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Abstract

Huntington’s disease (HD) is a neurodegenerative disorder characterized by massive loss of 

medium spiny neurons in the striatum. However, the mechanisms by which mutant huntingtin 

leads to this selective neuronal death remain incompletely understood. Brain-derived neurotrophic 

factor (BDNF) has been shown to be neuroprotective on HD striatal neurons both in vitro and in 
vivo. ProBDNF, the precursor of mature BDNF (mBDNF), also can be secreted but promotes 

apoptosis of neurons expressing p75NTR and sortilin receptors. Although a reduction of total 

striatal BDNF protein has been reported in HD patients and mouse models, it remains unclear 

whether conversion of proBDNF to mBDNF is altered in HD, and whether the proBDNF 

receptors, p75NTR and sortilin are dysregulated, leading to impaired striatal neuron survival. To 

test these hypotheses, we generated bdnf-HA knock-in (KI) mice on the zQ175 HD background to 

accurately quantitate the levels of both proBDNF and mBDNF in the HD striatum. In aged zQ175 

HD mice, we observed a significant loss of mBDNF and decreased TrkB activation, but no 

increase of proBDNF or p75NTR levels either in the sensorimotor cortex or the striatum. However, 

immunoreactivities of p75NTR and sortilin receptor are both increased in immature striatal 

oligodendrocytes, which associate with significant myelin defects in the HD striatum. Taken 

together, the present study indicates that diminished mature BDNF trophic signaling through the 

TrkB receptor, rather than an induction in proBDNF, is a main contributing factor to the 

vulnerability of striatal neurons in the zQ175 HD mouse model.
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Introduction

Huntington’s disease (HD) is an autosomal dominant disorder associated with progressive 

neuronal degeneration, especially involving the caudate nucleus and putamen of the basal 

ganglia and the cortex (Shoulson and Chase, 1975). The behavioral symptoms of HD 

include a triad of motor dysfunction, psychiatric disturbances and cognitive deficits, as well 

as peripheral phenotypes that include weight loss and muscle wasting (Walker, 2007). The 

disease usually manifests in midlife, and is fatal after 10–15 years from the onset (Cattaneo 

et al., 2005; Crook and Housman, 2011). An expansion of CAG trinucleotide repeats (>35 

repeats) in exon I of the interesting transcript 15 (IT15) gene has been identified as the 

genetic mutation responsible for the disease, which results in an elongated stretch of 

glutamine in the N-terminal of the huntingtin protein (HDCRG, 1993). However, the 

underlying mechanisms by which mutant huntingtin leads to selective and progressive 

neuronal degeneration remain incompletely understood.

Brain-derived neurotrophic factor (BDNF) has been shown to have protective effects on 

striatal neurons both in vitro (Saudou et al., 1998) and in vivo (Bemelmans et al., 1999; 

Kells et al., 2004; Kells et al., 2008; Giampa et al., 2013). A decrease in BDNF levels in the 

cortex and the striatum has been reported in HD patients (Ferrer et al., 2000; Zuccato et al., 

2001; Zuccato et al., 2008) and some HD animal models (Supplemental Table. 1). Selective 

deletion of BDNF in the mouse forebrain leads to loss of striatal neurons and HD-like 

behavioral phenotypes (Baquet et al., 2004), and these mice exhibit changes in gene 

expression that are similar to the ones observed in the human HD caudate (Strand et al., 

2007). Importantly, BDNF haploinsufficiency results in earlier onset and more severe motor 

dysfunctions in HD transgenic mice (Canals et al., 2004), while BDNF overexpression 

ameliorates the symptoms of HD in mouse models (Gharami et al., 2008; Xie et al., 2010). 

Thus, neurotrophic support from BDNF is a key modulator of disease progression in HD.

The vast majority (~95%) of striatal BDNF is anterogradely transported from the cortex 

(Altar et al., 1997; Baquet et al., 2004). Current hypotheses underlying reduced levels of 

striatal BDNF observed in HD patients and animal models include loss of cortical bdnf gene 

transcription (Zuccato et al., 2001; Zuccato et al., 2003; Conforti et al., 2013) and impaired 

axonal transport of BDNF protein in cortical neurons (Gauthier et al., 2004). Since BDNF is 

synthesized as proBDNF (the larger precursor of mature BDNF), and both isoforms can be 

secreted from neurons (Yang et al., 2009), it remains to be determined whether the 

conversion of proBDNF to mature BDNF in the HD cortex and the striatum is abnormal, 

which could not only contribute to HD pathogenesis but also reduce the therapeutic efficacy 

of BDNF overexpression.

Furthermore, in contrast to mBDNF, proBDNF has been shown to induce cell death (Teng et 

al., 2005), synaptic long-term depression (Woo et al., 2005) and growth cone collapse 
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(Anastasia et al., 2013) utilizing p75NTR and sortilin receptor family members. Increased 

p75NTR but reduced TrkB expression has recently been reported in HD patients and some 

HD transgenic mouse models (Brito et al., 2013), suggesting an imbalance of p75NTR/TrkB 

signaling in HD (Plotkin et al., 2014).

To test the hypothesis that enhanced proBDNF-p75NTR signaling counteracts the survival 

signaling mediated by mBDNF-TrkB in the HD striatum, we analyzed the levels of different 

BDNF isoforms targeted to the striatum and the expression of TrkB and p75NTR receptors in 

zQ175 KI mouse model of HD. This mouse model carries ~188 CAG repeats contained 

within a chimeric human/mouse exon 1 of murine huntingtin gene (Menalled et al., 2012). 

Prior studies document that zQ175 homozygous mice show hypoactivity in the open field 

(~4 months of age), impaired rotarod activity (~8 months of age), cognitive deficits (~1 year 

of age), and significantly reduced survival (median ~90 weeks of age). Heterozygous mice 

exhibit milder behavioral deficits from around 4.5 months of age. (Heikkinen et al., 2012; 

Menalled et al., 2012). In terms of pathology, homozygous mice have mutant huntingtin 

inclusions/aggregates (~2–4 months of age), early and significant decrease of striatal gene 

markers (~3 months of age) and decreased neuronal cell counts. Decreased expression of 

striatal gene markers are detected in heterozygous mice from ~4.5 months of age (Heikkinen 

et al., 2012; Menalled et al., 2012; Smith et al., 2014). In addition to these behavioral and 

pathological phenotypes, zQ175 KI mice also have electrophysiological, histological, and 

metabolic alterations (Heikkinen et al., 2012; Menalled et al., 2012; Plotkin et al., 2014; 

Smith et al., 2014; Tong et al., 2014), which suggest it as a robust mouse model to study 

molecular mechanisms and therapeutic interventions of HD.

To facilitate detection of endogenously expressed BDNF, we utilized previously generated 

bdnf-HA KI mice, which permits accurate detection and quantification of both proBDNF 

and mBDNF in the mouse brain by detecting the C-terminal HA epitope tag (Yang et al., 

2009). We observe that mBDNF is the predominant BDNF isoform detected in the striatum 

at all postnatal ages. To assess the impact of mutant huntingtin, we crossed zQ175 KI mice 

with bdnf-HA mice, and determined levels of different BDNF isoforms in the hippocampus, 

the striatum and the sensorimotor cortex of +/+ | bdnf-HA, zQ175/+ | bdnf-HA, zQ175/

zQ175 | bdnf-HA mice at 2, 6 and 12 months of age. mBDNF is markedly reduced in zQ175 

HD mouse striatum at 6 months and 12 months of age, while mBDNF in the sensorimotor 

cortex of zQ175 mice only decreases significantly at 12 months of age. TrkB 

phosphorylation is also diminished in the striatum of 12-month-old zQ175 mice. 

Importantly, no proBDNF upregulation is observed at any time points tested. However, 

p75NTR- and sortilin-immunoreactivities are both increased in a subset of immature striatal 

oligodendrocytes in 12-month-old zQ175 mice. Severely impaired myelination is 

concomitantly observed in the striatum of these mice at 12 months of age.

Taken together, our findings demonstrate a significant decrease of mBDNF-TrkB signaling, 

but no induction of proBDNF-p75NTR signaling in striatal neurons of zQ175 mice, 

suggesting that maturation of proBDNF to mBDNF remains intact in this HD mouse model. 

Nevertheless, local induction of p75NTR and sortilin is found in immature striatal 

oligodendrocytes and is associated with severe myelin deficits in the striatum of aged zQ175 

HD mice.
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Material and methods

Mouse strains

bdnf-HA knock-in mice were previously generated (Yang et al., 2009), backcrossed to 

C57Bl6 for >10 generations, and maintained by intercrossing as bdnf-HA/bdnf-HA 
homozygous. The zQ175 knock-in mouse line was supplied from The Jackson Laboratory 

(Stock #370437). zQ175/+ mice were bred with bdnf-HA/bdnf-HA homozygous mice to 

generate zQ175/+ | bdnf-HA/ bdnf-HA mice and wild type littermate (+/+ | bdnf-HA/ bdnf-
HA). zQ175/+ | bdnf-HA/ bdnf-HA mice were then interbred to generate zQ175/zQ175 | 

bdnf-HA/ bdnf-HA mice. Only male mice were used for all the analyses. To monitor CAG 

repeat sizes, tail samples from all animals were collected and sent to Laragen, Inc. for CAG 

sizing. All zQ175 allele carriers have repeat sizes ranging from 171~200.

Immunofluorescence staining and analysis

Mice were injected with sodium pentobarbital (150 mg/kg, I.P.) and transcardially perfused 

with cold phosphate-buffered saline (PBS, pH7.4), followed by 4% paraformaldehyde (PFA) 

in PBS. Brains were post-fixed in 4% PFA overnight at 4°C and then cryoprotected with 

30% sucrose in PBS. Free-floating coronal brain sections (30μm) were prepared on a 

freezing microtome. For immunofluorescence detection, brain sections were incubated in 

blocking buffer (5% normal donkey serum + 0.3% Triton-X 100) and avidin/biotin blocking 

kit (Vector Laboratories) at room temperature, and then incubated with primary antibodies in 

blocking buffer for 18 hours at 4°C. The following primary antibodies were used: goat anti-

p75NTR (1:100, R&D), rabbit anti-pTrkB Y816 (1:1000, kind gift from Dr. Moses V. Chao), 

rabbit anti-sortilin (1:1000, Abcam), rabbit anti-Olig2 (1:1000, Millipore), rabbit anti-NG2 

(1:200, Millipore), mouse anti-2′, 3′-cyclic nucleotide 3′-phosphodiesterase (CNPase) 

(1:200, Millipore), mouse anti-APC (CC1, 1:100, Millipore), rabbit anti-GFAP (1:1000, 

DAKO), rabbit anti-Iba1 (1:500, DAKO), rabbit anti-cleaved caspase-3 (1:200, Cell 

signaling). The secondary antibodies used were biotinylated donkey anti-goat IgG (1:400, 

Jackson ImmunoResearch), donkey anti-rabbit Alexa 488, donkey anti-mouse Alexa 488 or 

647 (1:1000, Jackson ImmunoResearch). Cy3- or Cy5-conjugated streptavidin (1:1000, 

Jackson ImmunoResearch) was used to visualize biotinylated secondary antibodies. Three 

animals per genotype were analyzed for each experiment. For quantification, 

immunofluorescence images were examined on Zeiss Axio Observer.Z1 inverted microscope 

and captured using the same exposure time / channel / experiment by AxioCam MRC 

camera. Quantitative analyses (mean pixel intensity measurement) were performed using 

Image J v1.33 software by Wayne Rasband (National Institutes of Health, Bethesda, MD, 

USA).

Western blot analysis

Dissected tissues were minced and lysed in lysis buffer (1% NP-40, 1% Triton X-100, 1mM 

PMSF, 10% glycerol and protease inhibitor cocktail (Sigma) in Tris-buffered saline) for 30 

min on ice. Lysates were further titrated using a 30g needle, and supernatants were collected 

following centrifugation at 14,000 rpm for 5 min. Cleared lysates were then resolved by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following 

transfer, Western blots were blocked and incubated with primary antibodies, followed by 
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labeling with HRP-conjugated secondary antibodies and developed with the ECL kit 

(Amersham). The following primary antibodies were used: mouse anti-HA.11 (1:3000, 

Covance), rabbit anti-TrkB (1:3000, Millipore), rabbit anti-pTrkB Y490 (1:1000, generous 

gift from Dr. Moses V. Chao), rabbit anti-pERK (1:1000, Cell signaling), rabbit anti-ERK1/2 

(1:3000, Cell signaling), rabbit anti-p75 (1:2000, 9992 antisera, kindly provided by Dr. 

Moses V. Chao), mouse anti-sortilin (1:1000, BD biosciences). For HA immunoblotting, 

membrane was fixed with 2.5% gluteraldehyde in PBS for 30 min at room temperature after 

transfer and washed extensively in PBS before blocking and antibody incubation. N=5 

animals per genotype were used for each experiment. In Western blot densitometry analysis, 

values were normalized by loading control protein levels and then averaged to compare with 

wild type mice.

Enzyme-linked Immunosorbent Assay (ELISA)

To measure levels of total BDNF in brain lysates, mice were euthanized and the cortex, 

hippocampus and striatum were dissected and rapidly frozen on dry ice. Tissue lysates were 

prepared as for Western blot analysis. Lysates containing 300μg of hippocampal, 600μg of 

cortical, or 900μg of striatal proteins were diluted to 100μl using blocking buffer and were 

analyzed in duplicate. Analysis was performed according to the manufacturer’s instructions 

(Promega BDNF ELISA kit). Values were calculated as picogram (pg) of BDNF per 

milligram (mg) of tissue protein and standardized to the average of wild type animals. N=5 

animals were used for each genotype at each time point.

Electron microscopy and analysis

Sections were processed for electron microscopy as previously described (Milner et al., 

2011). Briefly, 12-month-old wild type or zQ175 homozygous mice were overdosed with 

sodium pentobarbital (150 mg/kg, i.p.) and perfused transcardially with 2% heparin-saline 

followed by 3.75% acrolein in 2% paraformaldehyde. The brains were removed from skull, 

post-fixed in 2% acrolein and 2% paraformaldehyde for 30 minutes, and then placed in 0.1M 

phosphate buffer (PB; pH7.4). Coronal sections through the brains were cut (40μm thick) 

using Vibratome, and stored in cryoprotectant at −20°C until use.

For p75NTR immunolabeling, striatal sections were rinsed in PB to remove cryoprotectant 

and then incubated in 1% sodium borohydride in PB for 30min to remove active aldehydes. 

Sections were then washed in 8–10 changes of PB until all the gaseous bubbles disappeared 

and then placed in 0.1 M Tris-buffered saline (TS), pH 7.6. Sections were then incubated 

sequentially in: (1) 0.5% bovine serum albumin (BSA) in TS; (2) p75NTR antisera (1:800, 

R&D) in 0.1% BSA + 0.025% Triton X-100 in TS for 1 d at room temperature (~23°C), 

followed by 3 d cold (~4°C); (3) 1:400 of biotinylated anti-goat IgG (Jackson 

ImmunoResearch), 30 min; (4) 1:100 peroxidase-avidin complex (Vectastain Elite Kit), 30 

min; and (5) 3,3′-diaminobenzidine (DAB; Sigma-Aldrich) and H2O2 in TS, 6 min. All 

incubations were separated by washes in TS. Sections were rinsed in 0.1M PB and then 

postfixed in 2% osmium tetroxide in PB for 1 hour, dehydrated and embedded with Epon 

812 between two sheets of Aclar plastic. Sections from dorsal striatum were selected, 

mounted on EMBed chucks and trimmed to 1–1.5mm wide trapezoids. Ultrathin sections 

(~65 nm thick) within 0.1–0.2 μm to the tissue-plastic interface were cut on a Leica Ultracut 
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ultratome, collected into copper mesh grids, and counterstained with uranyl acetate and 

Reynold’s lead citrate. Sections were viewed and photographed using a FEI Tecnai Biotwin 

electron microscope equipped with a digital camera (Advanced Microscopy Techniques, 

software version 3.2). 10 random but not overlapping EM pictures of p75NTR 

immunolabeling in the striatum were taken per animal, and three animals of each genotype 

were analyzed.

G-ratios (calculated as diameter of the axon/outer diameter of the myelinated fiber) of at 

least 300 myelinated axons per genotype and area were measured. Data are displayed as a 

scatter-plot against axon diameter. To calculate percentage of unmyelinated fibers, 10 non-

overlapping EM pictures from each striatal section containing myelinated axonal bundles 

were randomly chosen and fibers without myelin sheath (myelin stained black by the 

osmium stain) were counted in each section. Data are then expressed as number of 

unmyelinated fibers / total number of fibers analyzed. At least 100 axons within the striatum 

were quantified per animal. N=3 animals of each genotype were analyzed. Observer was 

blind to the genotypes during quantitation analysis of all EM images.

RNA isolation and reverse transcription

Total RNA from brain tissues was isolated utilizing TRIZOL reagent (Life Technologies). 

RNA was treated with DNase I (Life Technologies) to remove DNA contamination. RNA 

was then reverse transcribed into single-stranded cDNA using SuperScript III First-Strand 

Synthesis System (Life Technologies) as described by the manufacturer.

Real-time quantitative PCR analysis

Real-time PCR analyses were performed as described previously (Conforti et al., 2013) with 

minor modifications. Mastercycler Realplex2 real-time PCR machine (Eppendorf) was used, 

and all reactions were performed in a total volume of 25μl containing 50ng of cDNA, 

QuantiTect SYBR Green PCR kit (Qiagen) and 0.4μM of forward and reverse primers. 

Amplification cycles were carried out as follows: an initial denaturing cycle at 95°C for 

15min, followed by 50 cycles of 95°C for 30s, 60°C for 30s and 72°C for 30s, for all of the 

genes analyzed. Ct was quantified during the 60°C annealing step. Amounts of bdnf mRNA 

were normalized to a reference gene (β-actin). Each sample was repeated in triplicate for 

statistical analyses. Primer sequences used are as follows: bdnf coding exon forward, 5′-

TCGTTCCTTTCGAGTTAGCC-3′; bdnf coding exon reverse, 5′-

TTGGTAAACGGCACAAAAC-3′; β-actin forward, 5′-

AGTGTGACGTTGACATCCGTA-3′; β-actin reverse, 5′-

GCCAGAGCAGTAATCTCCTTCT-3′.

Statistical Analysis

All of the data were analyzed with the program GraphPad Prism version 6.0 (GraphPad 

Software, La Jolla, CA, USA). Values are presented as the mean ± standard error of mean 

(S.E.M.). Statistical differences between the groups were determined using the unpaired 

Student’s t test unless indicated otherwise. Statistical differences were considered to be 

significant for P<0.05 (* P<0.05, ** P<0.01, *** P<0.001, n.s. non-significant).
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Results

Mature BDNF is the predominant isoform of BDNF in the wild type striatum and declines 
with aging

Quantitation of levels of endogenous BDNF proteins in the murine cortex and the striatum is 

technically challenging, given the extremely low concentration of BDNF isoforms in these 

regions as well as limitations in antibody specificity and sensitivity. Although reduced 

trophic support of BDNF has been proposed as an underlying mechanism in HD 

pathogenesis, prior studies in HD mouse models showed conflicting results regarding the 

levels of BDNF in the cortex and the striatum (Gines et al., 2003; Seo et al., 2008; 

Bobrowska et al., 2011; Sontag et al., 2012; Plotkin et al., 2014). Moreover, the ratio of 

proBDNF to mBDNF in the striatum of wild type and HD mice remains unknown.

To facilitate detection of endogenously expressed BDNF, we utilized bdnf-HA KI mice in 

which the endogenous bdnf coding exon was replaced with the murine bdnf sequence with a 

C-terminal HA epitope tag, which permits accurate detection and quantification of both 

proBDNF and mBDNF in the mouse brain (Yang et al., 2009). The HA tag is not detected in 

wild type C57Bl/6 mice by Western blot analysis and does not affect the total level of BDNF 

as quantitated by ELISA (Yang et al., 2009). This bdnf-HA KI mouse line has been 

extensively evaluated and is indistinguishable from the wild type C57Bl/6 mice, as assessed 

by neuronal morphology, dendritic spine density, and electrophysiology (Yang et al., 2014).

In mice with two bdnf-HA alleles (bdnf-HA/bdnf-HA), previous studies have shown that 

levels of both proBDNF and mBDNF in the hippocampus peak around postnatal day 15–21, 

and then decrease in adulthood (Yang et al., 2014). To evaluate the levels of both BDNF 

isoforms in the cortex and striatum of wild type mice, we collected sensorimotor cortices 

and striatum from mice at different ages (Postnatal day 15, 6 months, 12 months), and 

determined BDNF protein levels using antibodies to detect the HA tag by Western blot 

analysis. At all ages, mBDNF is the predominant isoform detected in all the three brain 

regions (the hippocampus, the cortex and the striatum) (Fig. 1A). Notably, proBDNF is 

detected in the hippocampus and the cortex, but not in the striatum (Fig. 1A, B). mBDNF in 

the striatum is 49 ± 0.9% lower than mBDNF in the cortex at all ages (Fig. 1C). The ratio of 

total BDNF levels among these three brain regions is consistent with the quantification of 

total BDNF levels by ELISA when animals are 6-month-old (Supplemental Fig. 1A). 

Importantly, unlike hippocampus, both cortical and striatal mBDNF levels drop ~50% from 

6 months of age to 12 months of age in wild type animals (Fig. 1C), suggesting that trophic 

support of BDNF declines with aging in these two brain regions that degenerate early in HD.

Age-dependent reduction of mature BDNF but no increase of proBDNF in the striatum and 
the cortex of zQ175 mice

To determine whether the total level of BDNF and the ratio between proBDNF and mBDNF 

are altered in HD, we assessed levels of both proBDNF and mature BDNF in 2-month-old 

(pre-symptomatic stage), 6-month-old (disease onset), and 12-month-old (symptomatic 

stage) zQ175 mice with two bdnf-HA alleles and their wild type littermates by Western blot 

analysis using antibodies to detect the HA tag. At the time point of 2 months, which is 
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before disease onset of zQ175 HD mice (Menalled et al., 2012), no significant changes of 

either proBDNF or mBDNF are detected in the hippocampus, the cortex or the striatum of 

zQ175 mice (Fig. 2A, B, C).

However, we observed a significant reduction of mBDNF in the striatum of zQ175 

heterozygous mice (47.7 ± 5.4% reduction, P=0.0076) and zQ175 homozygous mice (47.8 

± 8.6% reduction, P=0.0293) compared to wild type mice at 6 months of age (Fig. 2D, E). 

The timing of BDNF level reduction in the striatum correlates with the onset of motor 

behavior deficits in this line of HD mouse model (Smith et al., 2014). Notably, no significant 

decrease of mBDNF is detected in the hippocampus and the cortex at 6 months of age (about 

8.84% and 3.34% reduction, respectively, P>0.05) (Fig. 2D, E). Thus, the selective decrease 

of BDNF levels in the HD striatum early in disease progression is consistent with the 

hypothesis that BDNF anterograde transport from the cortex is impaired by mutant 

huntingtin (Gauthier et al., 2004). Moreover, proBDNF is barely detectable in the WT and 

HD striatum, and proBDNF levels decrease by approximately 50% in the hippocampus and 

the cortex of zQ175 heterozygous and homozygous mice as compared to wild type mice 

(Fig. 2D, F).

In the relatively late stage of the disease, when animals are 12-month-old, we observed a 

trend towards a decrease of mBDNF in the hippocampus of zQ175 expressing mice as 

compared to wild type (15.5 ± 5.4% and 24.1 ± 7.2% in zQ175 heterozgyous and 

homozygous mice respectively), but this did not reach statistical significance. In contrast, we 

observed a 41.0 ± 6.3% (P=0.0351) and 53.3 ± 5.4% (P=0.0132) reduction in mBDNF in the 

cortex of mice expressing one or two zQ175 alleles, respectively. In the striatum, mBDNF 

levels are significantly reduced by approximately 60%, with similar levels observed in 

zQ175 heterozygous (P=0.0007) and homozygous (P=0.0271) animals (Fig. 2G, H). Given 

that mBDNF is the predominant isoform of all the three brain regions tested, the alterations 

of mBDNF levels in the hippocampus, the cortex and the striatum of zQ175 mice at the age 

of 12 months are in line with the measurement of total BDNF by ELISA (Supplementary 

Fig. 1B). We also observed a 38.2 ± 5.4% (P=0.0252) and 40.2 ± 9.8% (P=0.0375) reduction 

of total bdnf mRNA in the cortex of 12-month-old heterozygous and homozygous zQ175 

mice respectively (Supplemental Fig. 2), which correlates well with the reduction of 

mBDNF protein in the cortex of zQ175 mice at 12 months (Fig. 2G, H), and further supports 

the literature that deficiency in mRNA transcription contributes to the reduced level of 

BDNF protein (Zuccato et al., 2001). It is noteworthy that proBDNF remains undetectable in 

the cortex or the striatum of both WT and zQ175 mice at 12 months of age, and 

hippocampal proBDNF levels further decrease in the zQ175 mice to approximately 30% 

compared to wild type littermates (Fig. 2G, I).

These results demonstrate that single mutant huntingtin allele is sufficient to induce a 

reduction of BDNF levels both in the cortex and the striatum of zQ175 mice in an age- and 

region-dependent manner. However, conversion of proBDNF to mature BDNF is not 

impaired in this HD animal model.
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Diminished TrkB activation in the striatum of zQ175 mice

Striatal neurons express both a full-length, kinase active TrkB receptor (TrkB), which is 

activated by mBDNF, as well as a truncated, catalytically inactive TrkB receptor (TrkB-T) 

(Eide et al., 1996). To evaluate whether the reduction in the level of BDNF detected in the 

striatum results in decreased TrkB activity, we examined levels of both isoforms of TrkB 

receptor and its phosphorylation in the cortex and the striatum of zQ175 mice at the age of 

12 months. We did not observe significant changes of either full-length or truncated TrkB in 

the cortex (Fig. 3A, C) or in the striatum (Fig. 3B, D) of 1-year-old zQ175 mice. We 

observed a nonsignificant decrease in phosphorylated TrkB receptor (pTrkB) in the cortex 

(P=0.1703 and P=0.1321 respectively) (Fig. 3A, E). However, level of pTrkB is markedly 

reduced to ~50% in the striatal lysates from both zQ175 heterozygous and homozygous 

animals compared to wild type (P=0.0168 and P=0.0023 respectively) (Fig. 3B, E). This 

indicates that BDNF neuroprotective signaling via TrkB receptor is impaired in the striatum 

but not in the cortex, and it precedes depletion of full-length TrkB receptor or increase of 

truncated TrkB receptor.

To further examine whether pTrkB is decreased in striatal medium spiny neurons, we 

performed immunofluorescence staining in striatal sections. In the striatum, pTrkB-

immunoreactivity (pTrkB-ir) is diffuse. Relatively higher intensities of pTrkB-ir are seen in 

the cell bodies of medium spiny neurons, as marked by Darpp-32 expression (Supplemental 

Fig. 3A, C). We found that there is ~30% reduction in pTrkB-ir in the striatum (P=0.0134) 

but not in the cortex of zQ175 homozygous mice at 12 months of age compared to their wild 

type littermates (Supplemental Fig. 3B), as quantified by overall intensity in the field and 

cellular intensity in Darpp-32 labeled cell bodies. The number of Darpp-32 labeled cells per 

field is similar between wild type and zQ175 mice (Supplemental Fig. 3D, E). This suggests 

that TrkB phosphorylation is decreased significantly in the HD striatum, including the 

striatal medium spiny neurons.

Induction of p75NTR and sortilin in immature striatal oligodendrocytes

p75NTR and sortilin receptor family have been shown to mediate apoptosis or degeneration 

in a variety of cell types responding to proneurotrophins or other ligands (Beattie et al., 

2002; Wang et al., 2002; Teng et al., 2005; Charalampopoulos et al., 2012; Takamura et al., 

2012). To assess whether p75NTR and sortilin may play a role in the pathogenesis of HD, we 

examined the expression of these proteins in the striatum of zQ175 mice. In 12-month-old 

zQ175 mice, we found that the sortilin level is significantly increased by ~30% in the 

striatum (P=0.0281 and P=0.0155 respectively), but is unchanged in the cortex (P=0.1713 

and P=0.0583 respectively), as determined by Western blot analysis (Fig. 4A, B, D). In 

contrast, there is a significant decrease of p75NTR levels by ~40% in both the cortex and the 

striatum of zQ175 heterozygous and homozygous animals compared to the wild type 

(P<0.01 of all values) (Fig. 4A, B, C).

We next evaluated the pattern of p75NTR and sortilin labeling in the wild type and zQ175 

mouse striatum. In 12-month-old wild type mice, p75NTR labels patches of processes 

surrounding 1~3 cell bodies in the striatum (Fig. 5A). Electron microscopy verified that 

p75NTR immunolabeling is in the axons in the wild type striatum (Supplemental Fig. 5A). 
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The specificity of this labeling is validated using brain sections from p75−/− animals (data 

not shown). In 12-month-old zQ175 homozygous mice, we found a reduction of patchy 

labeling of p75NTR in the striatum, but a robust induction of p75NTR signal in the cell bodies 

of a subpopulation of cells (Fig. 5B). Further analysis reveals that p75NTR is not present in 

the cell bodies of medium spiny neurons in either WT (Fig. 5C) or zQ175 homozygous mice 

(Fig. 5D). No co-localization between p75NTR and an astroglial marker (GFAP) or a 

microglial marker (Iba1) was observed in 12-month-old zQ175 homozygous mice 

(Supplemental Fig. 4A, B). Instead, the p75NTR-labeled cells in 12-month-old zQ175 

homozygous striatum are positive for Olig2 marker (Fig. 6B), suggesting an oligodendrocyte 

lineage, which is further verified by electron microscopy (Supplemental Fig. 5B). To 

determine the developmental stage of these oligodendrocytes, we performed 

immunofluorescence detection of p75NTR with several oligodendrocyte markers (Fig. 6A). 

The results indicate that the p75NTR-immunoreactive cells are 2′, 3′-Cyclic-nucleotide 3′-

phosphodiesterase (CNPase)-immunoreactive (Fig. 6D), but are negative for NG2- or APC 

(CC1)-labeling (Fig. 6C, E) in the striatum, implying that these cells are not oligodendrocyte 

precursor cells or mature myelinating oligodendrocytes, but are immature oligodendrocytes. 

However, the p75NTR-labeled cells are not immunoreactive for cleaved caspase-3 (Fig. 6F), 

suggesting that p75NTR is not inducing apoptosis of these oligodendrocytes.

Simultaneous induction of sortilin in p75NTR-immunoreactive oligodendrocytes is also 

observed in the zQ175 homozygous striatum at the age of 12 months (Fig. 7A–D). 

Importantly, this induction of p75NTR and sortilin in oligodendrocytes was not observed in 

zQ175 mice at 6 months of age or WT mice at any time points (data not shown).

Impaired myelination in the striatum of aged zQ175 mice

We next assessed whether there is a myelin defect in the HD striatum associated with 

p75NTR induction in the oligodendrocytes. For this, we analyzed axon clusters of the internal 

capsule islands in the striatum by electron microscopy. Ultrastructural analysis revealed a 

significant decrease in myelin sheath thickness in the striatal axons from 12-month-old 

zQ175 mice (Fig. 8A) as measured by G-ratio (P=0.0005) (Fig. 8B, C). We also found a 

two-fold increase in percentage of unmyelinated axons (P=0.0202) in the striatum of 12-

month-old zQ175 homozygous mice (Fig. 8D). However, no decrease of total number of 

mature oligodendrocytes as detected by CC1 labeling in the striatum was observed (Fig. 8E). 

These data suggest that there is deficient myelination correlating with p75NTR induction in 

immature striatal oligodendrocytes of zQ175 homozygous mice at 12 months of age, and 

this impairment in myelination is not contributed by a decrease in the number of mature 

myelinating oligodendrocytes.

Discussion

The precise mechanisms that lead to selective striatal neuronal death in HD are unclear. 

Deficiency in BDNF trophic support has been proposed as an important mechanism 

underlying HD pathogenesis. However, prior studies have reported inconsistent results 

regarding levels of BDNF and its receptors in different HD mouse models (Gines et al., 

2003; Zuccato et al., 2005; Seo et al., 2008; Bobrowska et al., 2011; Sontag et al., 2012; 
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Plotkin et al., 2014). Furthermore, given that proBDNF and mBDNF have opposing effects 

on cell survival, the question of whether BDNF maturation is impaired in HD needs to be 

determined. To clarify this, we evaluated the levels of both proBDNF and mBDNF and 

alterations of their receptors in the cortex and the striatum of zQ175 mouse model of HD. 

Our findings demonstrate an age- and region-dependent loss of mBDNF-TrkB signaling, but 

no induction of proBDNF-p75NTR signaling in striatal neurons of zQ175 mice, suggesting 

that maturation of proBDNF to mBDNF remains intact in the corticostriatal circuitry of this 

HD mouse model. However, local induction of p75NTR and sortilin immunoreactivities is 

found in a subset of immature oligodendrocytes in the striatum and is associated with severe 

myelin deficits of these fibers in the striatum of aged zQ175 HD mice.

Levels of different BDNF isoforms in the wild type and HD murine striatum

Since the discovery of the potential link between BDNF deficiency and HD pathogenesis, 

multiple studies have examined BDNF levels in the brain of HD mouse models (summarized 

in Supplemental Table.1). A variety of factors could contribute to the inconsistencies in 

previous studies regarding BDNF levels in HD mice: first, different lines of animal models 

are used, among which the expression levels and structure of mutant huntingtin protein 

varies (Crook and Housman, 2011). Large differences exist among these genetic HD mouse 

models regarding the disease progression curve, in which disease onset, as assessed by 

behavioral tests, can range from 8 weeks to 12 months (Menalled, 2005). Thus, levels of 

BDNF can vary significantly due to the use of different animal models at different time 

points. Second, different approaches and reagents have been used to measure the amount of 

BDNF. In-situ hybridization or RT-PCR provide information on mRNA levels, but may not 

correlate precisely with protein level, particularly as BDNF can be transported long 

distances via axonal projections from the cortex to the striatum (Altar et al., 1997). 

Furthermore, lack of specific and sensitive antibodies to detect BDNF protein, due to its 

highly conserved sequence across species, results in low sensitivity and specificity, 

particularly problematic due to the extremely low level of BDNF in the cortex and the 

striatum of aged animals, using Western blot analysis or ELISA. These factors may 

contribute to the discrepancy among multiple publications using the same animal model and 

the same time points.

To quantitatively determine the change of levels of different BDNF isoforms, we utilized 

bdnf-HA KI mice on zQ175 HD mice background to facilitate the detection of endogenously 

expressed proBDNF and mBDNF in tissue lysates. At an early stage of disease (6 months), 

we observed a profound loss of striatal mBDNF but no change of cortical mBDNF, 

supporting the hypothesis that BDNF anterograde transport from the cortex to the striatum is 

deficient (Gauthier et al., 2004). This is also in line with a recent publication indicating 

BDNF mRNA level in the cortex is similar between wild type and zQ175 heterozygous 

animals (Plotkin et al., 2014). At late stage of disease (12 months), we found that both 

striatal and cortical mBDNF levels are markedly reduced, which correlate with overt onset 

of behavioral and cognitive symptoms. The age- and region-dependent reduction of mBDNF 

is consistent with progressive loss of bdnf gene transcription (Gines et al., 2003; Zuccato et 

al., 2005; Seo et al., 2008; Bobrowska et al., 2011; Sontag et al., 2012; Plotkin et al., 2014).
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ProBDNF can act as a death-promoting factor to neurons. However, no studies have reported 

the ratio of proBDNF to mBDNF in the wild type murine striatum during aging, and it is 

unknown whether conversion of proBDNF to mBDNF is altered in HD, which could 

contribute to HD pathogenesis and hinder the therapeutic potential of increasing BDNF 

expression. By utilizing bdnf-HA KI animals, we observed that mBDNF is the predominant 

form present in the striatum during normal postnatal development and with aging.

The lack of striatal proBDNF in wild type mice can be explained by: (1) striatal neurons 

synthesize relatively low levels of BDNF isoforms, as compared to that transported from 

other brain regions; (2) efficient conversion of proBDNF to mBDNF during anterograde 

transport from the cortex. After being synthesized in cortical neurons, proBDNF or the 

cleaved products of prodomain and mature BDNF targeted to the striatum are transported 

within dense core vesicles along corticostriatal axons (unpublished observations). Our 

results suggest that most proBDNF trafficked to the striatum might already be processed to 

mBDNF in the wild type mice, and the level of intact proBDNF present in the striatum is 

below the limits of detection by this approach.

It is also noteworthy that no increase in proBDNF levels was observed either in the 

sensorimotor cortex or the neostriatum of zQ175 HD mice at 12 months, suggesting that the 

maturation pathway of BDNF is still intact in zQ175 HD cortical neurons at this time point. 

Given the pathological differences among HD mouse models, utilizing bdnf-HA KI mice on 

different HD mouse models would be important in the future to clarify the field.

In addition, several publications have shown the therapeutic potentials of overexpressing 

proBDNF cDNA under the control of the Ca2+/calmodulindependent kinase II (CaMKIIa) 

promoter in the forebrain of HD transgenic mice (Gharami et al., 2008; Xie et al., 2010). 

However, it remains to be evaluated whether proBDNF processing is inefficient when there 

is massive BDNF overexpression in vivo, which would otherwise lead to an imbalance in 

death-survival signaling.

Alterations of TrkB / p75NTR levels and downstream signaling in HD mouse models

Recent studies suggest that p75NTR/TrkB imbalance is associated with striatal vulnerability 

in HD (Brito et al., 2013; Plotkin et al., 2014). However, data regarding TrkB / p75NTR 

levels and their downstream signaling are not consistent among different animal models 

(Gharami et al., 2008; Xie et al., 2010; Simmons et al., 2013; Plotkin et al., 2014). In aged 

zQ175 KI HD mice, we observed significant decreased TrkB phosphorylation in the cell 

bodies of medium spiny neurons using validated antibodies. This result can be explained by 

the reduction in the amount of the ligand (mBDNF) as well as deficits of BDNF-TrkB 

retrograde transport in the HD striatum (Liot et al., 2013). These results support the previous 

hypothesis of diminished mBDNF-TrkB trophic signaling in HD. However, using multiple 

validated antibodies, we detected little p75NTR-immunoreactivity in the cell bodies of 

medium spiny neurons in wild type or zQ175 mice, and the total level of p75NTR in the 

striatum decreases in aged zQ175 HD mice compared with wild type by Western blot 

analysis. Different p75NTR antibodies and different HD animal models may be responsible 

for the discrepancy between this result and the previous reports. Nevertheless, we did find an 

elevation in the JNK/caspase-3 apoptotic signaling cascade (data not shown), which suggests 
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that pro-apoptotic downstream signaling is indeed augmented in the striatum of aged zQ175 

HD mice, although p75NTR-mediated mechanisms may not be the only factor contributing to 

this augmentation.

Role of p75NTR and sortilin in oligodendroglial development and HD pathogenesis

Impaired myelination has been reported in HD patients (Bartzokis et al., 2007) and mouse 

models (Xiang et al., 2011; Jin et al., 2015). The molecular mechanisms underlying this 

white matter abnormality are largely unknown, although PGC-1α deficiency (Xiang et al., 

2011) and altered proliferation of oligodendrocyte precursor cell (Jin et al., 2015) could be 

contributing factors. Interestingly, our study revealed that p75NTR- and sortilin-

immunoreactivities are both significantly elevated in a subset of immature striatal 

oligodendrocytes in aged zQ175 HD mice, and this correlates with myelination defect in the 

HD striatum.

In many neurodegenerative diseases including HD and amyotrophic lateral sclerosis 

(Bartzokis et al., 2007; Kang et al., 2013), the physiologic response of oligodendrocytes, to 

repair and remyelinate after myelin breakdown, results in oligodendrocyte progenitor 

proliferation and differentiation. Failure of newly formed oligodendrocytes to mature leads 

to progressive demyelination (Kang et al., 2013). It is possible that p75NTR and sortilin 

upregulation in this subgroup of immature oligodendroglia is relevant to the failed attempt of 

newly generated oligodendrocyte to mature and remyelinate upon insults, which ultimately 

leads to deficient myelination.

While p75NTR has been shown to be a positive modulator of remyelination in Schwann cells 

of peripheral nervous system (Tomita et al., 2007), its role in myelination of central nervous 

system has not been firmly established. In mature oligodendrocytes, p75NTR is shown to 

mediate cell apoptosis via JNK and caspase-3 pathway in response to high concentration of 

mature nerve growth factor (NGF) in vitro (Casaccia-Bonnefil et al., 1996) or proNGF in 
vivo after spinal cord injury (Beattie et al., 2002). In immature oligodendrocytes, p75NTR 

can be upregulated in response to demyelination insults (Chang et al., 2000; Petratos et al., 

2004), but its function in oligodendrocyte differentiation and maturation remains to be 

determined. Some in vitro studies indicate that p75NTR can partner with Trk receptors to 

facilitate basal forebrain oligodendrocytes maturation induced by NGF or neurotrophin-3 

(NT-3) (Du et al., 2006), or form a complex with LINGO-1 to mediate inhibition of 

oligodendrocytes differentiation (Mi et al., 2004; Mi et al., 2005; Bourikas et al., 2010). 

These studies suggest that p75NTR can serve diverse functions in immature oligodendrocytes 

depending on the ligand present and the receptor with which p75NTR is paired. p75NTR and 

sortilin family members can interact directly and are both required to mediate pro-

neurotrophins-induced cell death (Teng et al., 2005) or growth cone retraction in neurons 

(Deinhardt et al., 2011). Whether they have similar functions in oligodendrocytes 

development in HD needs further investigation.

Nonetheless, since p75NTR antagonism has been proposed as a therapeutic strategy (Brito et 

al., 2013), and shown to rescue striatal long-term potentiation deficit in a HD mouse model 

(Plotkin et al., 2014), it would also be important to examine whether downregulating p75NTR 
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will facilitate the remyelination process and modulate disease progression in the late stage of 

this devastating disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Accurate quantitation of endogenously expressed proBDNF and mature BDNF 

in murine striatum

• Age and region-dependent loss of mBDNF in the cortex and striatum of zQ175 

HD mice

• No proBDNF induction observed in the brain of aged zQ175 HD mice

• p75NTR and sortilin induction associates with myelin defects in the striatum of 

aged zQ175 HD mice
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Figure 1. mBDNF is the predominant form and its level declines with age
(A) Representative Western blot showing levels of BDNF isoforms in the hippocampus 

(HP), the cortex (CTX), and the striatum (STR) of wild type bdnf-HA/bdnf-HA mice at the 

age of postnatal day 15 (P15), 6 months and 12 months. Note that levels of both BDNF 

isoforms decrease with age, and intact proBDNF is barely detectable in the striatum at all 

the time points. Quantitative results of mBDNF level (B) and proBDNF (C) in HP, CTX and 

STR at the age of P15, 6months and 12 months show that the levels of both BDNF isoforms 

in CTX and STR are substantially lower than the HP, and both proBDNF and mBDNF levels 

decline significantly with age in all the three brain regions, except that proBDNF cannot be 

detected in STR at all the time points. AU, arbitrary units.
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Figure 2. Age-dependent loss of mBDNF but no induction of proBDNF in the striatum of zQ175 
mice
(A, B) No significant alterations in either isoform of BDNF are observed in HP, CTX, and 

STR when animals are 2 months old. (C, D) Decrease of mBDNF without upregulation of 

proBDNF in the striatum of zQ175 heterozygous and homozygous mice compared with wild 

type (WT) mice at 6 months of age. proBDNF level decreases while no change of mBDNF 

level is detected in both HP and CTX. (E, F) Total BDNF levels of both CTX and STR 

reduce significantly in zQ175 heterozygous and homozygous mice when animals are 12 

months old. proBDNF is not induced in either CTX or STR, and there is a decrease of 

proBDNF level in HP lysates of zQ175 mice compared to WT.
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Figure 3. Diminished TrkB activation in the striatum of zQ175 mice
(A) Representative Western blot showing that total TrkB levels (both full-length and 

truncated TrkB) and phosphorylated TrkB (p-TrkB) levels are modestly reduced in the 

cortex of zQ175 mice at 12 months of age. (B) Total TrkB levels (both full-length and 

truncated TrkB) are not changed in the striatum of zQ175 mice, while p-TrkB level is 

significantly reduced in both 12-month-old zQ175 heterozygous and homozygous animals. 

(C, D) Densiometric quantification results of full-length TrkB (TrkB) and truncated TrkB 

(TrkB-T) protein levels in cortical (C) and striatal (D) lysates from wild type and zQ175 

mice demonstrate no significant change of total TrkB levels in either the cortex or the 

striatum. (E) Quantification results of p-TrkB level in the cortex and the striatum of zQ175 

mice. TrkB activation is only significantly diminished in the striatum but not the cortex. 

Values were normalized by total Erk1/2 levels and then averaged to compare with wild type.

Ma et al. Page 22

Neurobiol Dis. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Alterations of p75NTR and sortilin levels in both the cortex and the striatum of zQ175 
mice
(A) At the age of 12 months, p75NTR level is significantly reduced in the cortex of zQ175 

mice, while sortilin level is modestly increased. (B) p75NTR level is also significantly 

reduced in the striatum of 12-month-old zQ175 mice, but sortilin level is significantly 

increased. Both (C) Quantification results of p75NTR level showing a significant decrease 

(~40%) of p75NTR in the cortex and the striatum of both zQ175 heterozygous and 

homozygous animals. (D) Quantification results of sortilin level showing a modest increase 

of sortilin in the cortex but a significant sortilin induction in the striatum of both zQ175 

heterozygous and homozygous animals.
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Figure 5. Alteration of p75NTR labeling pattern in the striatum of zQ175 mice
(A, B) Immunofluorescence staining of p75NTR in the striatum of 12-month-old wild type 

(A) and zQ175 homozygous mice (B). Note the reduction of p75NTR immunoreactivity of 

the patch-like labeling but induction of p75NTR in the cell bodies in zQ175/zQ175 striatum. 

Boxes in (A) and (B) are enlarged in (C) and (D), respectively. Double immunofluorescence 

staining shows no co-localization between p75NTR (arrowhead) and Darpp-32 (medium 

spiny neuron marker) in the striatum of both wild type (C) and zQ175 homozygous mice 

(D). Scale bar: 50μm (A, B), 20μm (C, D).
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Figure 6. Detection of p75NTR in immature striatal oligodendrocytes of zQ175 mice
(A) Scheme showing the expression timeline of different oligodendrocyte markers in 

different stage of oligodendrocyte development. OPC, oligodendrocyte precursor cells. OL, 

oligodendrocyte. (B–E) Colocalization of p75NTR labeled cells with oligodendrocyte lineage 

marker Olig2 (B) and CNPase (D), but not oligodendrocyte precursor cell marker NG2 (C) 

or mature oligodendrocyte marker CC1 (D) in the striatum of zQ175 homozygous mice at 

the age of 12 months. (F) p75NTR-immunoreactive cells (arrow) in the striatum do not 

colocalize with cleaved caspase-3 immunoreactivity (arrowhead). Scale bar, 20μm.
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Figure 7. Simultaneous upregulation of p75NTR and sortilin in the same oligodendrocytes of 
striatum in zQ175 animals
Triple immunofluorescence labeling of p75NTR (A), sortilin (B), and CNPase (C) in zQ175/

zQ175 striatum at 12 months of age. (D) Overlay of (A–C) shows the presence of both 

p75NTR and sortilin in the same oligodendrocytes of zQ175 striatum. Scale bar, 10μm.
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Figure 8. Deficient myelination in the striatum of zQ175 homozygous animals
(A) Representative electron micrographs of myelinated fibers in the striatum of 12-month-

old wild type (left panel) and zQ175/zQ175 mice (right panel). Note the thinner myelin 

sheath in zQ175 homozygous striatum. G-ratio (calculated as axon diameter divided by total 

fiber diameter) is significantly larger in zQ175/zQ175 striatum compared to WT at 12 

months old. Statistics are shown by distribution (B) and average (C). (D) Percentage of 

unmyelinated axons increases significantly in the striatum of zQ175/zQ175 striatum 

compared to WT at 12 months old. (E) Cell counts of CC1+ mature oligodendrocytes in the 

striatum are not different between WT and zQ175 homozygous animals at 12 months of age. 

Scale bar, 500nm (A).
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