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Abstract

Huntington’s disease (HD) is a fatal genetic disorder characterized by cell death of medium-sized 

spiny neurons (MSNs) in the striatum, traditionally attributed to excessive glutamate inputs and/or 

receptor sensitivity. While changes in corticostriatal projections have typically been studied in 

mouse models of HD, morphological and functional alterations in thalamostriatal projections have 

received less attention. In this study, an adeno-associated virus expressing channelrhodopsin-2 

under the calcium/calmodulin-dependent protein kinase IIα promoter was injected into the 

sensorimotor cortex or the thalamic centromedian-parafascicular nuclear complex in the R6/2 

mouse model of HD, to permit selective activation of corticostriatal or thalamostriatal projections, 

respectively. In symptomatic R6/2 mice, peak amplitudes and areas of corticostriatal glutamate 

AMPA and NMDA receptor-mediated responses were reduced. In contrast, although peak 

amplitudes of AMPA and NMDA receptor-mediated thalamostriatal responses also were reduced, 

the areas remained unchanged due to an increase in response decay times. Blockade of glutamate 

reuptake further increased response areas and slowed rise and decay times of NMDA responses. 

These effects appeared more pronounced at thalamostriatal synapses of R6/2 mice, suggesting 

increased activation of extrasynaptic NMDA receptors. In addition, the probability of glutamate 

release was higher at thalamostriatal than corticostriatal synapses, particularly in R6/2 mice. 

Morphological studies indicated that the density of all excitatory synaptic contacts onto MSNs was 

reduced, which matches the basic electrophysiological findings of reduced amplitudes. There was 
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a consistent reduction in the area of spines but little change in presynaptic terminal size, indicating 

that the postsynaptic spine may be more significantly affected than presynaptic terminals. These 

results highlight the significant and differential contribution of the thalamostriatal projection to 

glutamate excitotoxicity in HD.

Keywords

Huntington’s disease; thalamus; R6/2; medium-sized spiny neurons; optogenetics; Electron 
microscopy

INTRODUCTION

Huntington’s disease (HD) is a progressive neurodegenerative disorder for which there is 

currently no cure and few treatments are available (Bonelli and Hofmann, 2007; Fasano et 

al., 2008; Brusa et al., 2009; Mestre et al., 2009). Patients suffer from chorea (involuntary 

dance-like movements) in early stages, akinesia in later stages, as well as cognitive and 

psychiatric disturbances (Harper and Jones, 2002; Bonelli and Hofmann, 2007). HD is 

caused by an unstable expansion of CAG repeats within exon 1 of the Huntington gene 

(HTT) which results in an elongated polyglutamine stretch near the N-terminal of the 

huntingtin (Htt) protein (The Huntington’s Disease Collaborative Research Group, 1993). 

Htt is a cytoplasmic protein primarily associated with vesicles and microtubules (DiFiglia et 

al., 1995; Hoffner et al., 2002). It is involved in transcriptional regulation, intracellular 

trafficking, cytoskeletal organization, endocytosis, and exocytosis (Velier et al., 1998; 

Waelter et al., 2001; Li et al., 2003), and it also upregulates the expression of brain derived 

neurotrophic factor (Zuccato et al., 2001).

The most apparent neuropathology in HD is degeneration of striatal medium-sized spiny 

neurons (MSNs) and cortical pyramidal neurons (Vonsattel et al., 1985), although cells in 

other regions such as the thalamus also undergo neurodegeneration (Heinsen et al., 1996; 

Kassubek et al., 2004; Kassubek et al., 2005). There is evidence that indirect pathway 

MSNs, i.e., those projecting to the external globus pallidus and expressing dopamine (DA) 

D2 receptors (D2R) and met-enkephalin (Gerfen et al., 1990; Steiner and Gerfen, 1999), are 

more susceptible to degeneration than direct pathway, DA D1R-expressing MSNs projecting 

to the substantia nigra and the internal segment of the globus pallidus (Reiner et al., 1988; 

Albin et al., 1992; Deng et al., 2004), although both pathways are effected in some HD 

mouse models (Andre et al., 2011).

The excitotoxicity hypothesis of HD postulates that striatal neurons degenerate due to 

increased glutamate release (DiFiglia, 1990; Freese et al., 1990; Beal et al., 1993). As the 

striatum receives glutamatergic projections from two different regions, the cerebral cortex 

and the thalamus (Huerta-Ocampo et al., 2014; Smith et al., 2014), the potential source of 

excess glutamate, if indeed it occurs, remains unknown. One reason that has hampered 

identification is that cortical and thalamic projections are interlaced within the striatum. It 

also has been reported that, unlike corticostriatal projections which synapse predominantly 

on dendritic spines (Smith and Bolam, 1990), thalamostriatal projections terminate 

preferentially on dendritic shafts (Smith and Bolam, 1990; Sadikot et al., 1992; Sidibe and 
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Smith, 1996). However, most of these studies were carried out using non-human primates 

and not rodents. The principal source of thalamic projections to the dorsolateral striatum in 

rodents is the centromedian-parafascicular (CM/Pf) nuclear complex but other nuclei also 

contribute (Berendse and Groenewegen, 1990; Smith et al., 2004).

Differential stimulation of each pathway has been particularly challenging using striatal in 
vitro preparations. Electrophysiological studies have used oblique horizontal slices to 

activate each pathway separately. However, reports employing this technique have yielded 

contradictory results, possibly due to species and procedural differences (Smeal et al., 2006; 

Ding et al., 2008; Smeal et al., 2008) or to the lack of sub-regional specificity (Hunnicutt et 

al., 2016). With the advent of optogenetics these challenges have been largely overcome 

(Ellender et al., 2011; Sciamanna et al., 2015; Kolodziejczyk and Raymond, 2016).

The present experiments used optogenetics to separately activate each glutamatergic 

pathway. We examined alterations of glutamate α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPAR) and N-methyl-D-aspartate receptor (NMDAR)-mediated 

responses at thalamostriatal and corticostriatal synapses in MSNs from symptomatic R6/2 

mice compared with wild type (WT) littermates. In addition, we used immunohistochemistry 

(IHC) and electron microscopy (EM) to determine changes in glutamate terminals 

originating from either the cerebral cortex or thalamus making synaptic contact onto either 

direct or indirect pathway MSNs. Both the presynaptic labeling for the corticostriatal 

vesicular glutamate transporter 1 (VGLUT1) or the thalamostriatal vesicular glutamate 

transporter 2 (VGLUT2) and the postsynaptic labeling for D1R or D2R were identified 

using EM and diaminobenzidine (DAB) IHC, followed by immuno-gold labeling for 

glutamate.

MATERIALS AND METHODS

Animals

All experimental procedures were performed in accordance with the United States Public 

Health Service Guide for Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committees at the University of California, Los Angeles 

(UCLA) and the Portland Veterans Administration Medical Center. Every effort was made to 

minimize pain and discomfort. Genotyping was performed using polymerase chain reaction 

of DNA obtained from tail samples, once at weaning and again following 

electrophysiological recordings or morphological assessments. Electrophysiological data 

from both males and females were combined since we found no sex differences. For 

morphological experiments only males were used.

All experiments were conducted in the R6/2 mouse model of HD. Our colony at UCLA is 

maintained by crossing WT C57BL/6xCBA males with R6/2 ovary-transplanted WT 

C57BL/6xCBA females (The Jackson Laboratories: Bar Harbor, Maine, USA). CAG repeat 

lengths were determined by Laragen Inc. (Culver City, CA) and ranged between 145–163 

(average 154.9±1, n=19 mice). Mice were used for recordings at 64–87 days of age, when 

they are fully symptomatic. An additional group of mice was used to identify MSNs of the 

direct pathway. WT C57BL/6xCBA males (The Jackson Laboratories) expressing DsRed 
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fluorescent protein tDTomato were bred to R6/2 ovary-transplanted WT C57BL/6xCBA 

females to produce R6/2 D1tomato mice which expressed tDTomato in D1R-containing 

MSNs. In this group of mice CAG repeats ranged between 148–164 (average 157.2±1.7, 

n=9). These mice were used for recordings at 60–72 days of age.

Opsin Injection

An adeno-associated virus (AAV2) expressing ChR2(H134R) and enhanced yellow 

fluorescent protein (eYFP) under the Ca2+/calmodulin-dependent protein kinase type IIα 
subunit (CaMKIIα) promoter was injected to express ChR2 in the sensorimotor cortex or the 

CM/Pf nuclear complex, which allowed for specific activation of corticostriatal or 

thalamostriatal inputs respectively. For injections, mice were anesthetized with isoflurane 

and placed in a stereotaxic frame. Injections were made with a 33 gauge blunt needle using a 

Chemyx NanoJet pump. Each injection site received 0.5 μl of virus, infused at 0.2 μl/min. 

Thalamic injections were performed bilaterally in two regions encompassing the CM/Pf 

nuclear complex of the thalamus (AP: −2.18, ML +/− 0.7, DV −3.8; and AP: −1.58, ML +/

− 0.7, DV −3.8) and also including some adjacent nuclei (central lateral, paracentral, and 

mediodorsal). Cortical injections were unilateral (AP: +2.22, ML +/− 1.7, DV-1.8) and only 

the injected hemisphere was used for recordings.

Slice preparation and cell visualization

4–5 weeks after viral injection (to allow for sufficient expression) mice were anesthetized 

with isoflurane and decapitated. The brain was rapidly removed and placed in ice-cold 

slicing solution containing (in mM): 208 sucrose, 26 NaHCO3, 1.25 NaHPO4, 10 glucose, 

2.5 KCl, 1.3 MgCl2, 8 MgSO4 (pH 7.2; aerated with 95% O2/5% CO2; 290–300 mOsm/l). 

Coronal slices (300 μm) were obtained using a vibratome (Model VT1000 S, Leica 

Microsystems, Buffalo Grove, IL). To ensure only axons, and not somata, were stimulated in 

animals injected in the cortex, and to reduce the possibility of stimulating thalamocortical 

terminals in animals injected in the thalamus, the striatum was isolated in all animals before 

recording.

Slices were maintained at room temperature in artificial cerebrospinal fluid (ACSF) 

containing (in mM): 130 NaCl, 3 KCl, 26 NaHCO3, 1.25 NaHPO4, 10 glucose, 2 MgCl2, 2 

CaCl2 (pH 7.2; aerated with 95% O2/5% CO2; 290–300 mOsm/l) and allowed to recover for 

at least 1 h prior to recordings. Cells were visualized with infrared illumination and 

differential interference contrast optics. MSNs were identified by somatic size and basic 

membrane properties. Patch pipettes were filled with Cs-methanesulfonate solution 

containing (in mM): 125 cesium methanesulfonate, 8 HEPES, 9 EGTA, 4 NaCl, 3 KCl, 1 

MgCl2, 10 disodium phosphocreatine, 0.1 leupeptin (HCl), 5 MgATP, 1 TrisGTP, (pH 7.2; 

270–280 mOsm/l) and biocytin (0.2%) to identify recorded neurons. The Na+ channel 

blocker QX-314 chloride (4 μM) was added to the internal solution to block action 

potentials. After recordings slices were fixed in paraformaldehyde (PFA) and processed for 

biocytin using standard techniques (Horikawa and Armstrong, 1988) to allow post-hoc 

identification of the recorded MSNs, as well as visualization of virus expression.
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Electrophysiological Recordings and Optical Stimulation

After the whole-cell configuration was obtained, basic membrane properties were recorded 

in voltage-clamp mode at a holding membrane potential (Vhold) of −70 mV. Membrane 

capacitance, input resistance, and decay time constant were measured by applying a 10 mV 

depolarizing step voltage command and using the membrane test function integrated in 

pClamp 8.2 or 10.3 (Axon Instruments, Molecular Devices, Sunnyvale, CA). Only data from 

cells with series resistance values smaller than 30 MΩ, which did not vary more than 20% 

during the course of the experiment were included. Series resistance (<25 MΩ on average) 

was not compensated.

To isolate AMPAR-mediated currents the cell was maintained at −70 mV and bicuculline 

(BIC, 10 μM) was added to block GABAA receptor-mediated currents. Light pulses (470 

nm, 1 ms duration, 30 sec apart) were delivered using a light-emitting diode (CoolLED) and 

all recordings used a suprathreshold intensity of 10 mW. After 5 trials, the AMPAR 

antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl benzo[f]quinoxaline-2,3-dione (NBQX, 10 

μM) was bath applied. To record NMDA currents, Vhold was stepped to +40 mV to eliminate 

the Mg2+ block of NMDARs and the light stimulus was repeated (3 times, 30 seconds apart). 

To examine probability of release at presynaptic terminals (Zucker, 1989) a subset of cells 

underwent a paired-pulse stimulation protocol (75 ms, 100 ms, 200 ms, and 400 ms 

intervals). This protocol was run at Vhold of −70 mV to examine paired-pulse ratios (PPRs). 

To determine potential alterations of glutamate transporters, NMDA currents before and 

after bath application of a glutamate transporter blocker (DL-TBOA, 30 μM) were compared 

in a subset of neurons. To examine if alterations specific to NMDARs containing the NR2B 

subunit occurred, NMDA currents before and 10 min after bath application of Ifenprodil (1 

μM) were compared in another subset of neurons.

Electrophysiological data analysis

Evoked AMPA and NMDA responses were averaged and analyzed offline using Clampfit 

10.0 (Axon Instruments, Molecular Devices, Sunnyvale, CA). Peak amplitudes were 

calculated by measuring the difference in amplitude between the highest absolute value of 

the response and average baseline. Area was calculated by summing the entire area under the 

curve, from baseline to baseline. Decay times were calculated by measuring the time the 

response took to decay from 90% to 10% of the peak amplitude and rise times by calculating 

the time the response took to rise from 10–90%. For cells that underwent TBOA treatment, 

the percent change of peak amplitudes, areas, decay and rise times of the NMDAR-mediated 

response were calculated. NMDA/AMPA peak amplitude ratios also were calculated. The 

PPR of the AMPA response was calculated by dividing the amplitude of the second response 

by the amplitude of the first response (both measured from baseline of trace to peak).

Histology

A subset of animals injected with the virus was used for histology only. These animals were 

perfused with 20 ml of phosphate buffered saline (PBS) and then 60 ml of PFA. Brains were 

extracted and fixed in PFA, then moved to 15% sucrose PBS solution, and finally to a 30% 

sucrose PBS solution overnight. Brains were frozen on dry ice and sectioned using a cryostat 

to prepare 30 μm thick coronal slices of the entire striatum and site of injection. One of 
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every six sections was mounted with mowiol mounting medium and imaged with a Leica 

MZ FLIII fluorescence stereomicroscope equipped with a Leica DFC3000 G grayscale USB 

3.0 microscope camera to visualize viral eYFP expression at the site of injection and in the 

striatum.

Immunohistochemistry (IHC) and electron microscopy (EM)

Male R6/2 mice (n=9) and WT littermates (n=7), 80–90 days old, were anesthetized with a 

cocktail of 0.2% ketamine/0.02% xylazine and transcardially perfused with 3 ml of heparin 

(1000 units/ml) in 0.1M phosphate buffer (pH 7.4), followed by 50 ml of EM fixative [2.5% 

glutaraldehyde, 0.5% paraformaldehyde, and 0.1% picric acid in 0.1M phosphate buffer; pH 

7.4]. Brains were cut in half coronally at the level of the hypothalamus, with both halves 

then placed in EM fixative in a microwave tissue processor (Pelco BioWave, Ted Pella, Inc.) 

containing a temperature controlled fixation bath (Thermoelectric Recirculating Chiller: 

Pelco Steady Temp Pro, Ted Pella Inc.) for a total of 60 min [30 min, 150 watts (W) at 

28°C/15 min, 150W at 25°C/15 min, 650W at 25°C]. The tissue was then rinsed and left in 

0.1 M phosphate buffer (PB) at 4°C until serially sectioned through the striatum (equivalent 

to +1.4 to +0.14 mm from Bregma) (Franklin and Paxinos, 2007) at 60 μm using a 

vibratome (Leica vibratome, Leica Microsystems). Pre-embed IHC of striatal tissue using 

DAB (Sigma, St Louis, MO) as the chromophore was performed as previously described 

(Spinelli et al., 2014) using antibodies against the DA D1 receptor (Sigma, St Louis, MO; 

polyclonal, 1:100 dilution), DA D2 receptor (Millipore, Burlington, MA; polyclonal, 1:50 

dilution), VGLUT1 (Synaptic Systems, Gottingen, Germany; polyclonal 1:1000) and 

VGLUT2 (Synaptic Systems; polyclonal 1:100). Labeling for each antibody was carried out 

on separate pieces of striatal tissue, as well as double labeling for either the direct (D1) or 

indirect (D2) pathways, and VGLUT1 and VGLUT2.

Single DAB labeled tissue

Striatal tissue was first exposed to an antigen retrieval solution (sodium citrate pH 6.0 or 

Tris/EDTA pH 9.0, which is antibody dependent) as previously reported (Walker et al., 

2012; Spinelli et al., 2014). The striatal tissue sections were incubated in the microwave for 

5 min, 550 watts (W), with the temperature restricted to less than 35°C (all the remaining 

steps occurred at this temperature) in a vacuum chamber that cycles the pressure down to 20 

mm Hg and back to atmosphere repeatedly during this step (cycling vacuum), in either 

sodium citrate pH 6.0 (D1 and D2 antibodies) or Tris/EDTA pH 9.0 (VGLUT1 and 

VGLUT2 antibodies). The tissue was then rinsed in 0.1 M PBS for 1 min at 150 W, with the 

vacuum off, exposed to 0.3% hydrogen peroxide at 150 W for 1 min with the vacuum off, 

and then rinsed in PBS at 150 W for 2×1 min with the vacuum off. For the striatal sections 

that were going to be incubated with either the D1 and D2 antibodies alone, the tissue was 

first incubated with 0.5% Triton X-100 for 5 min, 550 W with the cycling vacuum (the tissue 

that was incubated with the VGLUT1 and VGLUT2 antibodies was left in PBS only and not 

exposed to Triton X-100), then exposed to the primary antibody (at the dilutions described 

above) at 200 W for 36 min and 20 sec under continuous vacuum (20 mm Hg, cycling the 

magnetron for 2 min on/3 min off/2 min on/5 min off repeating for 36 min/20 sec). The 

tissue was then rinsed in PB, 2×1 min, at 150 W with the vacuum off, then exposed to the 

secondary antibody (D1 antibody uses a biotinylated goat anti-rat, 1:50; Jackson 
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ImmunoResearch, West Grove, PA; D2, VGLUT1 and VGLUT2 antibodies use a 

biotinylated goat anti-rabbit, 1:50; Jackson ImmunoResearch, West Grove, PA) for 16 min at 

200 W for the following cycle: 4 min on, 3 min off, 4 min on, 5 min off, all on a continuous 

vacuum. The tissue was then rinsed in PBS, 1 min, at 150 W with the vacuum off, followed 

by incubation with imidazole buffer [5% imidazole buffer (0.2M), pH 9.0/16% sodium 

acetate (0.1M), pH 7.2], then exposed to ABC (Avidin-biotin complex, Vector Elite Kit, 1 

μl/ml of solution A and B in working imidazole buffer) for 16 min at 200 W, under 

continuous vacuum, using the following cycle: 4 min on, 3 min off, 4 min on, 5 min off. The 

tissue was then rinsed in imidazole buffer, 2×1 min, at 150 W with the vacuum off, and then 

exposed to DAB (0.5 μg/ml+1.5% hydrogen peroxide) for 10 min and 20 sec, at 200 W with 

constant vacuum. The tissue was then rinsed in imidazole buffer, 1 min, at 150 W with the 

vacuum off, followed by PBS, 1 min, at 150 W with the vacuum off. The sections were then 

stored in buffer until processed for EM (see below).

Double DAB labeled tissue

The striatal sections were first incubated in the microwave for 5 min, 550 W at 35°C (all the 

remaining steps occurred at this temperature) in a vacuum chamber that cycles the pressure 

down to 20 mm Hg and back to atmosphere repeatedly during this step (cycling vacuum), in 

sodium citrate pH 6.0 (antigen retrieval for the D1R and D2R antibodies). The tissue was 

then rinsed in 0.1 M PBS for 1 min at 150 W, with the vacuum off and then exposed to 0.3% 

hydrogen peroxide at 150 W for 1 min with the vacuum off. The sections were then rinsed in 

PBS at 150 W for 2×1 min with the vacuum off, and then exposed to 0.5% Triton X-100 for 

5 min, 550 W with cycling vacuum. The tissue was then incubated in the primary antibody 

(D1R/D2R) at 200 W for 36 min and 20 sec under continuous vacuum (20 mm Hg, cycling 

the magnetron for 2 min on/3 min off/2 min on/5 min off repeating). The sections were then 

rinsed in PBS, 2×1 min, at 150 W with the vacuum off. For the second round of labeling, the 

sections were again incubated in the microwave for 5 min, 550 W with cycling vacuum, in 

Tris/EDTA pH 9.0 (antigen retrieval for VGLUT1 and VGLUT2 antibodies), rinsed in 0.1 M 

PBS 2×1 min at 150 W, with the vacuum off, then exposed to the second primary antibody at 

200 W for 36 min and 20 sec under continuous vacuum (20 mm Hg, cycling the magnetron 

for 2 min on/3 min off/2 min on/5 min off repeating). After second exposure to the primary 

antibody, the tissue processing was completed in the same manner as the single labeled 

tissue outlined above, except that the secondary antibodies for each marker were combined 

in a single solution and applied to the tissue. Although both the DA receptor and VGLUT 

antibody labeling are using DAB as the chromophore, we are assuming that in general for 

nerve terminals making an asymmetrical (excitatory) synaptic contact, we are focusing on 

the location of the DA receptors on dendritic spines and the VGLUTs within nerve terminals 

making an asymmetrical synaptic contact. However, we are well aware that a small 

percentage of the glutamate nerve terminals are positive for the D2 receptor (Sesack et al., 

1994), but these same terminals will most likely be either VGLUT1 or VGLUT2 positive 

also.

EM processing

Using the same Biowave tissue processor, with the temperature restricted to less than 60°C 

for all steps, the tissue was exposed to 1% osmium tetroxide (OsO4) (Electron Microscopy 
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Sciences, Hatfield, PA) in 1.5% potassium ferricyanide (Electron Microscopy Sciences, 

Hatfield, PA) solution at 100W with vacuum cycling for 13 min (cycling the magnetron for 3 

min on/2 min off/3 min on/2 min off/3 min on). The tissue was then rinsed in deionized 

millipore filtered H2O (Di H2O). The OsO4 was then removed and replaced with Di H2O, 

then immediately washed again with fresh Di H2O in the microwave for 2×40 sec, 150 W, 

with no vacuum. The tissue was then exposed to 0.5% uranyl acetate (Electron Microscopy 

Sciences, Hatfield, PA) in Di H2O at 100W, cycling vacuum, for 6 min (cycling the 

magnetron for 2 min on/2 min off/2 min on).

Dehydration and infiltration

An increasing gradient (50%, 75%, 90%, 2×100%) of ethanol in the microwave at 150W 

was used for 40 sec, with no vacuum at any of the steps. This was then followed by a 40 sec, 

150W step exposure to 100% propylene oxide (PO)(Electron Microscopy Sciences, Hatfield, 

PA), with no vacuum. Tissue was then placed in a 1:1 solution of PO and EPON/SPURRS 

resin (Meshul et al., 1994) for 3 min, 200W cycling vacuum, followed by 5×3 min in 100% 

resin, 200W, cycling vacuum. The tissue slices were then flat embedded between two sheets 

of ACLAR (Electron Microscopy Sciences, Hatfield, PA) overnight in a 60°C oven in order 

for the resin to polymerize. The area of interest was then micro-dissected from the 

embedded slice and super-glued onto a block to prepare for thin sectioning.

Post-embed immuno-gold electron microscopy was performed using a glutamate antibody 

(non-affinity purified, rabbit polyclonal; Sigma Chemical Co., St. Louis, MO). Thin sections 

(60 nm) were cut on an ultramicrotome (Leica EM UC7, Buffalo Grove, Il) along the 

leading edge of the dorsolateral striatal tissue block, using a diamond knife (Diatome, 

Hatfield, PA). For each of the WT or R6/2 mice, only one thin section/striatum was 

examined from the various combinations of immunolabeling: VGLUT1/D1R, VGLUT1/

D2R, VGLUT2/D1R and VGLUT2/D2R. The primary glutamate antibody, as previously 

characterized (Phend et al., 1992), was diluted 1:250 in TBST 7.6 in blocking solution [0.5% 

bovine serum albumin (BSA)] (Electron Microscopy Sciences, Hatfield, PA). Aspartate (1 

mM) was added to the glutamate antibody mixture 24 h prior to incubation with the thin-

sectioned tissue to prevent any cross-reactivity with aspartate within the tissue. The 

secondary antibody was goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA); 

diluted 1:20 in TBST pH 8.2), tagged with 12 nm gold particles. We previously reported that 

incubation of the antibody with 3 mM glutamate resulted in no immuno-gold labeling, 

showing the specificity of the glutamate labeling (Meshul et al., 1994). Photographs (10/

animal) were taken on a JEOL 1400 transmission electron microscope (Peabody, MA) of 

DAB labeled terminals (VGLUT1/VGLUT2) and spines (D1/D2) from a single 100 mesh 

grid (1 thin section/grid) throughout the neuropil (an area containing the highest numbers of 

synapses) at a final magnification of ×46,200 by an individual blinded to the experimental 

groups, using a digital camera (AMT, Danvers, MA). Since the DAB labeling was restricted 

to the leading edge of the thin-sectioned tissue, only the neuropil showing DAB labeling was 

photographed.
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Morphological analysis

Photomicrographs were analyzed using ImagePro software (Media Cybernetics, Rockville, 

MD) by an individual blinded to the experimental groups. In the striatum, the area of DAB 

labeled terminals or spines was measured, along with the number of gold particles in either 

the terminal or spine to determine the density of glutamate immuno-gold labeling. For 

quantification of glutamate labeling within the nerve terminals, the number of immuno-gold 

particles located either within, or at least touching the synaptic vesicle membrane (i.e., 

vesicular pool), the number located outside the synaptic vesicles (i.e., the cytoplasmic pool), 

and those associated with mitochondria, were counted. The vesicular and cytoplasmic pools 

were combined since the cytoplasmic pool is very small (<10%) compared to the vesicular 

pool (Meshul et al., 1999). We have reported that nerve terminals making a symmetrical 

contact contain GABA (Meshul et al., 1999), the precursor for which is glutamate. Therefore 

nerve terminals making a symmetrical contact will naturally contain some glutamate 

immunolabeling and cannot be considered immuno-negative as a way of determining a ratio 

between glutamatergic and GABAergic terminals (Meshul et al., 1994; Meshul et al., 1999). 

The metabolic pool is also relatively small and thus unlikely to be a major source of 

variation in labeling density. Since there are no synaptic vesicles or mitochondria located 

within the dendritic spines, all gold particles were counted. The density of gold particles/

μm2 of nerve terminal area for the vesicular/cytoplasmic and metabolic pools was 

determined for each animal and the mean density for each treatment group calculated. 

Background labeling was determined within glial cell processes and was found to be about 

10 immuno-gold-labeled particles/μm2 (Meshul et al., 1994). This was subtracted from the 

density of presynaptic and dendritic spine immuno-gold-labeled glutamate within the nerve 

terminals and postsynaptic labeling within spines. The density of gold particles/μm2 of nerve 

terminal or spine area was calculated for each section. In addition, the total number of 

synaptic contacts per field of view (14 μm2), on both spines and dendrites, was counted 

(regardless of whether the terminals or spines were D1, D2, VGLUT1 or VGLUT2 labeled), 

as well as DAB labeled pre- (VGLUT1/VGLUT2) and/or post-synaptic labeled contacts 

(D1/D2) to determine any changes in the density of contacts or a shift in the percent of 

labeled contacts.

Statistics

In the text, values are presented as mean ± standard error of the mean (SEM). Group means 

were compared using appropriate t-tests (Student’s or Welch’s t-test) or two-way ANOVAs 

followed by Bonferroni correction using SigmaStat software (Version 3.5; SPSS, Chicago, 

IL). Differences were considered statistically significant when p<0.05. In tables and figures, 

* equals p<0.05, ** p<0.01, and *** p<0.001.

RESULTS

Electrophysiological Findings

ChR2 viral injections and axon terminal expression—Mice injected with AAV2-

CaMKIIα-ChR2(H134R)-YFP in the motor cortex (4 R6/2 and 5 WT) showed intense 

fluorescence at the injection site (M2) and in fiber bundles of the dorsolateral striatum (Fig. 

1A, B). Comparison of eYFP expression in cortical regions revealed no obvious differences 
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of viral spread between R6/2 and WT mice. Mice injected in the thalamus (6 R6/2 and 6 

WT) showed intense fluorescence in the CM/Pf nuclear complex and adjacent nuclei (Fig. 

1C). Faint diffuse fluorescence could be seen throughout the entire striatum in brain slices 

from both genotypes (Fig. 1D). Comparison of eYFP expression at the cortical or thalamic 

injection sites and striatum for both injection sites revealed no obvious differences of viral 

spread between R6/2 and WT mice.

MSN membrane properties—Electrophysiological recordings were restricted to the 

dorsolateral striatum. Membrane properties of MSNs from mice injected in the CM/Pf or 

cortex were not different and therefore data from both groups were pooled. MSNs from 

R6/2s showed significantly reduced membrane capacitance and increased input resistance 

compared to MSNs from WT littermates (Table 1). These results are consistent with 

previous findings (Klapstein et al., 2001; Cepeda et al., 2003) and suggest that MSNs from 

R6/2s are smaller in size and contain fewer open channels. The decay time constant (Tau) 

was not significantly different. Following electrophysiological recordings, slices were 

processed for biocytin and imaged using a confocal microscope (Fig. 2). Biocytin label (in 

red) revealed typical MSN morphology. All recorded MSNs examined were surrounded by 

GFP fluorescence from cortical (Fig. 2A) or thalamic (Fig. 2B) terminals.

AMPA and NMDA responses evoked by corticostriatal activation—AMPAR-

mediated currents evoked by corticostriatal stimulation were recorded at Vhold of −70mV in 

the presence of the GABAAR antagonist, BIC (10 μM) (Fig. 3A). Average current amplitude 

in MSNs recorded from R6/2s was significantly decreased compared to those from WTs 

(Welch’s t-test, t(25.61)= 2.93, p<0.01) and area (Welch’s t-test, t(29.11)=2.78, p<0.01). In 

contrast, no significant differences in average decay times were observed. NBQX (10 μM) 

was then added to block AMPAR-mediated currents and the voltage holding potential was 

stepped to +40 mV to isolate NMDAR-mediated currents (Fig. 3B). Similar to alterations 

observed in AMPAR-mediated currents, NMDAR-mediated currents recorded were 

decreased in amplitude (Welch’s t-test, t(25.66)=2.28, p<0.05) and area (Welch’s t-test, 

t(24.79)=2.98, p<0.01), compared to those from WT MSNs. However, in contrast to AMPAR-

mediated currents, NMDAR-mediated currents from MSNs of R6/2 mice displayed 

significantly shorter decay times (Welch’s t-test, t(37.63)=2.83, p<0.01). The distribution of 

peak amplitudes of AMPAR-mediated currents was significantly different between R6/2 and 

WT MSNs, with R6/2 MSNs having a smaller probability of large responses (Chi-squared, 

x2(4)=13.94, p<0.01). However, peak amplitude distributions of NMDAR-mediated currents 

were not different between genotypes.

AMPA and NMDA responses evoked by thalamostriatal activation—Similar to 

AMPAR-mediated responses evoked by corticostriatal stimulation, mean amplitude of 

AMPAR-mediated currents evoked by thalamostriatal stimulation were significantly 

decreased in MSNs from R6/2 compared to WT mice (Fig. 3C). Areas of AMPA currents 

were similar between genotypes while decay times were significantly slower (Welch’s t-test, 

t(28.61)=−3.40, p<0.01) in R6/2 compared to WT MSNs. Average amplitudes and areas of 

NMDAR-mediated currents were similar in R6/2 and WT MSNs (Fig. 3D). However, 

similar to the alteration observed when comparing AMPAR-mediated currents, NMDAR-
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mediated currents recorded in R6/2 MSNs had slower decay times than those recorded in 

WT MSNs (Welch’s t-test, t(53.88)=−2.22, p<0.05). In addition, similar to differences 

observed in cortically evoked AMPAR-mediated currents, the distributions of peak 

amplitudes of thalamically-evoked AMPAR-mediated currents were significantly different 

between genotypes. R6/2 MSNs showed a smaller probability of large responses (Chi-

squared, x2(4)=12.00, p <0.05). Distributions of NMDAR-mediated currents were similar 

between genotypes.

A closer look at the decay times of AMPAR-mediated responses in mixed populations of 

MSNs (D1 and D2 receptor-expressing) from R6/2 mice revealed a bimodal distribution. 

Taking 50 ms as the cutoff decay time, MSNs could be clearly separated into populations 

with short (mean±SEM; 33.2±2.6 ms, n=16) and long (91.5±8.7 ms, n=16) decay times, 

suggesting they could represent MSNs from the direct or indirect pathway. In order to gain 

further insight into the specificity of changes in decay times evoked by thalamic stimulation 

we examined responses in MSNs from WT and R6/2 D1 tdTomato-expressing mice. Non-

labeled cells were considered to be D2 MSNs. We found that slower decay times for AMPA 

responses were specific to D1 cells (WT 39.9±8.5 ms versus R6/2 77.2±12.4 ms, n=9 and 12 

respectively, p=0.025) (not shown). Similarly, slower decay times for NMDA responses 

were specific to D1 cells (WT 785.7±70.8 ms versus R6/2 1016.5±63.4 ms, n=9 and 18 

respectively, p=0.026). This indicates that, in addition to changes in glutamate release 

probability, alterations in thalamostriatal synapses targeting D1 MSNs also occur. This could 

be due to postsynaptic changes or altered glutamate transport specifically in D1 MSNs.

Effects of glutamate transport inhibition on NMDA responses evoked by 
cortical and thalamic activation—To examine the mechanism by which decay times of 

NMDA currents are differentially affected by cortical (reduced) versus thalamic (increased) 

stimulation, we assessed glutamate reuptake at both corticostriatal and thalamostriatal 

projections by comparing NMDAR-mediated currents before and 14 min after bath 

application of TBOA (30 μM), a non-selective glutamate transporter blocker with high 

affinity for glial and neuronal glutamate transporters (Shimamoto et al., 2004). Amplitude, 

area, rise and decay time of NMDA currents evoked by corticostriatal or thalamostriatal 

stimulation were measured before and after TBOA application (Fig. 4). NMDA currents 

evoked by corticostriatal stimulation displayed a slight, non-significant, decrease in average 

amplitude that was similar in WT and R6/2 mice. Average percent area and rise time were 

increased, with the increase being more prominent in MSNs from R6/2 than WT mice (Fig. 

4A, B). However, only the difference in rise time reached statistical significance (p=0.35 for 

area and p=0.012 for rise time). NMDA currents evoked by thalamostriatal stimulation 

showed differential effects in MSNs from R6/2s and WTs when exposed to TBOA (Fig. 4C, 

D). The blocker had minimal effects on amplitude but equal increases in decay time of 

NMDA currents evoked in both R6/2 and WTs. Average area and rise time were increased in 

MSNs from R6/2s and WTs, although only the rise time reached statistical significance 

(p=0.21 for area and p=0.035 for rise time).

These observations indicate that, although glutamate transporter block equally affected 

decay times in WT and R6/2 mice, the overall area of the NMDA response trended to 

increase in R6/2 mice due to a combination of slower rise and decay times.
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Effects of selective blockade of GluN2B-containing NMDARs on responses 
evoked by cortical and thalamic activation—To examine alterations of GluN2B 

subunit-containing NMDARs at corticostriatal and thalamostriatal synapses, NMDAR-

mediated currents were compared before and after bath application of 1 μM Ifenprodil (Fig. 

5). As expected, average amplitude of NMDAR-mediated currents was decreased as early as 

5 min after Ifenprodil application, and continued to decrease over time. This was true for 

NMDAR-mediated currents evoked by activation of both corticostriatal and thalamostriatal 

projections (Fig. 5B). However, no significant differences on average amplitude, area, or 

kinetics of MSN responses from R6/2 versus WT mice were observed (Fig. 5B, C). 

Comparison between responses evoked by corticostriatal and thalamostriatal stimulation 

after Ifenprodil application also did not result in any significant differences, indicating that 

NMDARs expressing GluN2B subunits were equally distributed on corticostriatal and 

thalamostriatal inputs to MSNs.

NMDA/AMPA ratios—Absolute amplitudes of AMPAR- and NMDAR-mediated currents 

are potentially affected by the degree of ChR2 expression. Although no gross differences in 

viral expression were observed between WT and R6/2 mice, to account for potential 

differences in viral expression, NMDA/AMPA ratios were calculated. The amplitude of the 

NMDAR-mediated current was divided by the amplitude of the AMPAR-mediated current. 

The NMDA/AMPA ratios for each neuron were then averaged within their appropriate group 

(WT versus R6/2, and thalamostriatal versus corticostriatal stimulation).

NMDA/AMPA amplitude ratios of responses evoked by corticostriatal stimulation were 

similar between MSNs from R6/2 and WT mice (Fig. 6A, left and right panel). To further 

assess differences in relative contributions of thalamostriatal and corticostriatal inputs to 

MSNs NMDA/AMPA amplitude ratios at corticostriatal versus thalamostriatal projections 

were compared. For both MSNs from WT and R6/2 mice, thalamostriatal projections had 

larger amplitude NMDA/AMPA ratios compared to corticostriatal projections (Fig. 6B). 

This difference was due to larger NMDA currents at thalamostriatal compared to 

corticostriatal inputs. This finding agrees with previously published data reporting larger 

NMDA/AMPA ratios at thalamostriatal than corticostriatal projections (Smeal et al., 2008).

Paired-Pulse Ratios—To examine the probability of neurotransmitter release at 

corticostriatal and thalamostriatal projections, we used a paired-pulse protocol (Zucker, 

1989) in a selected population of MSNs. The paired-pulse protocol was administered in the 

presence of BIC (10 μM) and Vhold of −70 mV to isolate AMPAR-mediated currents. In 

MSNs from both WT and R6/2 mice, cortical stimulation paired-pulse depression of 

AMPAR-mediated currents occurred at short inter-pulse intervals (75 and 100 ms), whereas 

at longer intervals (200 and 400 ms) the depression was reduced (Fig. 7A, B). Results of the 

paired-pulse stimulation of thalamostriatal projections yielded different outcomes. MSNs 

from both WT and R6/2 mice displayed paired-pulse depression of AMPAR-mediated 

responses. However, the depression was significantly larger at 100–400 inter-pulse intervals 

for R6/2 mice (Fig. 7C, D), suggesting increased probability of glutamate release at 

thalamostriatal projections compared to WT mice. In summary, compared to WTs, R6/2s 
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display an increased probability of release at thalamostriatal projections, and no change in 

probability of release at corticostriatal projections.

Morphological Findings

In order to gain insight into the structural bases underlying functional alterations in synaptic 

transmission, we undertook a series of morphological studies taking advantage of methods 

that allow separation of corticostriatal (VGLUT1 expression) and thalamostriatal (VGLUT2 

expression) inputs, as well as of postsynaptic direct (D1R-expressing) and indirect (D2R-

expressing) pathway MSNs. In addition, glutamate immuno-gold labeling provided an 

estimate of the relative glutamate density in nerve terminals originating from either the 

cortex (VGLUT1) or thalamus (VGLUT2) and in pre- and postsynaptic terminals of direct 

and indirect pathway MSNs. For these studies we separately analyzed EM photomicrographs 

with different combinations of immunolabeling. These included combined labeling for D1R-

VGLUT1, D1R-VGLUT2, D2R-VGLUT1 and D2R-VGLUT2 (Figs. 8, 9). For each set of 

photomicrographs we analyzed the total number of synaptic contacts per field of view, the 

number of labeled contacts per field of view and the percent change of labeled contacts (Fig 

10). Due to the methodology used for this analysis, the data most likely underestimate the 

change in the number of synaptic contacts per volume (μm3) in the neuropil within the 

dorsolateral striatum since stereological methods were not carried out. We also analyzed the 

areas of the presynaptic terminal and the postsynaptic spine (Fig. 11) and we determined the 

density of glutamate immuno-gold particles in each set of presynaptic terminals and 

postsynaptic spines (Fig. 12). Electron photomicrographs clearly showed single DAB 

labeling for D1R and D2R primarily within spines and VGLUT1 and VGLUT2 labeling 

within nerve terminals along with nerve terminal glutamate immuno-gold labeling (Figs. 8, 

9).

We first determined the density of asymmetrical synaptic contacts per field of view using 

non-stereological methods. There were significant decreases in the density of synaptic 

contacts/14 μm2 in all sets of photomicrographs when comparing the R6/2 vs WT groups 

(Fig. 10A). Similarly, the number of labeled contacts was decreased in all sets of 

photomicrographs but these differences were statistically significant only for D1R-VGLUT1 

and D2R-VGLUT2 terminals (Fig. 10B). However, the percent of labeled contacts was not 

significantly decreased (and one, D1R-VGLUT2, was actually significantly increased) for 

any of the groups indicating that many of the decreases were simply accounted for by the 

initial difference in total number of synaptic contacts (Fig. 10C). There were almost no 

significant changes in presynaptic terminal areas (except for a significant decrease in D1R-

VGLUT2-expressing terminals) (Fig. 11A). In contrast, all spine areas were reduced in the 

R6/2 mice and the reduction was statistically significant for both D1R-VGLUT1 and D1R-

VGLUT2 spines (Fig. 11B). Although the areas of D2R-labeled spines making contact with 

just VGLUT1- or VGLUT2-labeled terminals also were decreased, the differences did not 

reach statistical significance. When we examined the number of gold particles in terminals 

we found significant reductions within terminals contacting D1R-positive spines but not 

D2R-positive spines (Fig. 12A). However, the densities of glutamate particles were 

significantly reduced for cortical inputs contacting both D1R- and D2R-expressing spines 

(Fig. 12B). The numbers of gold particles in spines contacted by cortical inputs were 
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statistically significantly reduced (Fig. 12C), but there were no significant differences in 

density of glutamate particles in spines (Fig. 12D). The percentage of VGLUT1 or VGLUT2 

positive nerve terminals contacting either a D1R- or D2R-labeled spine versus a D1R- or 

D2R-labeled dendritic shaft in the WT compared to the R6/2 mice was determined. We 

found that, for VGLUT1 or VGLUT2 labeled terminals contacting spines, the percentage of 

VGLUT1/D1R (WT 90.8±2.8, R6/2 81.8±7.6), VGLUT1/D2R (WT 93.2±1.5; R6/2 

93.8±0.3), VGLUT2/D1R (WT 84.8±4.9; R6/2 82.9±4.7), and VGLUT2/D2R (WT 

91.5±2.1; R6/2 85.2±5.2) labeled tissue showed that the vast majority of terminals 

originating from either cortex or thalamus were contacting spines. None of the values were 

statistically different between WT and R6/2 mice or between the four variously labeled 

groups. Only a small percentage of the VGLUT1 or VGLUT2 labeled terminals (~10–15%) 

contacted dendritic shafts and none of the immunolabeled groups were statistically different 

from each other (data not shown).

Together, these findings indicate that the density of all excitatory synaptic contacts onto 

MSNs is reduced, which matches the basic electrophysiological findings of reduced 

amplitudes. The consistent reduction in area of spines coupled with the lack of change in 

presynaptic terminal size indicates postsynaptic spines may be more significantly affected 

than the remaining presynaptic terminals.

DISCUSSION

Selective activation of distinct axonal projections using optogenetics allowed extensive 

examination of cortical and thalamic projections into the striatum and demonstrated that 

these excitatory convergent inputs undergo similar but also differential alterations in HD. 

The peak amplitude and area of AMPAR- and NMDAR-mediated responses evoked by 

cortical stimulation were reduced. Although AMPA responses evoked by thalamic 

stimulation also were reduced, the absolute areas were not affected. This was due to a 

significant increase in decay time at thalamostriatal synapses for both AMPA and NMDA 

responses. This could be a compensatory mechanism to ensure faithful thalamostriatal 

communication. Interestingly, decay times of NMDA responses were reduced at 

corticostriatal synapses. Blockade of glutamate transporters with TBOA demonstrated a 

slowdown of NMDA current deactivation kinetics which was similar in both genotypes, and 

a trend toward increased areas due to slower rise and decay times. Overall, these effects were 

more pronounced in cells from R6/2 mice and more evident at thalamostriatal synapses. 

Further supporting thalamic involvement in HD alterations, PPR data suggested increased 

probability of glutamate release from thalamic inputs to MSNs from R6/2s compared to 

WTs. Thalamic and cortical projections utilize distinct vesicular glutamate transporters 

(Fremeau et al., 2001; Herzog et al., 2001; Lei et al., 2004). Thus, differential effects of 

mHtt on VGLUT2 and VGLUT1 may be in part responsible for the distinct changes of 

postsynaptic responses observed at thalamostriatal and corticostriatal projections 

respectively. Data from Ifenprodil experiments did not support alterations in subunit 

composition of NMDARs, specifically in the proportion of NMDAR-containing GluN2B 

subunits.
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Neurodegeneration of the striatum in HD involves a complex interplay of intrinsic, 

presynaptic, and postsynaptic mechanisms. According to a classic notion, altered cortical 

input is the main culprit of striatal neurodegeneration (DiFiglia, 1990; Cepeda et al., 2007). 

With the recognition that thalamic input to the striatum is as important as cortical input, the 

need to elucidate the source(s) of altered glutamate release became peremptory. However, 

due to the complex and heterogeneous organization of the striatum, this task had been 

extremely challenging. Optogenetics has allowed, for the first time, examination of 

alterations in thalamostriatal and corticostriatal projections in HD separately. Based on 

previous data showing decreased synaptic communication along the corticostriatal pathway 

in R6/2 mice (Klapstein et al., 2001; Cepeda et al., 2003; Joshi et al., 2009; Cummings et al., 

2010), we expected to see changes in the amplitude of glutamate receptor-mediated currents. 

In agreement with this prediction, the amplitude and area of responses evoked by cortical 

stimulation were significantly decreased. In addition, we now demonstrate that thalamic 

input also is reduced. However, the change in area was not statistically significant due to 

increases in decay time.

We also found that MSNs from both WT and R6/2 mice displayed paired-pulse depression 

of AMPAR-mediated responses. This result is consistent with previously published data 

which found that thalamostriatal synapses display a high probability of release to an initial 

stimulus which declines rapidly with successive stimulation (Ding et al., 2008), a very fitting 

property for the role of thalamostriatal projections in transmitting precisely timed signals. 

However, we also found that in R6/2 mice the depression was more prominent. Perhaps the 

increased release of glutamate at thalamostriatal synapses in HD mice is a compensatory 

mechanism to make up for the loss of thalamic inputs.

The contribution of glutamatergic receptors at thalamostriatal versus corticostriatal synapses 

in physiological conditions has been disputed (Ding et al., 2008; Smeal et al., 2008). Whole-

cell slice recordings from mouse brains suggested that NMDARs mediate larger currents 

than AMPARs at corticostriatal projections, while NMDAR-mediated currents are smaller 

than AMPAR-mediated currents at thalamostriatal projections. In other words, NMDA/

AMPA ratios are greater for corticostriatal than thalamostriatal projections (Ding et al., 

2008). However, whole-cell slice recordings from rat brains suggested that the NMDA/

AMPA ratio was greater for responses evoked from thalamostriatal projections than for those 

evoked from corticostriatal projections (Smeal et al., 2008). Comparison of NMDA/AMPA 

ratios in the present study suggested a larger contribution of NMDARs at thalamic inputs 

compared to cortical inputs. This was true for both R6/2 and WT mice. A higher relative 

proportion of NMDARs at thalamostriatal synapses, longer decay times of NMDAR-

mediated currents, and increased glutamate release probability, all support an important role 

of thalamostriatal projections in excitotoxicity.

One of the key recurrent findings of our study was altered decay times of glutamate 

receptor-mediated currents caused by changes in glutamate receptor subunit composition or 

by deficits in glutamate reuptake, which has been consistently found in HD. Postsynaptic 

changes in receptor subunit composition would be expected to result in unique changes to 

AMPAR- versus NMDAR-mediated currents. Since both AMPAR- and NMDAR-mediated 

currents evoked by thalamostriatal stimulation display longer decay times, this change is less 
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likely to occur due to alterations in receptor subunit composition. Therefore, we hypothesize 

that the observed increase in decay times is occurring as a result of vesicular and/or 

glutamate transporter changes and is probably specific for D1 MSNs. Postmortem HD tissue 

shows a reduction of GLT1 and decreased glutamate reuptake (Arzberger et al., 1997; Hassel 

et al., 2008; Faideau et al., 2010). Failure in glutamate reuptake and the resulting 

excitotoxicity also have been proposed in HD models (Lievens et al., 2001; NicNiocaill et 

al., 2001; Miller et al., 2008; Estrada-Sanchez et al., 2009; Tong et al., 2014; Dvorzhak et 

al., 2016), however, see (Parsons et al., 2016). Further, mutant HTT expression restricted to 

astrocytes is sufficient to decrease GLT1 levels and elicit the HD behavioral phenotype 

(Bradford et al., 2009). In support, R6/2 mice treated with ceftriaxone show increased 

striatal GLT1 expression, increased glutamate uptake and, importantly, improvement in some 

HD behavioral deficits (Miller et al., 2008). In summary, consistent evidence shows a link 

between altered glutamate reuptake and excitotoxicity in HD.

In a recent study, thalamostriatal and corticostriatal synapses were examined in the YAC128 

HD model at a presymptomatic stage (2–3 mo) using similar procedures as in the present 

study. Similar to our results, an increased contribution of NMDARs and increased 

probability of release at thalamic compared to cortical synapses were found, and these 

changes were more evident in YAC128 mice (Kolodziejczyk and Raymond, 2016). 

Furthermore, a larger contribution of extrasynaptic NMDARs, as evidenced by TBOA 

application, also was found in both studies and this occurred at both corticostriatal and 

thalamostriatal synapses of HD mice. However, in Kolodziejczyk and Raymond’s study the 

change was due to increased decay times whereas in our study the effect appeared due to a 

combination of increased rise and decay times. It is possible that, in our HD model, we did 

not see a genotype-specific increase in decay time because NMDA responses evoked by 

thalamostriatal terminal activation displayed increased decay times even before TBOA 

application (see Fig. 3D), probably resulting in a ceiling effect. Finally, in contrast to our 

findings, AMPA and NMDA response amplitudes evoked by optical stimulation were not 

significantly different in YAC128 mice compared to WTs. This can be probably explained 

by the existence of biphasic changes in glutamate transmission during phenotype 

progression in HD mouse models (Cepeda et al., 2003; Graham et al., 2009; Joshi et al., 

2009).

Overall, electrophysiological data were supported by morphological measurements using 

quantitative ultrastructural IHC. Reduced responses to cortical and thalamic stimulation can 

be explained by a generalized decrease in the number of total asymmetric synaptic contacts/

field of view (14 μm2) in R6/2 versus WT mice. In addition, spine area also was reduced and 

this effect was more prominent in D1R-positive spines. This contrasts with the classic idea 

that, in HD, MSNs of the indirect pathway are more affected than those of the direct 

pathway (Reiner et al., 1988; Albin et al., 1992). Cortical or thalamic terminal areas were 

not different between genotypes, except for a significant decrease in size of VGLUT2 

terminals contacting D1-labeled spines in the R6/2 compared to the WT group. Interestingly, 

there was a concomitant increase in the percentage of VGLUT2 labeled terminals contacting 

D1R-positive spines, suggesting ongoing compensatory mechanisms to counter for reduced 

thalamic input. We also found a decrease in the density of glutamate immuno-gold labeling 

within all labeled (VGLUT1 and VGLUT2) nerve terminals contacting either D1- or D2-
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labeled spines, but only the terminals originating from the cortex (VGLUT1) were 

significantly different in the R6/2 compared to the WT mice. This probably means that in 

HD, glutamate density within corticostriatal terminals is more affected than thalamostriatal 

input and/or that compensatory mechanisms in the cortex are less robust.

In the CAG140 HD mouse model, at the one month time period, it was reported that there 

was a 20% decrease of VGLUT2 axospinous contacts and a 40% decrease in the VGLUT2 

contacts onto dendrites compared to the wildtype mice (Deng et al., 2013). The VGLUT2 

axospinous loss persisted out to 12 months of age, suggesting early and persistent 

involvement of thalamostriatal synapses in changes of glutamate transmission. In addition, 

there was a 30% loss of VGLUT1 labeled terminals at the 12 month time period. A similar 

decrease in VGLUT2 terminals contacting cholinergic interneurons within the striatum was 

reported recently (Deng and Reiner, 2016). This decrease in the overall excitatory input to 

the striatum is also in agreement with previous reports using an additional slowly 

progressing HD mouse model, the YAC128 (Singaraja et al., 2011). In that report there was 

no differentiation between the corticostriatal and thalamostriatal afferents. In the current 

study, we did find a decrease in the overall density of axospinous synaptic contacts in the 

R6/2 compared to the WT group, which would be in agreement with Deng et al. (2013). In 

addition, the decrease in the area of the VGLUT2 labeled terminals in the R6/2 versus WT is 

consistent with Deng et al. (2013). However, further detailed morphological characterization 

in the current study showed this decrease occurred for VGLUT2 labeled terminals 

contacting just D1 labeled spines and not D2 spines. We report no change in the area of the 

VGLUT1 labeled terminals in the R6/2 mice, which is in contrast to the decrease found after 

4 or 12 months in the CAG140 HD mouse model (Deng et al., 2013). In addition, we report 

an increase in the percentage of VGLUT2 labeled terminals making contact with D1-labeled 

spines in the R6/2 compared to the WT group. However, the current study double labeled for 

both the presynaptic terminal (VGLUT2) and the postsynaptic spine (D1) compared to Deng 

et al. (2013), which may account for the difference in our respective findings.

Anatomo-Physiological Considerations

There are time-dependent changes in the excitatory input to the striatum that differentially 

affect both the direct and indirect pathway MSNs in HD mouse models (Cepeda et al., 2003; 

Andre et al., 2011; Raymond et al., 2011; Galvan et al., 2012). There are increases in 

excitatory input to primarily the D1 MSNs early on in the disease process followed by a 

decrease in this excitatory input to both the D1 and D2 MSNs late in the progression of the 

disease (Andre et al., 2011; Galvan et al., 2012). The ultrastructural data agree with the 

effect primarily on the D1-labeled spines associated with the direct pathway but we also 

observed some changes in D2-labeled spines of the indirect pathway MSNs. In addition, we 

found that nearly 90% of VGLUT1-labeled terminals in the mouse synapse on spines, 

regardless of whether the spine was labeled for D1R or D2R. However, we also found that 

well over 80% of VGLUT2-labeled terminals also synapse on dendritic spines and not on 

dendritic shafts, in contrast to reports based on non-human primates (Sadikot et al., 1992; 

Sidibe and Smith, 1996).
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The decrease in excitatory input that occurs late in the disease process may be associated 

with ultrastructural changes in either the presynaptic density of glutamate immuno-gold 

labeling or in the size of the dendritic spine. In the current study we report a decrease in 

nerve terminal glutamate immuno-gold labeling in the R6/2 versus WT mice. Although in 

the early stages of the disease in the HD mouse models there is evidence for increased 

excitatory input to the striatum (i.e., possible increased glutamate release), this reverses in 

the later stages of the disease. At the ultrastructural level, the depletion of nerve terminal 

glutamate immuno-gold labeling in the R6/2 versus WT mice may be a consequence of the 

earlier increased excitatory input to the striatum. In preliminary studies of layer II of the 

motor cortex, we also find a similar decrease in the density of glutamate immunogold 

labeling in VGLUT1 positive nerve terminals (i.e., cortico-cortical contacts) between the 

R6/2 versus WT mice (unpublished findings). In addition, there was a decrease in the overall 

density of synaptic contacts/field of view (14 μm2), which affected both VGLUT1-labeled 

terminals contacting D1R labeled spines and VGLUT2-labeled terminals contacting D2R 

labeled spines. These data suggest that at the ultrastructural level, changes in presynaptic 

glutamate immuno-gold and overall synaptic density are associated with the 

electrophysiological changes previously reported within layer II of the motor cortex 

(Indersmitten et al., 2015).

Conclusions and Future Perspectives

The differential alterations observed at thalamostriatal compared to corticostriatal 

projections suggest that the effects of mHtt occurring in the basal ganglia circuit are 

complex, diverse, and not universal. Therefore, HD treatments aimed at globally decreasing 

NMDA currents, increasing GLT1 function, or decreasing glutamate release, could result in 

unfavorable side effects. Treatments designed to target these and other mechanisms altered 

in HD should be directed to affect specific brain regions, projections, and neuronal types.

Using BACHD and Cre mice, mHtt expression has been reduced in distinct brain regions to 

study how regional specificity of mHtt affects the HD phenotype. Reduction of mHtt 

expression in the cortex partially improved the behavioral and psychiatric phenotype but not 

cell death, reduction of mHtt in the striatum partially rescued the psychiatric phenotype and 

cell death in the forebrain, while reduction of mHTT in the cortex and striatum 

simultaneously ameliorated all behavioral deficits and brain atrophy (Wang et al., 2014). It 

will also be important to examine the effects of mHtt reduction specifically in 

thalamostriatal projections.
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Highlights

• Optogenetics, slice electrophysiology, and electron microscopy, were used to 

examine morphological and electrophysiological changes in corticostriatal 

and thalamostriatal projections in a mouse model of Huntington’s disease.

• In symptomatic R6/2 mice corticostriatal glutamate receptor-mediated 

responses were reduced. Although thalamostriatal responses also were 

reduced, the areas remained unchanged due to an increase in decay times.

• The probability of glutamate release was higher at thalamostriatal than 

corticostriatal synapses, particularly in R6/2 mice.

• Morphological studies indicated that the density of all excitatory synaptic 

contacts onto MSNs was reduced. There was a consistent reduction in the area 

of spines but little change in presynaptic terminal size.

• These results highlight the significant and differential contribution of the 

thalamostriatal projection to glutamate excitotoxicity in HD.
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Fig. 1. 
A. Typical YFP expression patterns at the injection site following AAV-CaMKIIa-YFP-

ChR2 virus injections into the cortex of a WT (left) and an R6/2 (right) mouse. B. Typical 

YFP expression pattern in the corresponding striatum of the same mice in A. C. Typical 

YFP expression patterns at the injection site following viral injection into the CM/Pf of a 

WT (left) and an R6/2 (right) mouse. D. Typical YFP expression patterns in the 

corresponding striatum of the same mice in C.
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Fig. 2. 
Fluorescent confocal microscope images of biocytin-filled MSNs (in red) during 

electrophysiological recordings and striatal ChR2 axonal expression (in green) in WT and 

R6/2 mice after cortical (A) or thalamic (B) viral injection. Calibration bar applies to all 

panels. Insets show a magnified segment of dendrites and spines. Calibration bar in the 

bottom right inset applies to all insets.
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Fig. 3. 
A. AMPAR-mediated currents evoked by corticostriatal stimulation. Left panels show 

representative sample traces of AMPAR-mediated responses recorded in an MSN from a 

WT (black) and an R6/2 (red). Graphs on the right show average amplitudes, areas, and 

decay times (±SEM) of AMPAR-mediated responses evoked by corticostriatal stimulation. 

B. NMDAR-mediated currents evoked by corticostriatal stimulation. Representative sample 

traces of AMPAR-mediated responses recorded in an MSN from a WT and an R6/2. Graphs 

indicate average amplitudes, areas, and decay times (±SEM) of NMDAR-mediated 

responses evoked by corticostriatal stimulation. C. AMPAR-mediated currents evoked by 

thalamostriatal stimulation. Left panels show representative sample traces of AMPAR-
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mediated responses recorded in an MSN from a WT mouse and R6/2 mouse. Graphs show 

average amplitudes, areas, and decay times (±SEM) of AMPAR-mediated responses evoked 

by thalamostriatal stimulation. D. NMDAR-mediated currents evoked by thalamostriatal 

stimulation. Left panels show representative sample traces of AMPAR-mediated responses 

recorded in an MSN from a WT and an R6/2. Graphs show average amplitudes, areas, and 

decay times (±SEM) of NMDAR-mediated responses evoked by thalamostriatal stimulation. 

In this and all other figures, Ns are shown in each bar and asterisks in this and subsequent 

figures indicate * p<0.05, ** p<0.01, *** p<0.001.
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Fig. 4. 
A. Representative sample traces of NMDAR-mediated responses evoked by corticostriatal 

stimulation, recorded in an MSN from a WT (black) and an R6/2 (red), before and after 

TBOA application (purple). Graph on the right shows average percent change of amplitude 

(±SEM). B. Average percent changes in area, rise time, and decay time (±) of NMDAR-

mediated currents evoked by corticostriatal stimulation 14 min post bath application of 

TBOA. C. Representative sample traces of NMDAR-mediated responses evoked by 

thalamostriatal stimulation, recorded in an MSN from a WT and an R6/2, before and after 

TBOA application. Graph on the right shows average percent change of amplitude (±SEM). 

D. Average percent changes in area, rise time, and decay time (±SEM) of NMDAR-mediated 

currents evoked by thalamostriatal stimulation 14 min post bath application of TBOA.
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Fig. 5. 
A. Representative sample traces of NMDAR-mediated responses evoked by corticostriatal 

(left) and thalamostriatal (right) stimulation, recorded in MSNs from a WT (black) and an 

R6/2 (red) before and after bath application of Ifenprodil (purple). B. Average percent 

change of amplitudes (±SEM) of NMDAR-mediated currents over time evoked by 

corticostriatal (left) and thalamostriatal (right) stimulation. C. Average percent change of 

amplitudes and areas (±SEM) of NMDAR-mediated currents evoked by corticostriatal (left) 

and thalamostriatal (right) stimulation 11 min post bath application of Ifenprodil.
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Fig. 6. 
A. NMDA/AMPA ratios evoked by corticostriatal (left) and thalamostriatal (right) 

stimulation. Peak amplitude of the NMDAR-mediated current was divided by the amplitude 

of the AMPAR-mediated current evoked by corticostriatal or thalamostriatal stimulation for 

each neuron, and then averaged across neurons. B. NMDA/AMPA ratios of currents evoked 

by corticostriatal stimulation compared to those evoked by thalamostriatal stimulation in 

MSNs from WT (left) and R6/2 (right).
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Fig. 7. 
A. Representative sample traces (100 ms inter-pulse interval) and average paired-pulse ratios

±SEM (B) of AMPAR-mediated EPSCs evoked by corticostriatal stimulation at Vhold=−70 

mV. C. Representative sample traces (100 ms pulse inter-pulse interval) and average paired-

pulse ratios±SEM (D) of AMPAR-mediated EPSCs evoked by thalamostriatal stimulation at 

Vhold=−70 mV.
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Fig. 8. 
VGLUT1/VGLUT2 terminal input onto D1R labeled spines (D1-SP) within the dorsolateral 

striatum. Electron photomicrographs showing single DAB labeling for D1Rs only within 

spines (panels a and b, respectively), VGLUT1 and VGLUT2 labeling within nerve 

terminals (NT), along with nerve terminal glutamate immuno-gold labeling (arrowhead 

within the nerve terminal). White asterisk shows DAB label and black or white arrows 

indicate synapse. a: D1R-labeled spine, WT; b: D1R-labeled spine, R6/2; c: D1R-labeled 

spine and VGLUT1 labeled terminal, WT; d: D1R-labeled spine and VGLUT1 labeled 

terminal, R6/2; e: D1R labeled spine and VGLUT2 labeled terminal, WT; f: D1R labeled 

spine and VGLUT2 labeled terminal, R6/2. Calibration bar: 500 nm.
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Fig. 9. 
VGLUT1/VGLUT2 terminal input onto D2R-labeled spines (D2-SP) within the dorsolateral 

striatum. Electron photomicrographs showing single DAB labeling for D2R only within 

spines (panels a and b, WT and R6/2, respectively), VGLUT1 (panels c and d) and 

VGLUT2 (panels e and f) labeling within nerve terminals (NT), along with nerve terminal 

glutamate immuno-gold labeling (arrowhead within the nerve terminal). Synaptic contacts 

(arrows) are illustrated. White asterisk shows DAB label, black or white arrows indicate 

synapse, arrowheads indicate gold particle, NT is the nerve terminal, while SP is the spine. 

a: D2R-labeled spine, WT; b: D2R-labeled spine, R6/2; c: D2R-labeled spine and VGLUT1 

labeled terminal, WT; d: D2R-labeled spine and VGLUT1 labeled terminal, R6/2; e: D2R-
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labeled spine and VGLUT2 labeled terminal, WT; f: D2R-labeled spine and VGLUT2 

labeled terminal, R6/2. Calibration bar: 500 nm.
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Fig. 10. 
A. Mean (±SEM) of the number of total contacts per field of view (14 μm2) for all contacts 

regardless of whether they originated from cortex (VGLUT1) onto both D1R- and D2R-

expressing spines or from thalamus (VGLUT2) onto both D1R- and D2R-expressing spines 

in WT (n=7) and R6/2 (n=9) littermates. B. Mean (±SEM) of the number of labeled contacts 

per field of view (14 μm2) for just VGLUT1 and VGLUT2 contacts onto only D1R- and 

D2R-expressing spines. C. Mean (±SEM) of the percent of labeled contacts for VGLUT1 

and VGLUT2 contacts on D1R- and D2R-expressing spines.
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Fig. 11. 
A. Mean (±SEM) of the area of terminal size for all terminals from cortex (VGLUT1) onto 

both D1R- and D2R-expressing spines and from thalamus (VGLUT2) onto both D1R- and 

D2R-expressing spines in WT (n=7) and R6/2 (n=9) littermates. B. Mean (±SEM) of the 

areas of all D1R- and D2R-expressing spines were reduced in R6/2 mice.
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Fig. 12. 
A. Mean (±SEM) numbers of gold particles in VGLUT1 and VGLUT2 terminals contacting 

spines expressing D1Rs or D2Rs in WT (n=7) and R6/2 (n=9) littermates. B. Mean (±SEM) 

density of gold particles in VGLUT1 and VGLUT2 terminals contacting spines expressing 

D1Rs or D2Rs. C. Mean (±SEM) numbers of gold particles in VGLUT1 and VGLUT2 

terminals. D. Mean (±SEM) density of gold particles in spines expressing D1Rs or D2Rs 

and contacted by VGLUT1 and VGLUT2 terminals.
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Table 1

Passive membrane properties of MSNs from WT and R6/2 mice

WT R6/2

Cm (pF) 97.96 ± 3.84 (50) 77.91 ± 1.82 (62)***

Rm (MΩ) 64.52 ± 4.27 (47) 162.06 ± 9.94 (58)***

Tau (ms) 1.78 ± 0.46 (50) 1.68 ± 0.06 (62)

Hold (pA) −91.97 ± 53.47 (50) −41.15 ± 3.79 (62)***

Numbers in parentheses indicate the number of MSNs recorded. Values are means ± S.E.M.

***
indicates statistical significance of p<0.001
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