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Abstract
One cardinal feature of Huntington’s disease (HD) is the degeneration of striatal neurons,
whose survival greatly depends on the binding of cortical brain-derived neurotrophic factor
(BDNF) with high-affinity (TrkB) and low-affinity neurotrophin receptors [p75 pan-
neurotrophin receptor (p75NTR)]. With a few exceptions, results obtained in HD mouse
models demonstrate a reduction in cortical BDNF mRNA and protein, although autopsy
data from a limited number of human HD cortices are conflicting. These studies indicate the
presence of defects in cortical BDNF gene transcription and transport to striatum. We
provide new evidence indicating a significant reduction in BDNF mRNA and protein in the
cortex of 20 HD subjects in comparison with 17 controls, which supports the hypothesis of
impaired BDNF production in human HD cortex. Analyses of the BDNF isoforms show that
transcription from BDNF promoter II and IV is down-regulated in human HD cortex from
an early symptomatic stage. We also found that TrkB mRNA levels are reduced in caudate
tissue but not in the cortex, whereas the mRNA levels of T-Shc (a truncated TrkB isoform)
and p75NTR are increased in the caudate. This indicates that, in addition to the reduction in
BDNF mRNA, there is also unbalanced neurotrophic receptor signaling in HD.
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INTRODUCTION
Huntington’s disease (HD), a dominantly inherited and progressive
neurodegenerative disease, is caused by an abnormal expansion of
a polyglutamine tract close to the N-terminus of the huntingtin
protein (51). Although mutant huntingtin is ubiquitously expressed
(52), and it is known that global and early neuronal dysfunction
occurs in the brains of HD patients (44, 45), the loss of neurons in
the caudate nucleus and cerebral cortex is a hallmark of the disease
(42).

Since the discovery of the HD gene in 1993, genetic and experi-
mental evidence has provided insights into the pathogenesis of HD,
and many hypotheses concerning its underlying mechanisms are
now being investigated. One that we put forward in 2001 is that
brain-derived neurotrophic factor (BDNF) depletion originating in
the cortex may make striatal neurons more vulnerable (57).

BDNF is a small dimeric protein that was discovered in 1982 (7)
as the second in a family of molecules with neurotrophic activities.
It is primarely synthesised as a 32 kDa precursor known as pro-
BDNF, whose cleavage in the trans-Golgi network or secretory
granules generates a mature 14 kDa biologically active form that is
secreted in a basal and activity-dependent manner (8). Interest-
ingly, more recent findings attribute a functional role to pro-BDNF
at synaptic terminals that triggers intracellular pathways other than
mature BDNF or promotes apoptotic cell death (41, 50). BDNF is
widely expressed in the adult mammalian central nervous system,

but is particularly abundant in the hippocampus and cerebral cortex
(34). Its expression increases during brain development, peaks
after birth (6, 27, 28), and the fact that it does not seem to decline
with age suggests that it plays an essential role in the adult central
nervous system (6, 27, 28). BDNF has survival- and growth-
promoting activity on a variety of neurons, and in addition to its
important role in neuronal development and cell survival,
it is also involved in neuronal plasticity as it controls activity-
dependent synaptic transmission (8).

It is known that BDNF is very important for the striatal neurons
that die in HD. These require BDNF for their survival and differen-
tiation during development (2, 24, 33, 36, 53, 54), and it also
protects them against excitotoxicity, which may be involved in the
degeneration observed in HD patients (30, 38, 39, 55). However,
striatal neurons do not produce their own BDNF, which is antero-
gradely transported through the cortical afferents to the point that
95% of the BDNF found in the striatum is of cortical origin (3, 6).

There is now a considerable amount of evidence indicating that
defects in cortical BDNF production or its delivery to striatal
targets may contribute to the development of HD (56). We have
previously reported that, in HD cells and animal models, wild-type
huntingtin acts at the level of the BDNF promoter to facilitate its
gene transcription, thus participating in the physiological produc-
tion of cortical BDNF (57), whereas mutation in huntingtin has a
loss-of-function effect on BDNF gene transcription. In addition, by
acting at the level of a different portion of the BDNF promoter,
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mutant huntingtin further represses BDNF gene transcription (56).
Together, these events cause a net depletion in BDNF mRNA and
protein in HD cells and mice. A large number of subsequent experi-
ments using different HD mouse models have further confirmed
the evidence of a depletion in cortical BDNF mRNA and protein
(56). A different, but not mutually exclusive hypothesis indicates
that the same amount of BDNF is produced in the cortex of HD
subjects and controls, but its transport from the cortex to the stria-
tum is reduced in the presence of the mutant protein (16).

Post-mortem assessments of BDNF mRNA and protein in
human tissue have led to conflicting findings that are mainly caused
by differences in analytical methods. Western blot analyses of
the parietal cortex, temporal cortex, hippocampus, caudate and
putamen of four grade three HD subjects, indicated that the levels
of mature BDNF protein (14 kDa) were between 53% and 82%,
less in the caudate and putamen of the HD subjects than in samples
from six age-matched controls, but preserved in the parietal and
temporal cortex, and the hippocampus (15). The findings of a
second Western blot study of ten HD patients and seven controls by
Gauthier et al were in line with these data, showing that mature
BDNF protein levels were reduced by about 50% in the striatum of
HD patients, but not in the cerebral cortex (16). However, we have
previously shown that the levels of BDNF protein (as assessed by
enzyme-linked immunosorbent assay (ELISA), which not only
detects the mature form, but also the other processed forms includ-
ing pro-BDNF) and BDNF mRNA in the human cortex are consis-
tent with those observed in the various transgenic mouse models of
HD: that is, there was a 50% decrease in BDNF levels in the

frontoparietal cortex of two subjects with grade 2 and 3 HD in
comparison with two age-matched controls (57).

We have now expanded that work by quantifying BDNF levels in
a larger number of samples of post-mortem cortical tissues from 20
subjects with HD (grades 2–4) and 17 gender- and age-matched
controls. BDNF protein and mRNA were respectively evaluated by
means of ELISA and quantitative real-time polymerase chain reac-
tion (PCR) and, as previous data have indicated reduced BDNF
promoter exon II and III activity in HD cells and mouse models of
HD, we also determined the levels of the BDNF mRNA isoforms
whose transcription is specifically driven by the homologous
human promoters (21, 57, 58). We conclude that human HD is
characterized by a statistically significant reduction in cortical
BDNF mRNA (total and different isoforms) and protein.

As the biological effect of BDNF is mediated by the full-length
TrkB receptor in cooperation with the truncated isoforms Trk-T1
(the dominant truncated isoform expressed in the adult brain),
Trk-T2 (8, 41) and T-Shc (47), we evaluated Trk-B, Trk-T1 and
T-Shc mRNA levels in a selection of cortical and striatal tissues
from HD and control subjects, and found a reduction in TrkB
mRNA levels in the caudate of the HD subjects, and increased
expression of T-Shc. Finally, we also found that p75 pan-
neurotrophin receptor (p75NTR) (13) mRNA levels are increased in
the caudate, thus further confirming the dysfunction of Trk-
mediated signaling in the brain of HD subjects.

MATERIALS AND METHODS

Human tissues

The post-mortem human brain tissues were obtained from the fol-
lowing sources: (i) New York Brain Bank, Columbia University
(New York, NY, USA; Controls: T-168, T-111, T-274; HD grade 2:
T-289; grade 4: T-128, T-291, T-178, T-260, T-310, T-329, T-354);
(ii) Harvard Brain Tissue Resource Center (HBTRC) (Belmont,
MA, USA; Controls: 6182, 6142, 6002, 5959, 5936, 5919, 5077,
5074, 5021; HD grade 2: 6051, 6121; grade 3: 5570, 5576, 6010,
6183; grade 4: 5507, 6062; (iii) Massachusetts General Hospital
(MGH) (Charlestown, MA, USA; Controls: 3688, 3888, 3746,
3899, 3932; HD grade 3: 3176, 3484, 3723, 2866).

It was not possible to compare the HBTRC samples 4741, 4744,
4751, 4719, 4754, 4797, 4680, 4740 and 4798 used by Gauthier
et al, 2004, because of the unavailability of the same tissue.

We analyzed post-mortem human brain tissue (parietal cortex,
Brodmann’s area 7) taken from a total of 20 HD patients (Vonsat-
tel’s grade 2–4) and 17 gender- and age-matched controls, whose
CAG repeat lengths, post-mortem interval, gender and disease
grade are shown in Table 1. The HD cases for which the length of
the CAG repeat for the pathological allele was not provided by the
brain bank underwent genomic DNA extraction and genotyping for
CAG length in the Laboratory of Molecular Genetics of the Divi-
sion of Biochemistry and Genetics, Neurological Institute Carlo
Besta, Milan, in accordance with the published methods for study-
ing trinucleotide repeat diseases (17).

RNA isolation

Total RNA was isolated from 200–300 mg of human tissue using
2 mL of TRIZOL reagent (Invitrogen, Carlsbad, CA, USA), after

Table 1. Characteristics of the human brain samples. Parietal cortex
(BA7) and caudate have been used. HD samples are all in the pathologi-
cal range (>35 CAG repeats). Abbreviations: IQR = interquartile range
(25th–75th percentile); PMI = post-mortem interval; HD = Huntington’s
disease

Controls 17
Male 11
Female 6
Age

IQR 15
Median 63

PMI
IQR 5
Median 20

HD 20
Male 11
Female 9
Age

IQR 15
Median 54

CAG size
IQR 3
Median 45

Grade
Grade 2 3
Grade 3 and 4 17

PMI
IQR 10
Median 19
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the tissues had been homogenized in liquid nitrogen with a mortar
and pestle. To enhance RNA yield, the samples were precipitated by
adding 2 mL of glycogen solution (10 mg/mL) to isopropanol, and
incubating them at -80°C overnight. The concentration of RNA
was evaluated spectrophotometrically, and its quality was verified
by means of agarose gel electrophoresis of 1 mg of each sample.
Genomic DNA was digested using 1 U rDNaseI (Applied Biosys-
tems, Foster City, CA, USA) per 1 mg/mL of total RNA and incuba-
tion at 37°C for 10 minutes following the manufacturer’s instruc-
tions. The total RNA was stored in aliquots at -80°C.

RNA retrotranscription

Total RNA (1 mg) was reverse-transcribed to single-stranded
cDNA using Superscript III RNaseH- reverse transcriptase (Invit-
rogen, Carlsbad, CA, USA) and random primers in a volume of
20 mL, according to the manufacturer’s instructions. Two indepen-
dent reverse transcription (RT) reactions were performed for every
RNA stock.

Real-time PCR for total BDNF and
Trk mRNA levels

Because of the large number of samples and their replicates in each
PCR plate, different plates were run for BDNF and GAPDH. Three
independent PCR analyses were made of each of two independent
RT reactions, for a total of six independent measurements.

Using an iCycler Thermal Cycler with a Multicolor Real-time
PCR Detection System (Bio-Rad, Hercules, CA, USA), all of the
reactions were performed in a total volume of 25 mL containing
50 ng cDNA, 50 mM KCl, 20 mM Tris-HCI, pH 8.4, 0.2 mM
dNTPs, iTaq DNA polymerase, 25 units/mL, 3 mM MgCl2, SYBR
Green I, 10 nM fluorescein, stabilisers (iQTM SYBR Green
Supermix-Biorad, Hercules, CA, USA), and 0.3 mM of forward
and reverse primers. The amplification cycles consisted of an initial
denaturing cycle at 95°C for 3 minutes, followed by 45 cycles of
30 s at 95°C, 30 s at 60°C and 30 s at 72°C. Fluorescence was
quantified during the 60°C annealing step, and product formation
was confirmed by means of melting curve analysis (55°C–94°C).
The amounts of target gene mRNA were normalized to the refer-
ence gene GAPDH.

The BDNF-specific primers set up on the BDNF coding
sequence (Genbank accession number AF411339) were:

BDNF 5′-TAACGGCGGCAGACAAAAAGA-3′;
BDNF 5′-GAAGTATTGCTTCAGTTGGCCT-3′.
The obtained amplification product was 101 bp long.
The TrkB-specific primers were set up referring to Genbank

accession number NM_006180.3 for TrkBFL, NM_001007097.1
for Trk-T-1, NM_001018066.1 for T-Shc, and NM_002507.1 for
P75NTR.

The primer sequences were:
TrkB 5′-CAAGACAAGGTGTTGGCCCAG-3′;
TrkB 5′-CTGCTCAGGACAGAGGTTATAGC-3′;
Trk-T1 5′-AACCGGTCGGGAACATCTCTC-3′;
Trk-T1 5′-CCCATCCAGTGGGATCTTATG-3′;
T-Shc 5′-CATCTTCTTCGGAAGGTGGCC-3′;
T-Shc 5′-CGGTCTTGGGGGAACCTCTG-3′;
p75NTR 5′-TACGGCTACTACCAGGATGAGA-3′;
p75NTR 5′-ACCGTGTAATCCAACGGCCA-3′.

The sizes of the amplification products for TrkB, Trk-T1, T-Shc
and p75NTR were respectively 255 bp, 158 bp, 143 bp and 265 bp.

The primers used to determine GAPDH expression were:
GAPDH 5′- AGCTGAACGGGAAGCTCACT -3′;
GAPDH 5′- AGGTCCACCACTGACACGTTG -3.
The size of the amplified product was 67 bp.

Semi-quantitative radioactive PCR

Total RNA preparations were used for two independent RT reac-
tions, and duplicate radioactive PCR analyses were made of each
RT. The PCRs were performed in a total cDNA volume of 50 mL
consisting of 0.25 mg of RNA, 20 mM Tris-HCl, pH 8.4, 50 mM
KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 1.7 mCi a32PdCTP, 0.4 mM
of each primer, and 2 U Taq polymerase (Invitrogen, Carlsbad, CA,
USA).

BDNFIIA, IIB and IIC were amplified by means of amplification
cycles consisting of an initial denaturing cycle at 94°C for 5
minutes, followed by 30 cycles of 1 minute at 94°C, 45 s at 62°C
and 45 s at 72°C. The BDNFIV amplification cycles consisted of
an initial denaturing cycle at 94°C for 5 minutes, followed by 30
cycles of 1 minute at 94°C, 45 s at 59°C and 45 s at 72°C.

The primers for the amplification of BDNFII mRNA were:
BDNF II: 5′-GGGCGATAGGAGTCCATTCAGCAC-3′,
BDNF IX (set up on BDNF coding region):

5′-CCAAGCCACCTTGTCCTCGGATG-3′.
The sizes of the amplification product for BDNF IIA, IIB and

IIC were respectively 485 bp, 402 bp and 187 bp.
The primers for the amplification of BDNF IV were:
BDNF IV 5′-GCTGCAGAACAGAAGGAGTACA-3′;
BDNF IXa (set up on BDNF coding region):

5′GTCCTCATCCAACAGCTCTTCTATC-3′. The size of the
amplified band was 412 bp.

The same amount of each cDNA was also independently ampli-
fied with specific primers for synaptosomal-associated protein
25 kDa (SNAP-25), a presynaptic membrane-associated protein
localized in grown cones, axons and presynaptic terminals. The
amplification cycles consisted of an initial denaturing cycle at 94°C
for 5 minutes, followed by 30 cycles of 30 s at 94°C, 30 s at 57°C
and 1 minute at 72°C.

The primer sequences for the amplification of SNAP-25 were:
SNAP-25: 5′CAAATGATGCCCGAGAAAAT-3′;
SNAP-25: 5′-GGAATCAGCCTTCTCCATGA- 3′.
The amplification size of the obtained PCR product was 148 bp.
The PCR products were separated by means of non-denaturing

6% polyacrylamide gel electrophoresis, and visualized by
autoradiography.

BDNF IIA, IIB, IIC, IV and SNAP-25 mRNA levels were calcu-
lated using Quantity One software from Bio-Rad. Different expo-
sure times were used in order to ensure that the autoradiographic
bands were in the linear range of intensity.

ELISA

Three independent ELISAs were performed on three different
lysates prepared from 150–200 mg of cortical and striatal tissue,
with the samples being tested in triplicate in each assay. The tissue
lysates were prepared in a lysis buffer consisting of glycerol 10%,
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25 mM Tris HCl, pH 7.5, 150 mM NaCl, Triton ¥100 1%, 5 mM
EDTA, 1 mM EGTA supplemented with 1:100 of Protease Inhibi-
tor Cocktail (Sigma-Aldrich, St. Louis, MO, USA); 10 mL of lysis
buffer were used for each milligram of tissue. The frozen samples
were homogenized in ice using a glass dounce homogenizer (15–20
strokes). After sonicating the tissue extract four times at 15 s pulses
with the microprobe at 50%–60% output and 60% duty cycle, the
samples were acidified, neutralized and centrifuged for 15 minutes
at 4°C at maximum Biofuge speed. The supernatants were col-
lected and stored in aliquots at -80°C. The BDNF measurements
were made within 1 week of lysate preparation. The samples were
assayed for BDNF using an ImmunoAssay System (Promega,
Madison, WI, USA) as described by the manufacturer. Total pro-
teins were quantified using Bradford’s method.

Statistical analyses and data representation

As BDNF and Trk values do not have a normal distribution, the
non-parametric Mann–Whitney two- tailed U-test was used for
the statistical analyses, with significance being set at P < 0.05. The
correlations between disease grade or post-mortem interval (PMI)
and the BDNF value were assessed using Spearman’s rank correla-
tion coefficient.

Median values were chosen because of the skewed distribution
of the data. In each figure, the boundary of the box closest to zero
indicates the 25th percentile, the line within the box marks the
median or 50th percentile, and the boundary of the box farthest
from zero indicates the 75th percentile. When 10 or more samples
were analyzed, whiskers above and below the box indicate the 90th
and 10th percentiles.

RESULTS

Cortical BDNF protein levels are reduced from
the early symptomatic stages of HD

We prepared protein extracts from cortical specimens of 20 HD
subjects (neuropathological staging Vonsattel grades 2–4) and 17
age- and gender-matched controls, and measured the level of
BDNF protein by means of ELISA. Both pro-BDNF and mature
BDNF can be detected by ELISA but, because of the short life of

the pro-BDNF protein, mature BDNF is always thought to be the
predominant BDNF form. To maintain consistency, the analyses
were limited to tissue dissected from the superior parietal lobule of
the cerebral cortex (Brodmann’s area 7: BA7) (Table 1).

Extraction conditions may have a significant effect on the levels
of BDNF protein measured in brain tissues (28) and, in this first
phase, we followed the same procedure used to extract BDNF from
mouse brain (57). The tissues were homogenized with neutral
extraction buffers at low salt concentrations (150 mM sodium chlo-
ride) containing moderate detergents (Triton ¥100 1%), and the
protein lysates were treated with acid and then neutralized in order
to allow BDNF release from the vesicles, which increases BDNF
recovery (28). It is critically important to remember that BDNF
protein levels are significantly reduced if the samples are kept for
more than 2 weeks at a temperature of -80°C (data not shown), and
so we assayed the lysates within 1 week of their preparation.
Figure 1A shows the BDNF protein level in each of the 17 healthy
controls and 20 HD subjects, which naturally varied in the different
samples: in the control group, BDNF protein content in the parietal
cortex ranged from 3.4 � 0.30 pg/mg of tissue lysate to
14.27 � 2.04 pg/mg; the corresponding figures in the HD group
were 2.1 � 0.28 pg/mg and 13.80 � 0.28 pg/mg. Such variable
values are to be expected in post-mortem tissue. They may be
related to protein degradation, which may depend on the PMI of the
selected samples. However, the calculated Spearman rank correla-
tion coefficient did not reveal any significant correlation between
PMI and BDNF protein level (see Figure S1A), thus suggesting
that the observed variability in BDNF content does not depend on
PMI.

As most of the BDNF values in the control and HD groups did
not fit a normal distribution curve, the non-parametric Mann–
Whitney U-test was used to determine the statistical significance of
BDNF protein content between the two cohorts. This analysis
revealed that, in comparison with the 17 control subjects, BDNF
protein was significantly reduced in the HD group (P < 0.05, two-
tailed test), particularly in the three grade two patients (P < 0.01).
The fact that there were no significant differences between the
different grades suggests that, at least in our cases, there is no
correlation between cortical BDNF protein levels and disease stage
(as also shown by Spearman’s test). As the CAG repeat length was
very similar among the HD patients (see Table 1), it was not

Figure 1. Brain-derived neurotrophic factor (BDNF) protein levels are
reduced in the cortex of Huntington’s disease (HD) subjects. A. Cortical
BDNF levels were determined by enzyme-linked immunosorbent assay
(ELISA). BDNF protein content was tested in triplicate in each of three
independent assays, and so each column represents the mean
value � SD of nine measurements. Control subjects, from left to right:
6182, 6142, 6002, 5959, 5936, 5919, 5077, 5074, 5021,T-168, T-111,
T-274, 3688, 3888, 3746, 3899 and 3932; HD subjects, from left to right:
6051, 6121, T-289, 5576, 6010, 6183, 3176, 2866, 3723, 3484, 5570,
5507, 6062, T-128, T-291, T-178, T-260, T-310, T-329 and T-354. Statistical
analyses made using the non-parametric Mann–Whitney test revealed a
significant reduction in BDNF protein levels in the cortex of the HD
subjects (P < 0.05, Mann–Whitney two-tailed test), and in the grade 2
patients compared with the 17 control subjects (P < 0.01, Mann–
Whitney two-tailed test); Spearman’s test showed that there was no
progressive reduction in BDNF levels with higher disease grades. B.

Median BDNF protein levels in the control and HD groups (left panel),
and by HD grade (right panel). The boundary of the box closest to zero
indicates the 25th percentile, the line within the box marks the median,
and the boundary of the box farthest from zero indicates the 75th per-
centile. When 10 or more samples were analyzed, whiskers above and
below the box indicate the 90th and 10th percentiles. Outliers are indi-
cated as black circles: controls 6182 and 5936 are outliers above the
90th percentile, and control T-168 beneath the 10th percentile; the grade
3 and 4 HD patients (respectively 5576 and T-128) fell above the 90th
percentile, and the grade 3 and 4 HD patients (5570 and 6062) beneath
the 10th percentile. C. Striatal BDNF protein levels as determined by
ELISA. Control subjects, from left to right: 5919, 6142, and 6182; HD
subjects, from left to right: 6121, 5507 and 5570. Statistical analysis
revealed a significant reduction in BDNF protein levels in the caudate of
the HD subjects (P < 0.05, Mann–Whitney two-tailed test).

�
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possible to correlate BDNF levels with CAG length. Figure 1B
shows median cortical BDNF protein levels in the controls and HD
patients, which better represent the average value of not normally
distributed data, and also reduce the skewing caused by outliers.

The ELISA-determined BDNF levels in our control human
cortex samples were reasonably similar to some values previously
reported by others (22, 26), but much lower than those observed in
mice, which are in the range of ng/mg of protein lysate (28, 57).
In the same ELISA experiments, we tested BDNF protein content
in mouse cortical lysates as a control, and found levels of
5–10 ng/mg of protein lysate, thus excluding the possibility that the
lower levels in human brain were caused by differences in assay
sensitivity. Mouse brain tissues can be immediately processed after
dissection or stored in liquid nitrogen, which is clearly not possible
in the case of human post-mortem material. Protein degradation
and possible differences in the activity of the enzymes controlling
BDNF cleavage cannot be excluded, and may lead to an underesti-
mate of BDNF protein content, as well as the observed and
expected variability. Finally, a different protein extraction protocol
may be required to ensure greater BDNF recovery, but we could not
test different protocols because of the limited amount of tissue
available. However, we conclude that HD subjects have signifi-
cantly lower cortical BDNF protein levels than controls and, impor-
tantly, our findings show that this reduction occurs at an early
symptomatic stage (grade 2).

As striatal neurons are the primary sites of degeneration in HD,
and BDNF of cortical origin is vital for their survival, we mea-
sured BDNF protein in post-mortem striatum extracts from con-
trols and HD patients (grade 3 and 4) whose cortical BDNF
content had been previously analyzed. Caudate samples are the
most requested by HD researchers, and therefore only very small
amounts are available from brain banks. We obtained caudate
tissues from eight controls and eight HD subjects, but use ELISA
in the case of only three HD subjects (grades 2 and 4) and three
controls (in most cases, the amount of post-mortem caudate was
not enough for protein lysate preparation and subsequent
ELISA). Although derived from a small number of subjects, our
data show that the BDNF protein content was significantly
reduced in the presence of the HD mutation (P < 0.05, Mann–
Whitney two-tailed test; see Figure 1C), and suggest that the
clearly demonstrated reduction in cortical BDNF leads to reduced
striatal BDNF levels.

BDNF gene transcription is affected in the
cortex of HD subjects

The human BDNF gene contains ten non-coding and one major
coding exon (29, 40). Transcription is initiated at BDNF exon I, II,
III, IV, V, VI, VII or IX, and the splice donor site of each of these
exon sequences is spliced to the major coding exon acceptor site,
thus leading to a remarkable heterogeneity in BDNF expression
patterns.

To verify whether the decreased cortical levels of BDNF protein
in HD subjects are caused by reduced BDNF gene transcription,
total BDNF mRNA levels were evaluated in the same tissue
samples as those tested by ELISA.

The RNA was extracted, and the samples were treated with
DNase to eliminate genomic DNA contamination. The quality
controls included spectrophotometer analyses at 260 and 280 nm

(an A260:A280 ratio of >1.8 was considered an acceptable indicator
of RNA purity), and routinely performed agarose gel electro-
phoresis using RNA stained with ethidium bromide in order to
identify ribosomal bands (28S and 18S) as an indicator of RNA
integrity (see Figure S2). The quality of the mRNA in the tissue
samples was also evaluated by examining the constancy of
GAPDH expression, and quantitative real-time PCR experiments
showed no quantitative differences in GAPDH mRNA between
the HD patients and controls. Subsequently, the same cDNA
samples were analyzed for their total BDNF mRNA content using
primers recognizing the downstream coding exons present in all
BDNF transcripts.

Figure 2A shows total BDNF mRNA levels in HD and control
subjects, normalized to GAPDH mRNA content. There was no
correlation between BDNF mRNA level and PMI (see Figure
S1B). In line with the ELISA data, BDNF mRNA levels were
significantly lower than those observed in the 17 control subjects
(P < 0.001, Mann–Whitney two-tailed test), although the extent of
the reduction did not correlate with disease stage (according to
Spearman’s test). Figure 2B shows the median total BDNF mRNA
levels in the control and HD groups. These data confirm the reduc-
tion in cortical BDNF in the absence of a correlation between
BDNF mRNA levels and disease grade, as in the case of BDNF
protein levels.

Transcription from BDNF promoter exons II and
IV is affected in the cortex of HD subjects

Our earlier studies of mouse models of HD have shown that wild-
type but not mutant huntingtin stimulates BDNF gene transcription
by acting at the level of BDNF promoter II, which contains the
RE1/NRSE silencer element and whose activity is reduced by wild-
type huntingtin (56, 57, 58, 59, 61). In addition, mutant huntingtin
has a toxic effect and reduces transcription from BDNF exon III
and IV promoters (56, 57).

We therefore tested whether BDNF gene transcription from the
homolog BDNF exon II, IV and V promoters in humans is
decreased in the cortex of HD subjects, concentrating on the well-
characterized exon II promoter, which also contains the RE1/
NRSE silencer (RE1 ID: hum26143, according to http://
bioinformatics.leeds.ac.uk/RE1db_mkII/) (25), and the exon IV
promoter, which contains regulatory elements that recognize
calcium-responsive transcription factor, cAMP/calcium-
responsive element binding proteins, and methyl-CpG binding
protein 2 (12, 31, 49).

We selected samples from 10 subjects with HD (grades 3 and 4)
and 10 gender- and age-matched controls, and determined their
BDNF II and IV mRNA levels by means of semiquantitative radio-
active reverse transcription PCR. The presence of three splice
donor sites in human BDNF exon II leads to the production of the
three BDNF isoforms, BDNF IIA, IIB and IIC. These were all
detectable in all of the subjects, but their levels were lower in the
cerebral cortex of the HD patients, thus suggesting that transcrip-
tion from BDNF promoter exon II is affected in HD (Figure 3A).
SNAP-25, which is involved in neurotransmitter exocytosis in
neurons, was amplified as a housekeeping gene. A previous study
has found reduced SNAP-25 mRNA levels in the prefrontal asso-
ciation cortex of HD subjects (23), but the levels were unaffected in
our parietal cortex specimens. We then quantitatively evaluated
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BDNF II mRNA content in four independent PCR reactions, densi-
tometrically analyzed the three amplified BDNF isoforms and the
SNAP-25 band, and determined the ratio between the sum of the
absolute values of BDNF II and SNAP-25 mRNA in each sample.
BDNF II mRNA levels were significantly reduced in the HD
patients (P < 0.01, Mann–Whitney two-tailed test), with no signifi-
cant difference between the grade 3 and grade 4 patients. Similar
results were obtained when BDNF II mRNA was normalized over

GAPDH content (data not shown). Figure 3B (left panel) shows the
median BDNF II mRNA levels in the control and HD subjects.

Figure 3A shows that BDNF IV mRNA levels were also lower in
the HD subjects than in the controls (P < 0.01, Mann–Whitney
two-tailed test). Similar results were obtained when BDNF IV
mRNA was normalized over GAPDH content (data not shown).
Figure 3B (right panel) shows the median BDNF IV mRNA levels
in the controls and HD patients.

Figure 2. Total brain-derived neurotrophic factor (BDNF) mRNA levels
are reduced in the cortex of Huntington’s disease (HD) subjects. A. Total
BDNF mRNA levels were determined by means of quantitative real-time
polymerase chain reaction (PCR) and normalized to the level of GAPDH
mRNA. The values are the averages � SD of six independent PCR
experiments. Control subjects, from left to right: T-274, 6182, 6142,
6002, 5959, 5936, 5919, 5077, 5074, 5021, T-168, T-111, 3688, 3888,
3746, 3899 and 3932; HD subjects, from left to right: 6051, 6121, T-289,
5576, 6010, 6183, 3176, 2866, 3723, 3484, 5570, 5507, 6062, T-128,
T-291, T-178, T-260, T-310, T-329 and T-354. BDNF mRNA levels were
significantly reduced in the cortex of the HD subjects (P < 0.001, Mann–
Whitney two-tailed test), but did not significantly decrease with increas-

ing disease grade (Spearman’s test). B. Left panel: median BDNF mRNA
levels in the control and HD groups. Right panel: median BDNF mRNA
levels at different disease stages. The boundary of the box closest to
zero indicates the 25th percentile, the line within the box marks the
median, and the boundary of the box farthest from zero indicates the
75th percentile. When 10 or more samples were analyzed, whiskers
above and below the box indicate the 90th and 10th percentiles. Outliers
are indicated as black circles. Left panel: control T-168 fell above the 90th
percentile, and control T-111 beneath the 10th percentile. The grade 3
and 4 HD patients (respectively 5576 and 5507) fell above the 90th
percentile, and the grade 2 patients 6051 and 6121 fell beneath the 10th
percentile.
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Trk B and p75NTR mRNA levels in the brain of
HD subjects

Cortical BDNF is released at the axon terminals and captured by
striatal neurons after binding to TrkB receptor tyrosine kinase (3,
8, 35). Although most of the functions attributed to BDNF are
associated with full-length TrkB, the brain also contains two trun-
cated isoforms that lack a large part of the intracellular domain
(Trk-T1 and Trk-T2) and do not show any protein tyrosine kinase
activity (8, 32, 35). The suggested roles of truncated receptors
include growth and development, and the negative modulation of
TrkB expression and function (thus decreasing BDNF-mediated
signaling). They can also regulate BDNF storage and release by
glial cells (8). A novel truncated Trk isoform that is preferentially
expressed in neurons and localized on the plasma membrane has
been identified more recently, which lacks the tyrosine kinase
domain but has an Shc binding site and is therefore known as

T-Shc (20, 47). In addition, BDNF binds to the p75NTR, which is
mainly expressed during early neuronal development, but may be
re-expressed in adult brain under various pathological conditions
(13).

In order to investigate the role of TrkB in HD, we evaluated its
levels, and those of the highly expressed truncated Trk-T1 and
T-Shc isoforms in the caudate nucleus and cerebral cortex of eight
subjects with HD (grades 2, 3 and 4) and eight age-matched con-
trols. As a previous study of four cortical and striatal specimens
taken from HD subjects (18) found a reduction in TrkB protein
levels, we used quantitative real-time PCR to investigate whether
this reduction may be caused by decreased TrkB mRNA levels.

Despite the expected variability in the control and HD popula-
tions, Figure 4A shows that the levels of full-length TrkB mRNA
normalized to GAPDH content were significantly lower in the
caudate nucleus, but not in the cerebral cortex of the HD patients
(P < 0.01, Mann–Whitney two-tailed test).

Figure 3. Expression of brain-derived
neurotrophic factor (BDNF) isoforms in the
cortex of Huntington’s disease (HD) subjects.
A. BDNF II and IV mRNA levels were
determined by means of semiquantitative
radioactive reverse transcription polymerase
chain reaction (RT-PCR) in 10 controls and 10
subjects with grade 3 (n = 7) and 4 HD (n = 3)
(* indicates grade 4 subjects). The presence of
three splice donor sites in human BDNF exon II
leads to the production of three BDNF
isoforms: BDNF mRNA IIA, IIB and IIC.
Synaptosome-associated protein 25 kDa
(SNAP-25) was amplified as a housekeeping
gene in addition to GAPDH (data not shown).
The data come from one of four independent
PCR experiments. Control subjects, from left
to right: T-274, 6182, 6142, 6002, 5959, 5936,
5919, 5077, 5074 and 5021; HD subjects, from
left to right: T-291, T-310, 3176, 2866, 3723,
3484, 5570, 6062, 6010 and 6183.
B. Quantification of BDNF II (left panel) and IV
mRNA (right panel). Each of the amplified
bands was densitometrically analyzed, and the
BDNF level expressed as an absolute value
normalized to the absolute value of SNAP-25.
The data were calculated from four
independent PCR experiments. BDNF II and IV
mRNA were significantly reduced in the HD
patients (P < 0.01, Mann–Whitney two-tailed
test). BDNF mRNA levels are shown as the
median value within each group. Similar results
were obtained when the data were normalized
to GAPDH content. Outliers are indicated as
black circles. Left panel: control patients 6182
and 6002 fell above the 90th percentile, and
control 5919 beneath the 10th percentile.
Grade 3 HD patient 3484 fell above the 90th
percentile. Right panel: control patient 6002 fell
above the 90th percentile, and control T-274
beneath the 10th percentile. Grade 3 HD
patient 3176 fell above the 90th percentile.
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Figure 4. BDNF receptors mRNA levels in the cortex and caudate of
Huntington’s disease (HD) subjects. TrkB, Trk-T1 and T-Shc mRNA levels
were determined by means of quantitative real-time polymerase chain
reaction (PCR) in the cortex and caudate of eight controls and eight HD
subjects. Trk mRNA was normalized to the level of GAPDH mRNA. The
values are the averages � SD of six independent PCR experiments.
Control subjects, from left to right: 6182, 6142, 6002, 5959, 5936, 5919,
5074 and 5021; HD subjects, from left to right: 6051, 6121, 5570, 5576,
6010, 6183, 5507 and 6062. A. TrkB mRNA levels were significantly
reduced in the caudate of the HD subjects (P < 0.01, Mann–Whitney

two-tailed test), but not in the cortex. The decreased levels did not
correlate with disease grade (Spearman’s test). B. The levels of Trk-T1
mRNA were not significantly lower in the cortex or caudate of the HD
subjects. C. T-Shc mRNA levels were significantly increased in the
cortex and caudate of the HD subjects (P < 0.05, Mann–Whitney two-
tailed test). A, B and C respectively show median TrkB, Trk-T1 and T-Shc
mRNA levels in the control and HD subjects. The boundary of the box
closest to zero indicates the 25th percentile, the line within the box
marks the median, and the boundary of the box farthest from zero
indicates the 75th percentile.
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The levels of truncated Trk-T1 receptors in HD caudate nucleus
and cortex were unaltered (Figure 4B), but there was a significant
increase in T-Shc mRNA in both brain areas (P < 0.05, Mann–
Whitney two-tailed test) (Figure 4C). In vitro cell line studies have
shown that the transport of TrkB to the cell membrane is influenced
by interactions between T-Shc and TrkB (20), and so the increased
levels of T-Shc in the caudate may reflect an attempt to relocalize
functional TrkB to the plasma membrane and/or indicate additional
defects in TrkB signaling insofar as it is known that T-Shc can
negatively modulate TrkB function (20, 47).

Finally, we assessed p75NTR mRNA levels in the same tissues
and, as shown in Figure 5A, found that they were significantly

increased in the caudate of the HD subjects (P < 0.01, Mann–
Whitney two-tailed test). There were no differences in the cortical
specimens of the HD and control subjects, thus suggesting that the
increased level of p75NTR mRNA may be specific to the caudate.
Figure 5B shows the median cortical and striatal p75NTR mRNA
levels in the controls and HD patients.

DISCUSSION
We report reduced BDNF protein levels in the largest collection of
post-mortem samples of human cerebral cortices so far analyzed,

Figure 5. p75 pan-neurotrophin receptor (p75NTR) mRNA levels in the
cortex and caudate of Huntington’s disease (HD) subjects. A. p75NTR

mRNA levels were determined by quantitative real-time polymerase
chain reaction (PCR) in the cortex and caudate of the eight controls and
eight HD subjects shown in Figure 4, and normalized to the level of
GAPDH mRNA. The values are the averages � SD of six independent

PCR experiments. p75NTR mRNA levels were significantly higher in the
caudate of the HD patients (P < 0.01, Mann–Whitney two-tailed test),
but not in the cerebral cortex. B. Median p75NTR mRNA level in control
and HD subjects. The boundary of the box closest to zero indicates the
25th percentile, the line within the box marks the median, and the
boundary of the box farthest from zero indicates the 75th percentile.
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and a reduction in total BDNF mRNA levels due to decreased
transcription by BDNF exon II and exon IV promoters.

These findings are consistent with the large amount of data
obtained from various mouse models of the disease (56) showing a
reproducible and progressive reduction in cortical BDNF mRNA
and protein levels (59). In our human samples, we found that the
level of cortical BDNF is reduced from the early symptomatic
stage of HD, but did not seem to correlate with disease progression.

Analysis of the potential correlation between BDNF levels and
CAG length was precluded by the over-similarity of the CAG
repeat sizes in this study. The only published data concerning such
a correlation comes from an in vitro study showing that cells trans-
fected with an huntingtin exon 1 cDNA construct bearing 47 or 72
CAG repeats led to a similar reduction in BDNF content (10).

We also found that cortical BDNF levels vary within the normal
and HD population. We first associated this variability with
between-subject differences in the PMI, but these did not affect the
statistical outcome of a significant reduction in BDNF levels in
subjects with HD.

Previously published data indicate that differences in BDNF
protein and mRNA levels may be caused by individual variations in
life style. BDNF levels significantly increase in mice on regimens
of dietary restriction (14) or physical exercise favored by environ-
mental enrichment (46). Moreover, BDNF expression undergoes
diurnal oscillations (9). Animal models have also shown that anti-
depressants affect BDNF gene transcription in brain (11) in an
exon- and tissue-specific manner. In particular, selective serotonin-
ergic or noradrenegic reuptake inhibitors increase BDNF mRNA in
different brain areas, whereas neuroleptics and antipsychotic drugs
down-regulate BDNF gene transcription (4, 5, 11). As HD patients
are normally exposed to these drugs, some of the variability may
have been caused by the drugs taken by the individual subjects but,
as no data are available concerning the drugs administered to the
cases examined in this study, we could not seek any correlation
with pharmacological treatments.

On the basis of many previous animal studies and our new
human data, we conclude that reduced BDNF promoter activity in
human cortex is a feature of HD, and reduces the amount of BDNF
produced in the cortex and transported from the cortex to the stria-
tum. It is important to note that this occurs from the early symp-
tomatic stages, thus suggesting that there may be a large window
for therapeutical interventions aimed at restoring BDNF levels (56,
59, 60).

Our findings differ from those of an early study showing unal-
tered BDNF protein levels in the cortex and reduced BDNF levels
in the striatum of four subjects with HD compared with six age-
matched control subjects (15) and, more recently, Gauthier et al
observed reduced BDNF protein levels in the striatum, but not in
the cerebral cortex of ten HD subjects and seven age-matched
controls. On the basis of these findings and in vitro experiments
showing reduced BDNF vesicle transport in HD cells, it has been
suggested that the lower BDNF levels in the striatum may also be
caused by reduced transport from the cerebral cortex to striatal
targets (16). However, it is likely that the differences in the results
are caused by the diversity of the considered samples and the differ-
ent methods of analyzing BDNF protein. Most strikingly, we
observed considerable between-sample variability that was not
found by Gauthier et al, probably because they studied a more
homogenous collection of tissue specimens. Ferrer and Gauthier

determined BDNF protein levels by means of Western blotting,
which exclusively detects mature BDNF, but is less sensitive and
has less quantitative power than ELISA. As our study uses ELISA,
which measures both the mature and pro-BDNF, it is possible that
the lower levels of cortical BDNF protein may be caused by reduc-
tions in both forms, although we think the latter represents a very
minor fraction as its half-life is very short because of its fast pro-
cessing to mature BDNF. Finally, it is worth noting that our finding
of reduced cortical BDNF mRNA and protein levels does not
exclude the hypothesis of impaired vesicle trafficking along the
cortical afferents, and both could contribute to reducing the deliv-
ery of BDNF to striatal neurons.

Given the extensive evidence linking BDNF to HD, the BDNF
gene has been tested as a potential modifier of age at HD onset
caused by the presence of the BDNF Val66Met polymorphism
influencing BDNF vesicle transport (56) but, despite an initial
report of a correlation (1), subsequent studies have failed to reveal
any significant effect (56). As the Val66Met polymorphism affects
BDNF transport from the Golgi region to appropriate secretory
granules, and not its transcription or biological activity, it is pos-
sible that the lack of an association indicates that the defect in
BDNF transport has no impact on age at disease onset, although it
may still have an effect on disease progression. The possibility
that a defect in BDNF transcriptional activity is present pre-
symptomatically and may therefore affect age at onset and/or
disease progression remains open.

Taken together, our data suggest that strategies aimed at increas-
ing striatal BDNF levels may be beneficial in HD (56, 60).
However, whether or how a neuron responds will depend on the
expression of its high affinity TrkB receptor. We found that the
levels of TrkB mRNA (which activates the intracellular signaling
pathways leading to cell survival and differentiation following
BDNF binding) are significantly decreased in the caudate but not in
the cortex of HD subjects. On the contrary, the mRNA levels of
Trk-T1 (a truncated TrkB isoform highly expressed in the brain)
were not significantly affected in either the cortical or striatal speci-
mens, which is in line with the findings of previous studies of other
pathological conditions (48). We also found that T-Shc mRNA
levels were increased in both the cortex and the caudate of HD
subjects. This last receptor, which is mainly expressed in neurons
and preferentially located on the plasma membrane, can be
involved in TrkB localization on the plasma membrane, but can
also act as a negative regulator of TrkB signaling in the brain
(20–47), and so increased T-Shc mRNA indicates a receptor imbal-
ance. More recent findings indicate that unprocessed neurotrophin
can bind to p75NTR, a member of the tumor necrosis factor receptor
superfamily. Pro-BDNF binding to p75NTR is linked to several intra-
cellular signal transduction pathways that mediates biological
actions other than those of the Trk receptors, and p75NTR is involved
in events promoting cell migration, differentiation and axon
growth (13, 41). A number of reports indicate that its expression is
dramatically increased under neurodegenerative conditions: for
example, increased p75NTR levels have been found in the basal
nucleus of patients with Alzheimer’s disease or temporal lobe epi-
lepsy (19, 37). In line with this, our data showing that p75NTR

mRNA levels are increased in the caudate but not the cortex of HD
subjects reflect what is known in other neurodegenerative diseases.
It has also been reported that p75NTR binds pro-BDNF (an imma-
ture form of the neurotrophin), recruits sortilin co-receptors and
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leads to apoptosis (50). This suggests that higher p75NTR levels may
increase apoptotic cell death in a diseased brain. As p75NTR is
highly expressed in glial cells (37), we hypothesize that increased
levels of striatal p75NTR may be associated with the reactive gliosis
often found in neurodegenerative diseases.

In conclusion, our data indicate that there is a clear reduction in
BDNF mRNA and protein levels in the cortex of subjects with HD,
thus suggesting that the administration of BDNF may be beneficial.
In line with this, it has been shown that depleted BDNF in HD
transgenic mice worsens the phenotype, whereas BDNF adminis-
tration improves the neuropathological and behavioral phenotype
(10). Although our finding that TrkB, T-Shc and p75NTR levels were
severely affected in the same specimens is a warning that BDNF
administration alone may not be sufficient, it is known to benefit
mice with decreased striatum levels of TrkB receptor (10). This
suggests that BDNF may have a neuroprotective function even in
the presence of lower levels of TrkB, or that the activation of a
limited amount of TrkB may be enough to improve the behavioral
phenotype in mice.

We believe that our results strongly support beginning a system-
atic effort to evaluate the impact of increasing BDNF levels in HD
mice (56). The discovery that RE1/NRSE is a target of normal
huntingtin function on the BDNF promoter, and the elucidation of
the mechanism through which this protein stimulates BDNF gene
transcription (60, 61), have led to the development of a cell-based
drug screening system and the identification of small molecules
capable of increasing endogenous BDNF production in HD cells
and the transcription from other RE1/NRSE neuronal genes (43). It
is hoped that small molecules capable of passing the blood-brain
barrier and activating BDNF and RE1/NRSE-controlled gene tran-
scription will become available in the future and prove useful in HD.
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SUPPLEMENTARY MATERIAL
The following supplementary material is available for this article
online:

Figure S1. Correlation between post-mortem interval (PMI) and
(A) brain-derived neurotrophic factor (BDNF) protein and (B)
mRNA level in control and Huntington’s disease patients. No cor-
relation between BDNF level and PMI was observed, according to
Spearman test.

Figure S2. A selection of RNA used in this study.
This material is available as part of the online article from http://

www.blackwell-synergy.com
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