levels in the hippocampus 

(a) and striatum (b), Arc/Arg3.1 mRNA levels in the hippocampus (c) and striatum (d), 

syntaxin 1A mRNA levels in the hippocampus (e) and striatum (f) and post-synaptic 

density-95 (PSD-95) mRNA levels in the hippocampus (g) and striatum (h) of wild-type 

(WT) and BACHD mice, treated with either vehicle or VU0409551. mRNA levels were 

assessed by RT-qPCR, which was performed in triplicate and normalized to actin mRNA 

levels. Data represent the means ± SEM. Number of mice: n = 6. indicates significant 

difference (p < 0.05).
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Fig. 5. 
VU0409551 treatment increased dendritic spine maturation. (a) Shown are representative 

confocal micrographs from tertiary dendrites of hippocampal neurons from wild-type (WT) 

and BACHD mice, treated with either vehicle or VU0409551. Dendrite segments shown are 

20 μm in length and size bar corresponds to 5 μm. (b) Graph shows dendritic spine density 

(total number of dendritic spines per 20 μm). (c) Upper image: Confocal image of a dendrite 

containing all possible shapes of dendritic spines, which are pointed by colored arrows. 

Lower image: Schematic drawing of spines shown in: red: filopodia; orange: long; yellow: 

thin; green: stubby; blue: mushroom; purple: branched. (e) Colored graph shows the 
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contribution of each type of spine per 20 μm of dendrite segment. Graphs show the total 

number of mature mushroom (d) and branched (f) spines per 20 μm of dendrite segment. 

Data represent the mean ± SEM. Number of dendrites: WT-vehicle n = 15, WT-VU0409551 

n = 12, BACHD-vehicle n = 12, and BACHD-VU0409551 n = 12. *Indicates significant 

difference (p < 0.05).
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Fig. 6. 
VU0409551 treatment enhanced the number of presynaptic terminals. Shown are laser-

scanning confocal micrographs from hippocampal slices obtained from wild-type (WT) 

mice, treated with either vehicle (a) or VU0409551 (b), and BACHD mice, treated with 

either vehicle (c) or VU0409551 (d), and immunolabeled for synaptotagmin 2 (green). Scale 

bar = 50 μM. (e) Graph shows average intensity of pixel gray levels of synaptotagmin 2. 

Data represent the mean ± SEM. Number of images: n = 18. *Indicates significant difference 

(p < 0.05).
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