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Abstract

Huntington’s disease (HD) is caused by a polyglutamine repeat expansion in the N-terminus of the huntingtin protein. Hunt-
ingtin is normally present in the cytoplasm where it may interact with structural and synaptic elements. The mechanism of HD
pathogenesis remains unknown but studies indicate a toxic gain-of-function possibly through aberrant protein interactions. To
investigate whether early degenerative changes in HD involve alterations of cytoskeletal and vesicular components, we exam-
ined early cellular changes in the frontal cortex of HD presymptomatic (PS), early pathological grade (grade 1) and late-stage
(grade 3 and 4) patients as compared to age-matched controls. Morphologic analysis using silver impregnation revealed a pro-
gressive decrease in neuronal fiber density and organization in pyramidal cell layers beginning in presymptomatic HD cases.
Immunocytochemical analyses for the cytoskeletal markers α-tubulin, microtubule-associated protein 2, and phosphorylated
neurofilament demonstrated a concomitant loss of staining in early grade cases. Immunoblotting for synaptic proteins revealed
a reduction in complexin 2, which was marked in some grade 1 HD cases and significantly reduced in all late stage cases.
Interestingly, we demonstrate that two synaptic proteins, dynamin and PACSIN 1, which were unchanged by immunoblotting,
showed a striking loss by immunocytochemistry beginning in early stage HD tissue suggesting abnormal distribution of these
proteins. We propose that mutant huntingtin affects proteins involved in synaptic function and cytoskeletal integrity before
symptoms develop which may influence early disease onset and/or progression.

Introduction

Huntington’s disease (HD) is an autosomal dominant
neurodegenerative disorder that affects 4-10/100,000
individuals usually in mid-adulthood (Harper, 1992).
This progressive disease is clinically characterized by
disordered movement, psychiatric disturbances, and
dementia and is usually fatal within approximately
10 to 15 yrs of onset. HD is a member of a grow-
ing family of trinucleotide repeat expansion disorders
(Paulson & Fischbeck, 1996; Zoghbi & Orr, 2000). The
mutation in HD is a CAG repeat expansion in the coding
region of exon 1 of the IT15 gene that results in an ex-
panded stretch of polyglutamines in its protein product,
huntingtin (Huntington’s Disease Research Collabora-
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tive Group, 1993). While mutant huntingtin is widely
expressed in both non-neuronal and neuronal tissues
(Strong et al., 1993; Sharp et al., 1995), the pathological
hallmark is preferential loss of neurons in the striatum
and to a lesser degree in the cortex (Mann et al., 1993).
Early postmortem studies of HD brain tissue revealed
variability in the degree of neuropathological involve-
ment in the striatum. This observation led to the de-
velopment of a five-tiered pathological grading system
(grades 0–4) that was based upon the degree of neu-
ronal loss and atrophy in the striatum; grade 0 contains
no demonstrable cell loss, grade 1 has approximately
50% cell loss, and progresses to 95% neuronal loss in
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grade 4 cases (Vonsattel et al., 1985). The pathological
grade closely correlates with the clinical severity in that
HD patients with higher pathological grades noted at
autopsy had a longer duration of disease and greater
disability.

Based on the clinical manifestations of HD and the
marked loss of medium spiny neurons, research has
primarily focused on the striatal degeneration in HD.
However, several lines of evidence suggest cortical in-
volvement early in the disease. Human postmortem
studies have revealed neuronal loss within the cortex
(de la Monte et al., 1988) that is specific for the large
pyramidal neurons in layers 3, 5, and 6 (Sotrel et al.,
1991). The extent of cortical neuronal loss does not cor-
relate with the grade of striatal atrophy (Cudkowicz &
Kowall, 1990), suggesting that the loss of cortical neu-
rons is not a consequence of loss of trophic support
from target cells. In fact, the converse seems to be the
case where loss of functional huntingtin results in de-
creased levels of cortically supplied brain-derived neu-
rotrophic factor which in turn causes striatal neuron
degeneration (Zuccato et al., 2001). This implies that
the corticostriatal pathway may play a primary role in
HD pathogenesis. Indeed, in a transgenic mouse model
of HD, cortical changes which include accumulation of
huntingtin in the nucleus and cytoplasm along with
the appearance of dysmorphic dendrites predicts dis-
ease onset and severity of symptoms (Laforet et al.,
2001). This is particularly interesting since in human
postmortem tissue nuclear inclusions containing mu-
tant huntingtin are more abundant in the cortex than in
the striatum regardless of the extent of striatal pathol-
ogy, and in low grade cases inclusions are noted in
the cortex but not in the striatum (Sapp et al., 1999).
Moreover, numerous dystrophic axons projecting to
the striatum contain heavy accumulations of mutant
huntingtin (DiFiglia et al., 1997) and Golgi impregna-
tion studies of cortical neurons also show abundant
dendritic abnormalities (Sotrel et al., 1993). These bio-
chemical and neuroanatomical findings of early cortical
involvement are also congruent with clinical findings.
Cognitive and behavioral disturbances that are related
more to cortical function manifest early in the course
of the disease often prior to motor deficits (Foroud
et al., 1995; Lawrence et al., 1998). Thus, cortical neu-
ronal dysfunction may underlie the initiation of the HD
phenotype.

Mechanisms of neuronal dysfunction and degener-
ation remain unclear. Several lines of evidence sup-
port that the expanded polyglutamine stretch in the
huntingtin proteins imparts a toxic gain-of-function
(i.e. novel function) as well as a loss-of-function di-
rectly through the mutation and indirectly by seques-
tration (i.e. dominant negative) of wildtype huntingtin
(Suhr et al., 2001). Wild-type huntingtin is widely dis-
tributed throughout the cytoplasm and in neuronal pro-
cesses (Trottier et al., 1995) and appears to have numer-

ous interacting and target proteins (Harjes & Wanker,
2003). Immunohistochemistry has localized huntingtin
to vesicle membranes and microtubules (Gutekunst
et al., 1995). Further studies have demonstrated an in-
teraction between huntingtin and a number of proteins
involved in endocytosis and organelle transport in cell
culture (Velier et al., 1998). This is particularly interest-
ing in light of the fact that huntingtin has been shown
to be anterogradely and retrogradely transported in
the rat sciatic nerve (Block-Galarza et al., 1997). Mutant
huntingtin has also been found in neuronal processes
and axonal terminals in postmortem tissue (DiFiglia
et al., 1997) and was noted to bind to synaptic vesicles
and to prevent uptake of the neurotransmitter gluta-
mate in vitro (Li et al., 2000). Thus, disruption of cellular
systems involved with cell structure and vesicular traf-
ficking may underlie cortical dysfunction. In an effort to
identify early changes involved in cortical pathogenesis
of HD, we compared early stage, consisting of presymp-
tomatic (asymptomatic individuals carrying the gene
mutation) and grade 1, and late stage (grade 3 and 4)
human postmortem cortical tissue for alterations in cy-
toskeletal and synaptic elements.

Materials and methods

MATERIALS

Antibodies utilized in these experiments were obtained
from the following sources: mouse anti-neuronal nuclear
antigen (NeuN), mouse anti-synaptobrevin, and mouse
anti-synaptophysin from Chemicon (Temecula, CA); mouse
anti-clathrin heavy chain, mouse anti-complexin 2, mouse
anti-dynamin, mouse anti-Rab3A, mouse anti-Rab5, mouse
anti-α/β SNAP, and mouse anti-synaptotagmin from BD
Biosciences (Lexington, KY); mouse anti-microtubule as-
sociated protein 2, MAP2, (SMI-52) and mouse anti-
phosphorylated neurofilament (SMI-35) from Sternberger
monoclonals (Lutherville, MD); mouse anti-NSF from Ex-
alpha (Boston, MA); mouse anti-SNAP 25 from Oncogene
Research Products (Boston, MA); mouse anti-syntaxin from
Calbiochem (San Diego, CA); and mouse anti-α tubulin and
mouse anti-β tubulin from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit anti-PACSIN 1 antibodies were previously
described (Plomann et al., 1998). All other materials and
reagents were obtained from Sigma Chemical Co. (St. Louis,
MO) and Invitrogen (Carlsbad, CA) except where noted.

HUMAN TISSUE

Formalin-fixed human cortical tissues from Brodmann area 9
used for histology (Table 1) were obtained from the Harvard
Brain Tissue Resource Center (McLean Hospital, Boston, MA)
in accordance with institutional guidelines (NIH, Office of
Human Subjects Research). Specimens were matched for age,
postmortem interval (PMI), and divided into groups based
upon information from the Harvard Brain Tissue Resource
Center: (a) controls (n= 4, age = 60± 11 yrs, PMI = 16± 5 h);
(b) presymptomatic HD gene carriers (n= 2) and grade 1
(n= 3) HD cases (age = 74± 10 yrs, PMI = 18± 9 h); (c) grade



Early changes in Huntington’s disease cortex 519

Table 1. Characteristics of formaldehyde-fixed brain tissue from Brodmann area 9∗ .

Case Age Post-mortem Grade (based on Cortical Cortical
number (years) Gender interval (hours) striatal pathology) cytoarchitecture neuronal density

B4354 68 F 15 Normal NR NR
B4379 50 M 15 Normal Normal Normal
B4389 70 M 23 Normal Normal Normal
B4077 50 M 10 Normal Normal Normal
B1632 60 F 30 Presymptomatic Normal Normal
B3214 83 M 7 Presymptomatic Normal Normal
B3914 75 F 11 1 Normal Normal
B4296 68 M 22 1 Normal Normal
B4316 95 F 21 1 Normal Normal
B4404 72 M 8 3 Normal Decreased
B4351 78 M 41 3 Normal Decreased
B4381 55 F 24 4 Normal Decreased
B4386 55 M 16 4 Normal Decreased

∗The information provided is based upon autopsy and neuropathological reports from donating institutions; NR = not reported.

Table 2. Characteristics of frozen brain tissue from Brodmann area 9∗ .

Case Age Post-mortem Grade (based on Cortical Cortical
number (years) Gender interval (hours) striatal pathology) cytoarchitecture neuronal density

B4213 69 M 10 Normal Normal Normal
B4180 47 M 9 Normal Normal Normal
B4030 81 F 12 Normal Normal Normal
B0166 27 M 12 Presymptomatic NR NR
B3214 83 M 7 Presymptomatic Normal Normal
VU01 28 M 20 Presymptomatic NR NR
B4296 68 M 22 1 Normal Normal
B1736 49 F 21 1 NR NR
B3756 63 F 8 1 Normal Normal
B4424 67 F 22 3 Normal Decreased
B4404 72 M 8 3 Normal Decreased
B4356 61 F 19 4 Normal Decreased

∗The information provided is based upon autopsy and neuropathological reports from donating institutions; NR = not reported.

3 (n= 2) and grade 4 (n= 2) HD cases (age = 65± 12 yrs,
PMI = 22± 14 h).

Additionally, frozen blocks of human cortical tissue used
for Western blotting (Table 2) were obtained from the Har-
vard Brain Tissue Resource Center and Vanderbilt University
Medical Center. The specimens were divided into groups:
(a) controls (n= 3, age = 65± 16 yrs, PMI = 10± 2 h); (b)
presymptomatic HD gene carriers (n= 3, age = 46± 31 yrs,
PMI = 13± 6 h); (c) grade 1 (n= 3, age = 60± 10 yrs,
PMI = 13± 7 h) HD cases; (d), grade 3 (n = 2), and grade
4 (n = 1) HD cases (age = 67± 6 yrs, PMI = 16± 7 h).

Each sample was examined by a neuropathologist who
provided information regarding cytoarchitecture and neu-
ronal density (listed in Tables 1 and 2). Additionally, the neu-
ropathologist commented on the presence of neurofibrillary
tangles and neuritic plaques which were reported to be very
rare, age related, and not to the level seen in Alzheimer’s dis-
ease. The mutant alleles in the HD cases ranged from 45 to
50 CAG repeats. These specimens were genotyped and uti-
lized in previous experiments in this lab (Guidetti et al., 2001).

Images shown are representative of each experimental group
based upon blinded observation.

IMMUNOFLUORESCENCE

Blocks of frontal cortex from Brodmann area 9 were cut
from the tissue specimens and cryoprotected by immersion in
0.1 M phosphate buffered saline (PBS), pH 7.4, containing 30%
(w/v) sucrose for 48 h. The blocks of tissue were frozen on dry
ice and sections were cut on a sliding knife microtome (25 µm
thick) and stored in PBS at 4◦C until time of use. Sections
were washed with PBS containing 0.1% Triton-X100 (PBS-T)
and background staining was blocked with a one-hour incu-
bation in PBS-T containing 10% normal serum. Subsequently,
the sections were incubated with primary antibodies (mouse
anti-SMI52, 1:10,000; mouse anti-SMI35, 1:10,000; mouse anti-
αttubulin, 1:100) diluted in PBS with 5% normal serum and
0.4% Triton-X 100 overnight at room temperature. Sections
were then extensively washed with PBS-T and incubated
with secondary-fluorochrome conjugated antibodies (Cy2



520 DIPROSPERO, CHEN, CHARLES, PLOMANN, KORDOWER and TAGLE

conjugated goat anti-mouse IgG, 1:400; Jackson Immunore-
search Labs, West Grove, PA) diluted in PBS-T for 1 h at room
temperature. The tubulin signal was amplified by incubation
with a biotinylated antibody followed by incubation with a
Cy2-conjugated strepavidin antibody. Sections were washed
with PBS-T and incubated with 5 mM CuSO4 in 50 mM ammo-
nium acetate buffer (pH 5.0) for 1.5 h to eliminate background
from intrinsic autofluorescent pigments (Schnell et al., 1999).
Following several washes in PBS, sections were mounted on
gelatin-coated slides, dehydrated through graded alcohols,
cleared in xylene, and coverslipped with DPX. The sections
were examined using a Zeiss laser scanning confocal micro-
scope and observers were blinded to disease status. Captured
digital images were exported and printed using Adobe Pho-
toshop 5.5 software (San Jose, CA).

IMMUNOHISTOCHEMISTRY

Antigen retrieval was performed by incubating the sections
in a 10 mM sodium citrate solution (pH 9.0) preheated to and
maintained in an 80◦C water bath for 30 min (Jiao et al., 1999).
Following several washes in the Tris-buffered saline (TBS),
pH 7.4, solution containing 0.05% Triton X-100 (TBS-T), sec-
tions were incubated for 20 min in a TBS solution contain-
ing 0.1 M sodium periodate to eliminate endogenous perox-
idase activity. After 3 washes in TBS-T, background staining
was then inhibited by a one hour incubation in 5% normal
serum and 2% bovine serum albumin (BSA), after which
the primary antibodies at the appropriate dilution (mouse
anti-NeuN, 1:200; mouse anti-dynamin, 1:1000; rabbit anti-
PACSIN 1, 1:5000) were applied overnight at room temper-
ature in a 0.1 M sodium phosphate buffer saline solution
containing 0.4% Triton X-100 and 3% normal horse serum.
After 6 washes in TBS-T sections were then sequentially incu-
bated in the biotinylated horse anti-mouse IgG (Vector labs,
Burlingame, CA; 1:200) for 1 h and the avidin-biotin complex
(ABC Elite Kits, Vector labs; 1:500) for 75 min separated by
3 washes in TBS-T. The chromogen solution that completed
the reaction consisted of 0.05% 3′3-diaminobenzidine (DAB)
and 0.005% H2O2. Sections were mounted on gelatin-coated
slides, dehydrated through graded alcohol, cleared in xylene,
and coverslipped with Permount.

BIELSCHOWSKY SILVER STAIN

Blocks of formalin-fixed human cortical tissue were also pro-
cessed for paraffin embedding. Sections cut at 8 µm were
mounted on poly-L-lysine coated slides and processed as fol-
lows by Molecular Histology Labs, Inc. (Montgomery Vil-
lage, MD). The sections were deparaffinized and rehydrated
through a graded series of alcohols. The sections were then
washed and incubated in 18% silver nitrate for 15 min at 37◦C
in the dark. After washing the sections in ddH2O for 10 min,
the sections were transferred to an ammoniacal silver solu-
tion for 10 min at 37◦C in the dark. Afterwards, the sections
were transferred to a 1% ammonium hydroxide for 3 min
and then ammoniacal silver solution mixed with developing
solution. Sections are checked microscopically for fiber devel-
opment, and then washed in 1% ammonium hydroxide fol-
lowed by ddH2O. The slides were then placed in 5% sodium
thiosulfate for 5 min and rinsed off with ddH2O. The sections
were then dehydrated through a graded series of alcohols,

cleared in xylene and mounted with glass coverslips using
Permount.

NISSL STAINING

Paraffin embedded sections adjacent to those processed for
silver staining were deparaffinized and rehydrated through
a graded series of alcohols. The sections were incubated in
cresyl violet acetate (1%, pH 3.0) for 5 min at room tempera-
ture to stain for Nissl substance. Afterwards the sections were
rinsed with ddH2O, dehydrated through a graded series of
alcohols, cleared in xylene and mounted with glass coverslips
using Permount.

WESTERN BLOTTING

Pieces of frozen cortical tissue were immersed in liquid ni-
trogen and freeze-fractured using a BioPulverizerTM (Biospec
Products, Bartlesville, OK). Homogenization buffer consist-
ing of 25 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1% SDS, and
protease inhibitors (mini complete, Boehringer Mannheim,
Mannheim, Germany) was added to the powdered tissue at
1:10 w/v. The samples were sonicated on ice for 10 s three
times. The samples were then centrifuged at 14,000 g for
10 min at 4◦C to remove any particulate matter. The super-
natant was transferred to another tube and protein concen-
trations were determined using the Pierce BCA protein as-
say (Rockford, IL). Laemmli buffer (BioRad, Hercules, CA)
was added to the remaining extract and the sample was
heated to 95◦C for 5 min. Equal protein amounts of cell ex-
tract (20 µg total protein) were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to nitrocellulose. The blots were then incu-
bated in blocking solution containing 5% non-fat dry milk
in PBS containing 0.1% Tween 20 (PBS-T) for 1 h at room
temperature. The blocking solution was then removed and
the blot was incubated overnight at 4◦C in a solution of pri-
mary antibody diluted as indicated in PBS-T (anti-clathrin,
1:1000; anti-complexin 2, 1:500; anti-dynamin, 1:2500; anti-
PACSIN 1, 1:5000; anti-rab3A, 1:2500; anti-rab5, 1:500; anti-
α/β SNAP, 1:5000; anti-SNAP25, 1:5000; anti-synaptobrevin
1, 1:1000; anti-synaptophysin, 1:1000; anti-synaptotagmin,
1:1000; anti-syntaxin, 1:2500). The blots were then washed
five times in PBS-T and incubated with either anti-mouse IgG
or anti-rabbit IgG horseradish peroxidase-conjugated sec-
ondary antibodies (Amersham, Buckinghamshire, England)
diluted 1:5000 in PBS-T for 1 h at room temperature. The blots
were then washed as above and the incubated with chemilu-
minescent detection reagents (ECL-Plus, Amersham, Buck-
inghamshire, England) for 5 min at room temperature. The
blot was exposed to autoradiography film (X-OMAT, Kodak,
Rochester, NY) for varying amounts of time to visualize the
labeled protein. The immunoblots were scanned at 600 dots
per inch and 8 bits/channel using an Arcus II AGFA scan-
ner. Relative levels of protein expression were determined by
analyzing the pixel intensity of the bands using NIH Image
(Version 1.62) and normalized as a percentage of control. The
results from three independent sets of tissues (each set con-
sisting of a control, presymptomatic, grade 1, and a grade 3 or
4 specimen) were pooled and examined by one-way ANOVA
and Fisher’s PLSD for statistical significance.
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Results

Examination under darkfield optics of tissue sections
from normal human cortex (Brodmann area 9) after
silver impregnation revealed a dense meshwork of
interdigitating neuronal fibers throughout all layers.
Neuronal processes emanating from pyramidal cells in
layers 5 and 6 displayed an organized network of fiber
bundles running in parallel to one another (Fig. 1A). In
contrast, a reduction in fiber density and organization
of pyramidal cells in layers 2/3 and 5 was observed in
presymptomatic (Fig. 1B) and grade 1 disease cases. A
further loss of silver stained fibers was seen in grade 4
cases (Fig. 1C). Previous imaging studies failed to ob-
serve degeneration in the frontal cortex of presymp-
tomatic gene carriers (Harms et al., 1997) and even in
mildly affected HD patients (Aylward et al., 1998). To ex-
amine whether this change in fiber density may be due
to cell loss, adjacent sections were stained for Nissl sub-
stance and neurons using a specific antibody (NeuN).
There was no qualitative loss of cells as revealed by
Nissl staining (Fig. 1D and E) or a specific loss of neu-
rons as determined by NeuN staining (Fig. 1G and H) in
the same areas that displayed fiber changes in presymp-
tomatic and grade 1 HD tissue, which is in agreement
with the neuropathology reports from the donating in-
stitutions (Table 1). Moreover, it should be noted that
there does appear to be some cell loss by Nissl staining
(Fig. 1F) and NeuN staining (Fig. 1I) in late stage HD tis-
sue which is consistent with the pathology information
and data previously reported (Sotrel et al., 1991).

Since cytoskeletal proteins underlie neuronal pro-
cess growth and morphology, we performed immuno-
histochemistry to visualize phosphorylated neurofila-
ment, microtubule-associated protein 2 (MAP2), and
α-tubulin in sections of control and HD cortical tissues.
The SMI 35 antibody reacts with neurofilaments (pri-
marily heavy and medium chains) of both high and
moderate degrees of phosphorylation. Staining of cor-
tical tissue from control cases using SMI 35 and a flu-
orescent secondary antibody revealed intense labeling
of fibers throughout all layers of the cortex (Fig. 2A).
Higher magnification of the upper layers revealed a
rich network of neuronal processes (Fig. 2B). In contrast,
presymptomatic tissues did not label as intensely, espe-
cially in the upper layers of the cortex (Fig. 2C). Closer
examination revealed the robust fiber density was re-
placed by scattered immunopositive fibers (Fig. 2D).
This loss of staining appeared to be progressive, since
the grade 4 tissues displayed a further decrease in la-
beling that involved all cortical layers (Fig. 2E) with
only a few distinct fibers noted at higher magnification
(Fig. 2F).

Microtubules, which serve a multiplicity of functions,
are composed of heterodimers of α and β tubulins.
Staining for α-tubulin in control brain sections revealed
a diffuse staining pattern (Fig. 3A), which was most

intense in the upper layers (Fig. 3B). Examination of
presymptomatic tissue showed a modest reduction in
intensity of labeling in the upper layers (Fig. 3C and
D), whereas, staining in grade 4 tissue was markedly
reduced (Fig. 3E) with a more punctate appearance
at higher magnification (Fig. 3F). These results were
also confirmed and appeared more dramatic using the
avidin-biotin system of staining most likely because of
its amplification step (data not shown) but we chose
to show similar staining methods for all cytoskeletal
proteins as well as the more conservative image.

Microtubule-associated proteins (MAPs) regulate
the polymerization, bundling, and stability of micro-
tubules. MAPs are differentially distributed with MAP2
found almost exclusively in perikarya and dendrites.
Staining for MAP2 using SMI 52 in control tissue re-
vealed uniform pyramidal cell body staining with well-
labeled apical and basilar dendritic processes (Fig. 4A
and B). However, staining of presymptomatic tissue
demonstrated a complete loss of dendritic labeling
(Fig. 4C). Moreover, the soma staining did not appear
uniform, exhibiting a polarized appearance with the
staining accumulating disproportionately within the
cell (Fig. 4D). This pattern was observed in grade 4 tis-
sues as well. There was no obvious dendritic staining
in the grade 4 tissues, and there was a further reduction
in overall cell body staining (Fig. 4E and F).

Three sets of protein lysates from human cortical
tissue were analyzed for expression of synaptic el-
ements involved in neurotransmitter release and re-
uptake. Each set contained a control, one presymp-
tomatic case, a grade 1 case, and a grade 3 or 4
case, which were matched as best as possible for
age and post mortem interval. Proteins examined in-
cluded the synaptic membrane protein synaptobrevin
(v-SNARE) and the plasma membrane proteins syn-
taxin and SNAP-25 (t-SNARE), which collectively make
up the fusion machinery known as the SNARE com-
plex. We also examined proteins involved in SNARE
complex dynamics (NSF, α/β-SNAP, rab3A, rab 5,
synaptotagmin, synaptophysin, and complexin 2) as
well as some involved in endocytosis (clathrin, dy-
namin, and PACSIN 1). The expression of almost all
the proteins appeared similar across all samples with
the exception of complexin 2 (Fig. 5); semi-quantitative
analysis confirmed these results (Table 3). While the
expression of complexin 2 appeared decreased in some
early stage HD tissues, semi-quantitative analysis only
demonstrated a significant reduction in protein levels
in late-stage tissues. However, it is possible that a larger
sample size may be able to discriminate whether a re-
duction in complexin 2 occurs in early stage HD and
thus may be involved with the etiology of the disease.

Although the levels of almost all synaptic proteins
were unchanged, it is possible that the cytoskeletal per-
turbations observed could alter the localization of these
proteins. To examine this possibility, we performed
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Fig. 1. Loss of nerve fiber density in early stage HD cases. Silver staining of nerve fibers in control human cortical tissue
(formaldehyde fixed, paraffin embedded, 8 µm thick sections) examined by darkfield optics reveals a dense meshwork of
fibers in layer 5 (A) that is diminished in presymptomatic cases (B) and more noticeable in grade 4 tissue (C). The loss of fiber
density is not likely due to a loss of cells in this area since serial sections of tissue stained for Nissl substance and an antibody
specific for neuronal cells (NeuN) reveals an approximately equal cell density between presymptomatic (E and H) and control
cases (D and G). However, Nissl staining of grade 4 tissue reveals shrunken cells with less intense staining (F) and a noticeable
loss of neurons (I) in agreement with previous observations. Bar = 50 µm for all panels.
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Fig. 2. Progressive loss of neurofilament staining. Sections of human cortical tissue (formaldehyde fixed, 25 µm thick, free-
floating sections) were immunostained with SMI 35 and examined using immunofluorescence confocal microscopy. Control
tissue shows intense staining of neurofilaments throughout all layers of the cortex (A) with dense networks of fibers noted at
higher magnification (B). Staining of presymptomatic tissue shows a reduction in the intensity of labeling mostly in the upper
layers of the cortex (C) with fewer immunopositive fibers (D). Late-stage HD tissue is almost devoid of staining (E) with even
fewer labeled fibers (F). Bar = 800 µm (A, C, and E); Bar = 200 µm (B, D, and F).
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Fig. 3. Decreased tubulin staining in HD cases. Sections of human cortical tissue (formaldehyde fixed, 25 µm thick, free-floating
sections) were immunostained with anti-tubulin antibodies and viewed using immunofluorescence confocal microscopy. Ex-
amination of control tissue reveals intense staining mostly in layers 1 and 2 (A and B; higher magnification) that is diminished
in presymptomatic tissue (C and D) and further reduced in grade 4 tissue (E and F). Bar = 800 µm (A, C, and E); Bar = 200 µm
(B, D, and F).
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Fig. 4. MAP2 staining is lost in early stage HD cortex. Sections of human cortical tissue (formaldehyde fixed, 25 µm thick, free-
floating sections) were immunostained with SMI 52 and examined using immunofluorescence confocal microscopy. In control
tissue, MAP2 staining is robust and noted in the pyramidal cell layers of the cortex (A) with intense labeling of cell bodies and
dendrites (B). Examination of presymptomatic tissue demonstrates a striking loss of overall staining (C) with complete loss
of dendrite labeling and patchy staining within the soma (D). The intensity of MAP2 staining was further reduced in grade 4
tissue (E) with only slight, eccentric staining in the cell body (F). Bar = 800 µm (A, C, and E); Bar = 200 µm (B, D, and F).
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Fig. 5. Levels of synaptic proteins in HD cortical tissue. In one representative experiment of three independent experiments,
protein extracts from homogenized cortical tissue were resolved by SDS-PAGE, transferred to nitrocellulose and probed for the
proteins listed. Bound antibodies were visualized using HRP-conjugated secondary antibodies and chemiluminescent detection
reagents. The band intensity between control (C), presymptomatic (PS), grade 1 (G1), and grade 3/4 (G4) appears relatively
uniform for all proteins examined with the exception of complexin 2 which shows a modest reduction in early grade cases and
a more striking loss in late stage tissues.

immunohistochemistry with antibodies directed
against a number of synaptic proteins on human cor-
tical sections using the avidin-biotin staining method.
Staining for SNAP-25 and syntaxin was diffuse and

Table 3. Semiquantitative analysis of vesicular proteins in
human HD cortex

Presymptomatic Grade 1 Grade 3/4
(%) (%) (%)

Clathrin 105± 5 107± 14 108± 13
Complexin 2 70± 19 65± 13 38± 18∗

Dynamin 93± 4 97± 7 100± 6
PACSIN 1 92± 8 84± 10 90± 9
Rab3A 94± 6 97± 15 117± 13
Rab5 84± 5 96± 8 82± 10
α/βSNAP 98± 7 100± 9 91± 5
SNAP 25 102± 1 100± 3 100± 6
Synaptobrevin 101± 9 95± 5 108± 10
Synaptophysin 104± 3 103± 6 105± 7
Synaptotagmin 106± 3 97± 9 101± 9
Syntaxin 107± 3 99± 6 100± 1

Protein extracts from genotyped HD patient cortical tissue were age
and PMI matched and subjected to Western blotting for various
synaptic elements as shown in Figure 5. Immunoblots were scanned
at a resolution of 600 dpi, and the intensities of the bands were an-
alyzed by NIH Image gel analysis macroroutine. Relative intensi-
ties were calculated as a percentage of control for three independent
experiments. Only levels of complexin 2 in grade 3/4 tissues were
significantly different from controls (∗ p < 0.01 by Fisher’s PLSD).

homogenous throughout all layers. Staining for these
proteins did not differ between samples and was only
slightly more intense than background staining despite
antigen retrieval (data not shown). In contrast, staining
for both dynamin and PACSIN 1 showed diffuse
immunoreactivity throughout all layers of the cortex
that appeared to involve both cell bodies and processes
(Fig. 6A and C respectively). Interestingly, there was a
striking loss of this staining pattern in early stage HD
specimens. Dynamin immunoreactivity which stained
mostly processes demonstrated a progressive loss be-
ginning in the deeper cortical layers of presymptomatic
cases (Fig. 6D). PACSIN 1 showed a more dramatic loss
of staining in the presymptomatic tissues where there
appeared to be a global loss of staining throughout all
layers of the cortex in both cell bodies and processes
(Fig. 6B). Thus, while the expression levels of these
proteins appeared unchanged, immunohistochemistry
revealed a significant change in their staining patterns
in HD tissues.

Discussion

HD is classically characterized by extensive striatal at-
rophy, although there are also numerous reports of
pathological changes in the cortex. The observation
that some changes in cortical neurons occur prior to
alterations in the striatum leads to the speculation that
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Fig. 6. PACSIN 1 and Dynamin staining are progressively lost in HD cortical tissue. Staining of human cortical tissue (formalde-
hyde fixed, paraffin embedded, 8 µm thick sections) with antibodies to the vesicular protein PACSIN 1 and visualized with
DAB reveals a diffuse, widespread staining pattern noted through all layers of the cortex in controls (A) that is diminished in
all cell layers in presymptomatic tissue (B). Staining of human cortical tissue (formaldehyde fixed, 25 µm thick, free-floating
sections) for dynamin also revealed a diffuse, widespread staining pattern noted through all layers of the cortex in controls (C).
However, dynamin staining in the deep cortical layers shows a progressive decrease beginning in presymptomatic tissue (D)
opposed to PACSIN 1 which was diminished in all cell layers. Bar = 500 µm.
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cortical pathology may contribute in a primary fashion
to the onset of the HD phenotype. Experiments using
transgenic HD mouse models have noted alterations
in long-term potentiation (Usdin et al., 1999), synaptic
currents (Cepeda et al., 2003), and neurotransmitter lev-
els (Nicniocaill et al., 2001) within the striatum of these
models suggesting a disturbance in the corticostriatal
input. This suggestion of cortical neuron dysfunction
is underscored by clinical observations that show that
psychiatric and cognitive symptoms often precede the
onset of motor dysfunction (Dewhurst, 1969; Folstein,
1983; Lawrence et al., 1996, 1998; Jason et al., 1997;
Berrios et al., 2001).

The mechanism of cortical neuronal dysfunction is
not clear but may be related to morphological alter-
ations. Dendritic abnormalities are present in pyrami-
dal neurons in early stage (grade 1) HD human cortex
(Sapp et al., 1997) and display a characteristic “wavy’’
morphology that correlates with the presence of cyto-
plasmic and nuclear accumulations of mutant hunt-
ingtin. Recently, this morphological change has been
observed in a transgenic mouse model for HD (Laforet
et al., 2001) in which cortical changes, including ac-
cumulation of mutant huntingtin and the appearance
of dysmorphic dendrites, correlate with the onset and
severity of behavioral abnormalities. Moreover, brain
slice preparations from these mice demonstrate elec-
trophysiological abnormalities following cortical stim-
ulation and N-methyl-D-aspartate receptor activation.
This observation is consistent with the findings that
alterations in dendritic morphology in cortical neu-
rons can influence neuronal discharge patterns (Henze
et al., 1996). Thus, morphological abnormalities may
contribute to altered neuronal function in HD. Our re-
sults demonstrating a loss of staining of various cy-
toskeletal elements in early stage HD tissue may be
related to changes in neuronal morphology and con-
sequently function.

We observed a dramatic, progressive loss of neu-
rofilament staining throughout the cortex. Stabilized
neurofilaments provide mechanical support and influ-
ence axonal diameter and thereby conduction velocities
(Elder et al., 1998a, b). Thus, alterations in neurofila-
ment levels or structure can alter conduction velocities
of particular neurons, and these changes could play a
role in HD pathology. Indeed, characteristics of neuro-
filament pathology such as neuronal atrophy and re-
duction in axonal caliber have been noted in HD tissue
(Dom et al., 1976) as well as other polyglutamine dis-
eases (Li et al., 1995a). Moreover, ultrastructural exami-
nation of dystrophic neurites from HD cortex revealed
an accumulation of granulofilamentous material simi-
lar to the neurofilament aggregates observed in a num-
ber of neurodegenerative diseases (Jackson et al., 1995)
which can result from polyglutamine domains binding
to neurofilaments and disrupting the neurofilament as-
sembly (Nagai et al., 1999).

Another cytoskeletal complex which is critical to den-
dritic shape and function is the microtubule system.
Microtubules are polymers composed of α and β tubu-
lins that undergo rapid changes in length and stability
in an energy dependent manner (Desai & Mitchison,
1997). These dynamic changes are regulated by mi-
crotubule associated proteins or MAPs (reviewed in
Johnson & Jope, 1992). Here we noted a loss of α tubulin
staining, which may be due to its interaction with mu-
tant huntingtin (Tukamoto et al., 1997) or due to alter-
ations in the level or activity of the regulatory protein,
MAP2. MAPs are differentially distributed, with the
high molecular weight MAP2 found almost exclusively
in the perikarya and dendrites (Matus et al., 1986). While
MAP2 is not the only dendritic protein, its expression
and function is critical to directional dendritic growth
(Kaech et al., 1996) that appears altered in HD cortical
neurons (Sotrel et al., 1993). Its function is also directly
linked to its phosphorylation state, since phosphoryla-
tion of different domains leads to reduced tubulin bind-
ing (Brugg & Matus, 1991). MAP2 levels and confor-
mation can be mediated by neurotransmitter systems
(Halpain & Greengard, 1990; Diaz-Nido et al., 1993),
whereby synaptic-mediated changes in the balance of
kinases and phosphatases may alter MAP2 activity and,
in turn, the microtubule network, allowing for synaptic
plasticity (Avila et al., 1994; Woolf, 1998). Thus, a loss
of MAP2 or an aberrant phosphorylation state may im-
pair synaptic plasticity, as is noted in a murine model
of HD (Usdin et al., 1999) and results in cognitive dys-
function. Loss of MAP2 expression has been demon-
strated in models of excitotoxicity, presumably through
the activation of calpain by excess calcium (Hicks et al.,
1995; Bordelon & Chesselet, 1999). This possibility is
particularly intriguing since excitotoxicity is a postu-
lated mechanism for HD (Beal et al., 1986) and could
explain our observation of loss of MAP2 staining. The
theory of excitotoxicity also raises the issue of synaptic
function and neurotransmitter release in HD.

While the normal function of huntingtin remains elu-
sive, its interaction with synaptic vesicles and other
transport proteins raises the possibility that one aspect
of HD pathogenesis may lay in altered synaptic func-
tion (DiFiglia et al., 1995; Li et al., 1995b; Metzler et al.,
2001). The factors involved with neurotransmitter re-
lease have not all been completely identified, however;
a number of proteins have been characterized. Among
these proteins are synaptobrevin, which is found as-
sociated with the vesicle membrane, and syntaxin and
SNAP-25, which are found associated with the plasma
membrane, and collectively make up the SNARE com-
plex (Sollner et al., 1993). These proteins interact to bring
together the vesicles with the plasma membrane to al-
low for fusion and exocytosis of the vesicular contents.
The movement of vesicles and mediation of SNARE
complex assembly and disassembly are regulated by a
number of other accessory proteins, including, Rab3A,
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Rab5, α/β SNAP, synaptotagmin, synaptophysin, and
complexin 2 (reviewed in Sollner, 2003). Our results us-
ing Western blotting for these proteins in HD tissue
revealed similar levels in presymptomatic cases as well
as samples from grades 1, 3, and 4 cases with the excep-
tion of complexin 2. These results are in agreement with
a similar study in a transgenic (R6/2) HD mouse model
where a progressive loss of complexin 2 was noted in
various brain regions including the cortex while most
other synaptic proteins examined remained unchanged
(Morton & Edwardson, 2001). More recently, the same
group of researchers also examined striatal tissue from
human postmortem HD cases (Morton et al., 2001).
While they noted some minor changes in other proteins,
complexin 2 was most markedly reduced. However,
they noted a decrease in complexin 2 levels beginning
as early as grade 0, whereas we only found a statistical
difference in grade 3 and 4 tissues. This may be due
to differences in the samples or regions used in the two
studies or simply in sample size examined, since we ob-
served a reduction in grade 1 tissues but the results were
not significant with the number of specimens available.
Overall, both studies support a loss of complexin 2 in
HD, which may result in altered neurotransmission. In-
deed, complexin 2 is expressed predominantly in ex-
citatory neurons (Harrison & Eastwood, 1998), where
it has been shown that expression of the recombinant
protein inhibits exocytosis while administration of an-
tibodies to complexin 2 can stimulate release (Ono et al.,
1998). Thus, loss of complexin 2 may result in excessive
neurotransmitter release, possibly contributing to exci-
totoxicity. Further, complexin 2 knockout mice show a
reduction in LTP (Takahashi et al., 1999) which is similar
to what is seen in the R6/2 HD mouse (Murphy et al.,
2000). More extensive studies will be needed to address
the mechanistic role of complexin 2 in HD pathology.

Another critical event in neurotransmission is the re-
uptake of neurotransmitters that occurs through endo-
cytosis. Huntingtin has been shown to be associated
with both clathrin and non-clathrin coated membranes
(Velier et al., 1998), but has not been directly linked to en-
docytic machinery. Yeast two-hybrid screens revealed
an interaction between huntingtin and HIP1 (Wanker
et al., 1997), which has recently been shown to directly
interact with components of the endocytic machinery
(Engqvist-Goldstein et al., 2001; Metzler et al., 2001).
These studies raise the possibility that the HD mu-
tation may disrupt the endocytic pathway. Results of
our Western blotting experiments for three endocytic
proteins, clathrin heavy-chain, dynamin, and PACSIN
1, showed no alteration in their levels in any stage
of HD. However, immunohistochemistry for dynamin
and PACSIN 1 showed a progressive loss of stain-
ing beginning in presymptomatic tissue. Various ex-
planations could account for this observation. First,
these proteins may no longer localize to their normal
cellular compartments due to sequestration with mu-

tant huntingtin or impaired transport. Indeed, differen-
tial centrifugation of HD brain homogenate recovered
most of the PACSIN 1 protein in the microsomal pellet
rather than the synaptosomal pellet as seen in nor-
mal controls (Modregger et al., 2002). The cytoskeleton
is critical to cellular transport, and our results demon-
strating the disruption of cytoskeletal components in
presymptomatic HD tissue may suggest that transport
is no longer efficient. In vitro studies with striatal cells
expressing mutant huntingtin demonstrated neuritic
aggregates, which blocked protein transport in neu-
rites and caused degeneration (Li et al., 2001). More-
over, mutant huntingtin was recently shown to impede
fast axonal transport in isolated axoplasm (Szebenyi
et al., 2003) as well as in Drosophila models of HD
(Gunawardena et al., 2003; Lee et al., 2004). Second, the
epitopes of these proteins may be masked due to aber-
rant interaction with mutant huntingtin. Many proteins
have been found to be sequestered in polyglutamine ag-
gregates including neurofilament (Suhr et al., 2001), but
not all bands found in the aggregates were analyzed,
suggesting that there may still be a number of proteins
that interact and are sequestered with expanded polyg-
lutamine tracts. Third, alteration in the activity of signal
transduction pathways by mutant huntingtin could re-
sult in the attachment of protein side groups that mask
antigen-binding sites or result in the degradation of par-
ticular proteins. Lastly, transcriptional dysregulation
appears to be an early event in HD pathogenesis (Cha,
2000; Luthi-Carter et al., 2000). In this regard, altered
levels of a variety of proteins could directly or indirectly
affect any of the aforementioned mechanisms result-
ing in loss or mislocalization of proteins in the synap-
tic compartment. Overall, our data suggest that certain
synaptic proteins may be altered which may lead to
impaired exocytosis/endocytosis in HD patients.

In this study we have sought to elucidate morpho-
logical and molecular alterations in early stage HD pa-
tients with emphasis on presymptomatic gene carriers.
Our findings demonstrate dendritic and axonal abnor-
malities and loss of staining of cytoskeletal elements
that could account for the disruption in the cellular
architecture and morphology. Moreover, we have ob-
served a decrease in the protein levels for complexin
2 and altered staining patterns for two other synaptic
proteins, dynamin and PACSIN 1. The loss of synaptic
proteins may contribute to aberrant neuronal neuro-
transmission, as has been observed in models of HD.
Moreover, disruption of the cytoskeleton could result in
altered trafficking of organelles and vesicles, reduced
neurite outgrowth and plasticity, decreased transcrip-
tion, and apoptosis, all of which are suspected to occur
in HD. In fact, other neurodegenerative diseases such as
Alzheimer’s disease and amyotrophic lateral sclerosis
are also suspected to involve cytoskeletal dysfunction
(McMurray, 2000). Further examination of these alter-
ations in cytoskeletal and synaptic elements in model
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systems may provide insight into the early cellular
pathology of HD.
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