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Abstract Inappropriate apoptosis has been implicated in
the mechanism of neuronal death in Huntington’s dis-
ease (HD). In this study, we report the expression of
apoptotic markers in HD caudate nucleus (grades 1-4)
and compare this with controls without neurological
disease. Terminal transferase-mediated biotinylated-
UTP nick end-labeling (TUNEL)-positive cells were
detected in both control and HD brains. However,
typical apoptotic cells were present only in HD, espe-
cially in grade 3 and 4 specimens. Expression of the pro-
apoptotic protein Bax was increased in HD brains
compared to controls, demonstrating a cytoplasmic
expression pattern in predominantly shrunken and dark
neurons, which were most frequently seen in grades 2
and 3. Control brains displayed weak perinuclear
expression of the anti-apoptotic protein Bcl-2, whereas
in HD brains Bcl-2 immunoreactivity was markedly
enhanced, especially in severely affected grade 4 brains,
and was observed in both healthy neurons and dark
neurons. Caspase-3, an executioner protease, was only
found in four HD brains of different grades and was not
expressed in controls. A strong neuronal and glial
expression of poly(ADP-ribose) polymerase (PARP)-
immunoreactivity was observed in HD brains. These
data strongly suggest the involvement of apoptosis in
HD. The exact apoptotic pathway occurring in HD
neurodegeneration remains yet unclear. However, the
presence of late apoptotic events, such as enhanced
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PARP expression and many TUNEL-positive cells
accompanied with weak caspase-3 immunoreactivity in
severely affected HD brains, suggests that caspase-
mediated neuronal death only plays a minor role in HD.
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Introduction

Apoptosis is a form of programmed cell death that re-
sults in the orderly and efficient removal of damaged or
redundant cells, e.g., occurring after DNA damage or
during normal development, immune regulation, and
tissue homeostasis [1, 18]. Many factors contribute to
the apoptotic cascade that lead to cell destruction, each
demonstrating specificity of function, regulation, and
pathway involvement [1, 15]. Inappropriate activation of
apoptosis has been implicated in the pathogenesis of
several chronic age-related neurological disorders, such
as Huntington’s disease (HD) [32], by the demonstration
of increased DNA degradation and typical apoptotic
cells in postmortem HD brains [7, 33, 38]. Furthermore,
in vitro studies have provided evidence for a link be-
tween apoptosis and the mutant huntingtin protein [10,
13]. In addition, apoptotic cell death has been reported
in experimental models of HD, in which the mitochon-
drial toxin 3-nitropropionic acid induced nuclear DNA
fragmentation with an increased expression of apopto-
sis-related markers in rat striatum [40]. HD is caused by
the abnormal expansion of CAG trinucleotide repeats in
the N terminus of the huntingtin gene [14], but how this
mutation leads to extensive and region-specific neuronal
degeneration in HD neostriatum remains unclear.

In recent years, various apoptotic cascades have been
characterized in the nervous system, such as the extrinsic
and intrinsic pathways of caspase-mediated cell death, as
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Fig. 1 Scheme showing key
components of the various
apoptotic pathways described
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well as caspase-independent apoptosis (Fig. 1). Caspases
are cysteine aspartate-specific proteases and constitute a
family of intracellular proteins that play an important
role in the initiation and execution of apoptotic cell death
[1]. The caspase-mediated extrinsic pathway, or the cell-
death receptor pathway, is initiated by activation of the
Fas receptor after binding to the Fas ligand, whereas the
caspase-mediated intrinsic pathway, or the mitochon-
drial pathway, is regulated by the interaction of members
of the Bcl-2 family of mitochondrial proteins, such as
Bax and Bcl-2. The intrinsic pathway is triggered by Bax
translocation to the mitochondrial outer membrane,
which leads to the activation of several caspases. Cas-
pase-3 is an important executioner protease in the
apoptotic program and cleaves a broad array of proteins
critical for cell survival, including the DNA-repairing
enzyme poly(ADP-ribose) polymerase (PARP) into 85-
and 28-kDa fragments [8, 23]. The huntingtin protein
itself is also a substrate for caspase-3 [10]. Finally, cas-
pase-independent apoptosis is activated by translocation
of apoptosis-inducing factor (AIF) to the mitochondria
and the nucleus, and produces peripheral chromatin
condensation and large-scale DNA strands [8, 23].

The detection of morphological features of apoptotic
cell death may be difficult in a slowly progressive dis-
order like HD. To ascertain that apoptosis is involved in
HD and to elucidate which apoptotic signaling cascade
is predominantly involved in HD pathogenesis, we
studied apoptotic features at various time points of the
process, since not only the end-products like DNA
degradation and apoptotic bodies, but also the expres-
sion of several regulatory proteins involved in the cas-
cade, may provide evidence for activation of the
apoptotic process. In this study, we focused on the
caspase-mediated apoptotic cell death by studying the

expression patterns of Bax, Bcl-2, caspase-3 and PARP
and the presence of apoptotic cells by using the terminal
deoxynucleotidyl transferase-mediated dUTP biotin
nick end labeling (TUNEL) method in the caudate nu-
cleus of HD patients and in control brains.

Materials and methods
Human tissue

Caudate samples were obtained at postmortem exami-
nation from 18 HD patients (mean age 60.4 + 14.6 years,
mean postmortem delay 20.1 h) and 6 controls with no
evidence of neurological disease on neuropathological
examination (mean age 72.5+8.7 years, mean post-
mortem delay 18.0 h). The clinical diagnosis of HD was
confirmed neuropathologically, and HD severity was
graded according to the classification of Vonsattel et al.
[42]. The characteristics of the HD patients and controls
are summarized in Table 1.

After removal at autopsy, whole brains were rapidly
fixed with 10% paraformaldehyde in phosphate buffer.
Tissue samples were then embedded in paraffin, cut into
sections of 5 pum and stained with standard neuro-
pathological techniques, including hematoxylin and
eosin, cresyl violet, or processed for immunohistochem-
istry using glial fibrillary acidic protein (GFAP) antibody
as a marker of astrocytes.

Immunohistochemistry

Immunohistochemistry was performed on deparaffinized
sections of the caudate nucleus using commercially
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Table 1 Characteristics of HD

patients and controls included Patient  Sex Age Age at Grade Postmortem Bax Bcl-2 caspase—3 PARP TUNEL

in this study presented together (vears) onset delay (h)

with immunohistochemical (years)

analysis for Bax, Bcl-2, caspase-

3, PARP and TUNEL labeling CH-112 M 47 45 1 15 - + - + +

observed in the caudate nucleus CH—-098 M 50 33 2 <24 - + - + —

of HD patients and controls. CH-113 M 51 42 2 20 + + —_ + + _

Grade was classified according ~CH-110 M 77 63 2 6 - + - + + +

to [42]. Grade I cause of death ~CH-060 V 74 60 2 4 + + + + + + + +

was by an accident, no general CH-111 M 58 47 3 6 + ++ - ++ + +

deterioration with pneumonia ~ CH-104 V74 62 3 2.5 - + - + + +

as for other HD patients CH-106 M 76 58 3 13.5 - + - ++ -

included in this study [HD CH-068 M 43 32 3 26 - ++ o+ ++ o+

Huntington’s disease, PARP CH-076 V 27 19 3 <24 ++ ++ - + + + +

poly(ADP-ribose) polymerase] CH-100 M 60 50 3 20 + + + + + + + +
CH-101 V 57 40 3 72 + + + — + + + + +
CH-102 M 45 20 4 <24 - + + — + + + +
CH-099 M 64 46 4 8 — + + — + + + +
CH-109 V 70 52 4 <24 + +++ - + + ++ +
CH-142 V 66 ? 4 <24 + + + — +++ +++
CH-151 M 66 45 4 <24 + +++ — + + +
CH-153 V 83 ? 4 <24 + + + + ++ +
S112-87 M 76 — Control 10 + + — + + +
S233-88 M 77 — Control 24 + — - + + +
S322-87 V. 77 — Control 6 — — — + +
S277-80 V55 — Control 10 — — — + +
S194-90 M 73 - Control 12 — + — - + +
SI115-90 VvV 77 — Control 46 — + — + -

available antisera that were all diluted in 1% BSA/PBS.
A polyclonal rabbit antibody directed against GFAP
(Dako, Glostrup, Denmark) was used at a dilution of
1:400. Anti-Bax antibody (Zymed laboratories, Uden,
The Netherlands) is a mouse monoclonal raised against
the N-terminal end of the protein, which reacts specifi-
cally with Bax protein of mouse, rat and human origin,
dilution 1:50. Polyclonal goat antiserum directed against
Bcl-2 (N-19) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) was used at a dilution of 1:200. Anti-Bcl-2
antibody is directed against the N-terminal end of Bcl-2
of human origin, is specific for mouse, rat and human
Bcl-2 and shows no cross-reactivity with other apopto-
sis-associated proteins. Caspase-3 (1:100) is a rabbit
polyclonal antibody from Cell Signaling Technology
Inc., Leusden, The Netherlands) and recognizes cleaved
caspase-3 at aspartate residue 175. Anti-PARP p85
fragment pAb (Promega Benelux b.v., Leiden, The
Netherlands) is a polyclonal rabbit antibody specifically
directed against the 85-kDa caspase-cleaved fragment
(p85) of human PARP, dilution 1:75.

Prior to Bax, Bcl-2, caspase-3 and PARP immuno-
histochemistry, deparaffinized sections were subjected to
microwave treatment for 10 min in a boiling citrate
solution pH 6.0. All sections were incubated for 30 min
in 1% H,0, (Merck, Darmstadt, Germany) in PBS to
quench endogenous peroxidase activity and subse-
quently, unspecific binding was blocked by 30 min
incubation with 20% normal goat serum (Bcl-2, caspase-
3 and PARP) or 20% normal horse serum (Bax) in PBS.
Overnight incubation with the primary antibodies at 4°C
was followed by incubation with a secondary biotiny-
lated goat anti-rabbit antibody (Bcl-2, caspase-3 and

PARP) or a secondary biotinylated horse anti-mouse
antibody (Bax), all used at a dilution of 1:200 in 1%
BSA/PBS for 45 min. To visualize antibody binding, a
standard avidin-biotin-complex (Vectastain Elite, Vec-
tor Labs, Burlingame, CA) was applied to the sections
and 3,3’-diaminobenzidine (DAB; Sigma) was used as a
chromophore. Finally, the signal of the reaction product
was enhanced by incubating sections for 5 min in 0.5%
copper sulfate in saline, and sections were counter-
stained with Mayer’s hematoxylin. Paraffin-embedded
rat intestine was used as a positive control for apoptotic
markers used in this study.

Nuclear DNA fragmentation was visualized in
deparaffinized sections using the Apoptaq kit (Intergen
Company/Oncor Inc., Gaithersburg, MD) containing
TdT-mediated dUTP-digoxigenin 3’ nick-end labeling
(TUNEL) according to the manufacturer’s recommen-
dations. TUNEL-positive cells were visualized using
DAB and 0.5% copper sulfate in saline, after which the
sections were counterstained using “‘Kernechtrot”.

Results were obtained by microscopic evaluation of
immunostained sections, in which labeled neurons were
determined by virtue of their typical neuronal cell mor-
phology after counterstaining with hematoxylin. Per-
centages of apoptotic cells and the number of neurons
expressing apoptosis-related markers were estimated by
counting Bax-, Bcl-2-, caspase-3-, PARP- and TUNEL-
positive cells visible per microscopic field (x20 objective).
A semi-quantitative method was used to analyze the
immunohistochemical results, with indications varying
from absent (—, no positive cells) to weak (+, 1-5 po-
sitive cells), moderate (+ +, 5-20 positive cells) and
strong (+ + +, >20 positive cells) in views obtained
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with a x20 objective (see Table 1). Two independent
observers validated a subset of immunostained sections
and identical results were recorded. Digital images were
captured using a Sony video camera mounted on a Zeiss
Axioscope 2 plus and Adobe Photoshop software.

Results
Histological findings

The caudate nucleus of the HD brains revealed charac-
teristic HD neuropathology and demonstrated neuronal
cell loss that varied from moderate to extensive, together
with increased GFAP immunoreactivity reflecting the
gliotic process (Fig. 2A—C). Apoptotic features, such as
nuclear fragmentation and chromatin condensation,
were more frequently observed in the hematoxylin and
Nissl-stained sections of HD brains than in control
brains (see below and Fig. 2C).

Expression pattern of apoptosis-related markers
in control and HD brains

Only a few control brains revealed a weak perinuclear
immunostaining for both Bax and Bcl-2 proteins in the
caudate nucleus, with only a few neurons expressing Bax
or Bcl-2 diffusely in the cytoplasm. The overall and
diffuse immunostaining was more intense and more
evident for Bcl-2 (Fig. 2E). Astrocytes were only weakly
positive for Bax and Bcl-2 (not shown). In HD, the
caudate nucleus demonstrated an enhanced cytoplasmic
immunostaining for both Bax and Bcl-2 in most caudate
neurons compared to controls. Interestingly, in HD
brains, these apoptosis-related markers were strongly
expressed in shrunken and dark neurons, which are most
likely compromised by the disease (Fig. 2D, F). In-
creased Bax immunoreactivity was predominantly found
in dark neurons that were moderately labeled (Fig. 2D,
arrows), while the average perinuclear Bax staining of
neurons in HD was weak and similar as in controls. The
up-regulation of pro-apoptotic protein Bax expression
was maximal in HD brains grades 2 and 3, presenting
most frequently dark neurons. The anti-apoptotic pro-
tein Bcl-2 was markedly enhanced in HD brains, with an
intense and diffuse cytoplasmic immunoreactivity in
dark neurons but was also expressed in healthy neurons
(Fig. 2F). This expression pattern was more intense
compared to the perinuclear Bcl-2 expression observed
in controls. The up-regulation of Bcl-2 expression was
maximal in postmortem HD brains grades 3 and 4,
reflecting HD patients with disease duration of more
than 18 years (see Table 1).

Caspase-3 immunoreactivity was not present in con-
trol brains. Only four HD caudate nucleus samples were
caspase-3 positive and demonstrated scattered cells with
a cytoplasmic granular immunoreactivity located next to
a shrunken nucleus (Fig. 2G). The identity of these

>

Fig. 2 Neuropathological characteristics, expression pattern of
apoptosis-related markers and TUNEL labeling in control and in
HD brains. A Photomicrograph of a paraffin section of a control,
demonstrating a few GFAP-immunostained astrocytes in the
caudate nucleus. B Increased expression of GFAP-positive astro-
cytes in a paraffin section from an HD brain. Note the greater
number of neurons in the control brain in comparison to the HD
brain showing mainly affected dark neurons (arrowheads). C Cresyl
violet-stained section of an HD brain showing neuronal loss, dark
neurons and apoptotic features such as nuclear condensation and
fragmentation (arrows). D The HD caudate nucleus demonstrates
an increased cytoplasmic immunoreactivity for the pro-apoptotic
protein Bax in neurons but predominantly in dark neurons
(arrowheads). E The perinuclear and diffuse cytoplasmic immu-
nolabeling of the anti-apoptotic protein Bcl-2 in neurons is found
in control brain. F HD caudate nucleus demonstrates enhanced
expression for Bcl-2: strong Bcl-2 expression is found in neurons
and dark neurons (arrowheads). G A few scattered caspase-3-
positive cells are found in the HD caudate nucleus and these are not
present in control brains. H In control brain, cytoplasmic PARP
immunoreactivity is mainly found in neurons, nuclear PARP
immunostaining is rare. I In HD brains, PARP expression is
markedly increased and a strong granular expression is observed in
the cytoplasm and cellular processes of neuronal cells. K PARP
immunoreactivity is demonstrated in the cytoplasm and cellular
processes of glial cells in HD brains. L. Diffusely TUNEL-labeled
cells that do not exhibit characteristic apoptotic morphology, are
frequently seen in the caudate nucleus of controls. M HD brains
with intensively labeled TUNEL-positive cells show DNA frag-
mentation mainly localized in shrunken nuclei (arrows) and in a few
apoptotic bodies (arrowhead). These typical apoptotic cells are
mostly detected in the neuropil of the caudate nucleus surrounded
by more diffusely TUNEL-labeled cells that do not exhibit
characteristic apoptotic morphology (HD Huntington’s disease,
GFAP glial fibrillary acidic protein). Bars in A represents 20 um
(also for B, C); in D represents 10 pm (also for E-M)

caspase-3-labeled cells is unclear, although it cannot
be excluded that this immunostaining depicts pigment-
laden macrophages present in HD brains.

In control brains, PARP immunoreactivity was pre-
dominantly found in neurons showing a perinuclear and
diffuse cytoplasmic immunostaining, while the weaker
perinuclear labeling was also demonstrated in glial cells
(Fig. 2H). Nuclear PARP immunoreactivity was rare. In
HD brains, the neuronal cytoplasmic PARP expression
was strongly increased, and was especially visible as
cytoplasmic granules in neurons (Fig. 2I). In addition,
HD brains showed PARP immunoreactivity in the
cytoplasm and cellular processes of activated astrocytes
(Fig. 2K). The markedly enhanced PARP immuno-
staining in neurons was mainly observed in grade 3 and
4 HD brains, as shown in Table 1.

TUNEL labeling in control and HD brains

TUNEL-positive cells were detected in both control and
HD brains. In controls, diffusely labeled cells that lacked
apoptotic features (up to 40% of total brain cells) were
regarded as non-apoptotic (Fig. 2L), whereas intensely
stained TUNEL-positive cells (5-10% of total TUNEL-
labeled cells) that demonstrated typical DNA fragmen-
tation in shrunken nuclei and in apoptotic bodies were
regarded as specific for apoptotic cell death. Moreover,
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HD brains showed both more and darker stained
TUNEL-positive cells than control brains, and these
typical apoptotic cells were markedly present in grade 4
HD brains (Fig. 2M). The identity of the dark and
shrunken TUNEL-labeled cells is not entirely clear and
possibly includes most brain cell types. However, the
location of most darkly stained TUNEL-positive cells in
an area of extensive neuronal degeneration in end-stage
HD caudate nuclei strongly suggests that these TUNEL-
positive cells are predominantly neurons. Furthermore,
a minority of HD brains (»=3) and one control brain
were TUNEL negative.

Table 1 summarizes the TUNEL labeling, together
with the results of Bax, Bcl-2, caspase-3 and PARP
immunostaining observed in postmortem neostriatal
tissue from HD patients and controls.

Discussion

The present study confirms that neostriatal neurode-
generation in HD brains involves an apoptotic mecha-
nism, which is associated with enhanced Bax expression,
weak caspase-3 expression, the presence of strong PARP
immunoreactivity and many TUNEL-labeled cells
exhibiting typical apoptotic morphology in comparison
with controls without neurological disease. In a slowly
progressive disorder like HD, in which only a few cells at
any time would be expected to undergo cell death, the
detection of morphological features of apoptosis may be
difficult [36]. Another problem is that HD has a duration
of about 15 years, leaving even less transient apoptotic
neurons to be found in postmortem tissue, when at the
time of death most affected neurons are already dead
and removed. Because most of the TUNEL-labeled cells
were located in an area of extensive neuronal degener-
ation in end-stage HD brains, it is highly likely that
these apoptotic cells were predominantly neurons. Since
the TUNEL method has methodological limitations and
also detects DNA strand breaks in necrotic cells [3, 11,
41], TUNEL Ilabeling is not sufficient to demonstrate
apoptosis in neurons, which also need to be evaluated by
the expression of other biochemical markers that are
involved in the apoptotic cascade [15, 39]. Therefore, the
up-regulation of pro-apoptotic proteins in the HD
brains examined, such as Bax, caspase-3 and PARP, in
association with the TUNEL labeling provides addi-
tional evidence for the hypothesis that specific loss of
medium-sized striatal spiny GABAergic neurons in HD
results from the inappropriate activation of apoptosis
[32]. The altered expression patterns of apoptotic
markers in neurons between HD brains and controls
that we found in this study are not likely to be due to
differences in postmortem delay or fixation times since
no obvious correlation was noted between these
parameters. There appeared to be a correlation between
the different grades of HD severity and enhanced
expression levels of apoptosis-related markers. The
finding of late apoptotic events in the cascade, such as

PARP and TUNEL staining, in the severe grade HD
brains could reflect an increased and faster cell death at
the end-stage of the neurodegenerative disorder, when
compromised cells are at maximum risk of dying,
resulting in a maximum occurrence of apoptotic cell
death. This is comparable with findings of Kiechle et al.
[19], who reported increased expression of caspase-9 and
cytochrome ¢ in HD striatal neurons of severe-grade
specimens, and suggested that apoptosis may play a
greater role in neuronal death at end-stage disease.
Furthermore, the grade 4 brains from patients suffering
HD for more than 18 years, displayed the highest
expression of anti-apoptotic protein Bcl-2, implicating a
neuroprotective role in the left-over and still surviving
injured neurons at the end-stage of the disease [9, 16].

In line with other studies [12], we observed only a
weak perinuclear and cytoplasmic expression for the
apoptosis-related proteins Bax and Bcl-2 in controls,
while in most HD brains the expression of both Bax and
Bcl-2 was increased. This up-regulation of Bax and Bcl-2
proteins was predominantly found in degenerating and
affected dark neurons, suggesting a battle for life or
death, although anoxic circumstances could also con-
tribute to the injured state of these neurons. However,
their maximal expression was at different stages of HD,
with Bax implicating the induction of the apoptotic
process in grade 2 and 3 HD brains and Bcl-2 impli-
cating a neuroprotective role in the left-over and still
surviving injured neurons at the end stage of the disease
[8, 16]. Bax and Bcl-2 expression in HD caudate nucleus
have not been described before, but Bax and Bcl-2 up-
regulation has been shown in Alzheimer’s disease, Par-
kinson’s disease, and amyotrophic lateral sclerosis
(ALS) [6, 28, 35, 37]. The increased Bax expression ob-
served in HD brains possibly reflects the formation of
functional and pro-apoptotic Bax homodimers, proba-
bly preparing neostriatal neurons to die [21, 25, 27, 36].
In affected dark neurons of HD brains, however, the
level of Bax protein in the cytoplasm was not yet able to
activate the apoptotic process and was probably coun-
teracted by the up-regulation of Bcl-2 [16, 17, 27, 29].
The enhanced anti-apoptotic Bcl-2 expression might be
explained as an ongoing survival attempt to protect
these mildly injured neurons from death, because it was
not or only weakly expressed in control brains.

HD brains, and especially the severe grade 4,
demonstrated strong immunoreactivity of 85-kDa
PARP fragments in the cytoplasm, and was present as
granules in neurons, in some nuclei of neurons and in
glial cells, suggesting a role for the DNA repair en-
zyme PARP in HD neurodegeneration. Cookson et al.
[5] showed substantial cytoplasmic PARP expression in
most neuron types, especially in motor neurons of the
spinal cord. Cleaved PARP fragments have been
demonstrated in Alzheimer’s disease and Parkinson’s
disease [24, 26] and in ALS patients [20]. Because of
the dominant cytoplasmic PARP immunoreactivity, it
was suggested that PARP up-regulation in HD might
be associated with other subcellular components



besides the nucleus [5], which indicates additional roles
for this enzyme being effective in disease-affected
neurons and in activated astrocytes that may contrib-
ute to neuronal dysfunction and death in HD.

In our study, scattered caspase-3-positive cells were
only found in four HD brains and was not expressed in
control brains. Caspase-3 expression has not been shown
previously in the caudate nucleus of HD patients. The
weak caspase-3 immunostaining most likely depicts
pigment-laden macrophages that are present and active
in HD brains, clearing dying and disease-affected neu-
rons away. In Parkinson’s disease, an increased immu-
noreactivity of caspase-3 has been reported in a small
proportion of the substantia nigra [37]. In transgenic
mice models of HD, transcriptional up-regulation of
caspase-1 and caspase-3 has been reported [4, 30], and
activation of caspase-8, caspase-9 and release of cyto-
chrome c has been demonstrated in human striatal tissue
of HD patients [19, 34]. Usually, caspases are the major
executioners of the apoptotic pathway [2] but the low
caspase-3 immunoreactivity observed in our study may
indicate that the caspase-mediated apoptotic cell death
was not intensively involved in HD. Moreover, it was
reported that caspase-3 and other caspases may be more
activated in acute neuronal cell death, such as in brain
damage after ischemia or trauma [23], whereas in
chronic neurodegenerative diseases, the chronic and
sublethal activation of caspases appears to mediate cell
dysfunction, which precedes cell death [22, 31]. In the
present study we could not confirm the latter; we focused
on the intrinsic caspase-mediated apoptotic cell death
that may contribute to delayed loss of neurons [23], as
expected to occur in the slowly progressing neurode-
generative disorder HD.

It remains unclear which apoptotic pathway pre-
dominantly occurs in HD. The findings of increased
PARP expression and TUNEL labeling, which are both
markers of the end-stage of the apoptotic process,
accompanied by weak caspase-3 immunoreactivity in
severely affected HD brains, might favor a role for the
non-caspase-mediated neuronal apoptotic pathway
being involved in HD pathogenesis. However, it seems
that caspase-mediated neuronal death is not always
accompanied by the morphological changes that are
typical of apoptosis in other tissues [24]. This might
explain differences in expression of apoptotic markers in
nervous tissue compared to other tissues and may sug-
gest that other markers and pathways are induced in
HD. The precise pathway by which neurons in the HD
caudate nucleus die requires further investigation, but
this study shows that up-regulation of Bax and PARP
are important factors in the apoptotic process. It is
possible that at different stages of the disease particular
apoptotic proteins are important to prepare and induce
cell death at the beginning of the disease (Bax) or to
execute increased cell death (PARP) at end-stage HD.
Knowledge about the pathway by which neurons die in
HD may help the development of therapies that are
aimed at reducing cell degeneration and death in HD.
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