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Abstract The basal ganglia are a highly interconnected set of subcortical nuclei
and major atrophy in one or more regions may have major effects on other regions
of the brain. Therefore, the striatum which is preferentially degenerated and
receives projections from the entire cortex also affects the regions to which it
targets, especially the globus pallidus and substantia nigra pars reticulata. Addi-
tionally, the cerebral cortex is itself severely affected as are many other regions of
the brain, especially in more advanced cases. The cell loss in the basal ganglia and
the cerebral cortex is extensive. The most important new findings in Huntington’s
disease pathology is the highly variable nature of the degeneration in the brain.
Most interestingly, this variable pattern of pathology appears to reflect the highly
variable symptomatology of cases with Huntington’s disease even among cases
possessing the same number of CAG repeats.
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1 Introduction

This chapter provides an update of the current knowledge of neuropathological
changes that occur in the human brain in Huntington’s disease (HD), and also an
outlook to future studies in human HD neuroanatomy. A HD brain may be about
20-30 % less than a control brain in weight although this will be variable depending
on the severity of the disease (Vonsattel and DiFiglia 1998). Major pathology
occurs most prominently in the neostriatum which includes the caudate nucleus and
putamen but also other regions of the basal ganglia. The basal ganglia are a highly
interconnected set of subcortical nuclei and so major atrophy in one or more regions
have major effects on the others. Therefore, the striatum which is preferentially
degenerated and receives projections from the entire cortex also affects the regions
to which it targets especially the globus pallidus and substantia nigra pars reticulata.
Additionally, the cerebral cortex is itself severely affected as are many other regions
of the brain, especially in more advanced cases. The most important new findings in
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HD pathology are the highly variable nature of the degeneration in the brain (Hadzi
et al. 2012; Pillai et al. 2012). For instance, there is an overall 21-29 % loss in cross-
sectional area of the cerebral cortex but 57 % loss in the caudate nucleus (de la
Monte et al. 1988). As discussed later, the cell loss in the cerebral cortex also shows a
high degree of variability. Most interestingly, this variable pattern of pathology
appears to reflect the highly variable symptomatology of cases with HD even among
cases possessing the same number of CAG repeats (Georgiou et al. 1999; Friedman
et al. 2005; Gomez-Esteban et al. 2007; Tippett et al. 2007; Thu et al. 2010).

2 Symptomatology

What has been known for a long time is that cases affected by HD express a triad of
symptoms which include motor, behavioral, and cognitive deficits, although the
defining symptom has always remained that of chorea. However, despite the single-
gene etiology of HD, there is remarkable variability in the types of these motor,
behavioral, and cognitive symptoms present in different HD cases both at clinical
onset, during the disease, and at end stage of the disease. It must be remembered
that the vast majority of pathological studies carried out on postmortem HD human
brain are at end stage of the disease.

During the lifetime of individuals with HD, some exhibit mainly motor dys-
function at clinical onset, and few if any changes in mood for extended periods of time
while, at the other extreme, others show mainly mood and/or cognitive changes, with
minimal involuntary movements until the late stages of the disease (Andrew et al.
1993; Claes et al. 1995). Still others experience marked motor, mood, and cognitive
symptoms simultaneously (Brandt and Butters 1986; Folstein 1989; Myers et al.
1991; Claes et al. 1995; Zappacosta et al. 1996; Thompson et al. 2002). Interestingly,
observations in monozygotic twins who inherited identical H7T genes with the same
repeat length exhibit marked differences in their symptom profile (Georgiou et al.
1999; Friedman et al. 2005; Gomez-Esteban et al. 2007). The onset of clinical
symptoms in individual HD cases is generally correlated with the number of CAG
repeats (Wexler et al. 2004), as does the disease severity, but there is no consistent
relationship between CAG repeat length and symptom subtype (MacMillan et al.
1993; Telenius et al. 1994; Claes et al. 1995; Zappacosta et al. 1996). Thus, the source
of variability in symptom subtypes is not clear. The clinical diagnosis and the onset of
the disease are generally based on the onset of the movement disorder termed Hun-
tington’s chorea. These characteristic motor symptoms are expressed as a severe
“choreoathetotic” disorder, which describes the rapid, irregular, and involuntary
movements of HD. In addition, clumsiness and unsteadiness in walking are also early
symptoms. Studies on HD populations have indicated that approximately 50-70 % of
cases at onset present with chorea (Di Maio et al. 1993; Witjes-Ane et al. 2002)
and chorea may develop into rigidity and dystonia later in the disease. However,
30-50 % present first, most commonly with depression followed by cognitive and
behavioral changes and emotional problems such as irritability, aggression, anxiety,
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and obsessive behavior (Di Maio et al. 1993; Witjes-Ane et al. 2002). There is also
considerable phenotypic variation in the pattern of symptomatology during the course
of the disease. To be able to more successfully grade HD clinically, several rating
scales for HD have been developed, for instance, the Quantitated Neurological Exam
(QNE), the HD Functional Capacity Scale (HDFCS), and the HD Motor Rating Scale
(HDMRS). Recently, a new combined scale was developed by the Huntington’s
Study Group to include the four domains in HD: motor function, cognitive function,
behavioral abnormalities, and functional capacities and is termed The Unified
Huntington’s Disease Rating Scale (UHDRS), which aims to be suitable for tracking
changes over time (Huntington Study Group 1996).

3 Pathology in the Basal Ganglia

3.1 Basal Ganglia Organization

The basal ganglia are a group of large nuclei located subcortically in the base of the
forebrain and are involved with the control of mood and movement. The nuclei
belonging to the basal ganglia were originally considered to be the principal
components of the “extrapyramidal system” and by convention, the term basal
ganglia is now restricted mainly to the striatum (comprised of the caudate nucleus
and putamen), globus pallidus segments, the subthalamic nucleus (STN), and the
substantia nigra (Carpenter et al. 1976; Smith et al. 1998). The striatum is divided
into the two large nuclear masses, the caudate nucleus, which rostrally forms a
head, more centrally a body, and posteriorly a tail region which extends dorsally
over the thalamus, and the putamen. The caudate nucleus and putamen are sepa-
rated by the condensed fibers of the internal capsule. The globus pallidus is divided
into two parts: the external segment of the globus pallidus (GPe) and the internal
segment of the globus pallidus (GPi) (also termed medial and lateral segments). The
STN is located medial to the GPi and rostro-dorsal to the substantia nigra. The
substantia nigra consists of two parts, the substantia nigra pars reticulata (SNr),
which is located ventrally in the midbrain, and the substantia nigra pars compacta
(SNc), which in humans and primates are pigmented, and is located as cell clusters
in the dorsal regions of the substantia nigra. Although the substantia nigra is located
in the midbrain, it is considered part of the basal ganglia due to its close functional
and connectional interrelationships with the striatum.

The striatum comprises neurons that fall principally into two classes of neurons
—projection neurons and local circuit neurons—and these are subclassified
according to their size, neurochemistry, and connectional characteristics. The
majority of these neurons (approximately 95 %) are the medium spiny projection
neurons using the inhibitory neurotransmitter y-aminobutyric acid (GABA), which
project mainly to the globus pallidus and SNr, and the remaining neurons are a
morphologically and neurochemically heterogeneous group of interneurons, which
modulate the function of the medium spiny output neurons (see below).
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3.2 Basal Ganglia Pathways

The basal ganglia are integrated into a circular interconnected forebrain loop, which
forms a cortical/basal ganglia/thalamus/cortical circuit (Nauta and Domesick 1984),
(see Fig. 1). The cortex provides a major excitatory glutamatergic input to the
caudate nucleus and putamen (Carpenter et al. 1976) that arises bilaterally but with
a predominant ipsilateral component from the entire cerebral cortex with a major
projection from the sensorimotor cortex (McGeorge and Faull 1989). The projec-
tion from the cerebral cortex to the striatum forms the single most extensive afferent
connection to the striatum; practically every cortical region projects to the striatum
(McGeorge and Faull 1989). In addition, the caudate-putamen receives projections
from regions other than the cortex; an excitatory projection from the intralaminar
nuclei and other nuclei of the thalamus (Sadikot et al. 1992), an inhibitory feedback
loop from the globus pallidus (Bevan et al. 1998), a major dopaminergic projection
from the SNc (A9 cell group) plus other afferent connections from diverse nuclei
such as the serotonergic dorsal raphe nucleus (Graybiel et al. 1979) and cholinergic
and glutamatergic projections from the pedunculopontine nucleus in the midbrain
(Mena-Segovia et al. 2004). The main flow of cortical information through the basal
ganglia is based on what are termed the “direct” or “indirect” pathways (Albin et al.
1989; Alexander and Crutcher 1990; DeLong 1990; Parent and Hazrati 1993;
Graybiel 1995; Yung et al. 1996; Smith et al. 1998), and these are critical to our
understanding of HD pathophysiology (see Fig. 1). According to this model, cor-
tical information, which flows to the striatum, is processed and transmitted through
the basal ganglia via two routes. First, a direct GABAergic inhibitory pathway
flows from the striatum to the GPi and the SNr (direct pathway) which also contains
the co-transmitter substance P. Secondly, an output from the striatum containing
enkephalin projects to the external segment of the GPe, which in turn, sends an
inhibitory input to the STN which in turn sends an excitatory projection to the GPi
(indirect pathway). Thus, the direct and indirect pathways converge on the GPi
which provides an inhibitory output projection to the ventral anterior and ventral
lateral (VA/VL) nuclear regions of the thalamus. The VA/VL thalamic nucleus that
receives most of the input from the GPi and SNr projects an excitatory input mainly
to the frontal and premotor cortex (Mehler 1971; Faull and Mehler 1978; Kayahara
and Nakano 1996) which then influences the output from the motor cortex. This
completes the cerebro-cortical/basal ganglia/thalamus/cortical circuit. This circuit
converges on the output of the primary motor cortex and intimately controls the
movement of muscles that is critically affected in HD. In addition, a recent pathway
termed “the hyperdirect pathway” has been identified which is an excitatory link
from the cerebral cortex directly to the STN, which can stimulate subthalamic
neurons to give a powerful excitatory drive to the GPi output neurons which inhibit
the thalamus, and in this way bypass the striatum, see Fig. 1 (Nambu et al. 2002).
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Fig. 1 Schematic diagram of cortico-basal ganglia pathways in Huntington’s disease. The
projections in the cortico-basal ganglia-thalamo-cortical loop form several functionally segregated
parallel and interconnected systems. Prominent among these are the motor circuit, which involves
the motor and premotor cortices and the dorsal striatum. In the indirect pathway (D), the excitatory
corticostriatal projection terminates onto striatal medium spiny neurons that contain GABA/ENK.
This striatal output first passes to the inhibitory GPe and then via the excitatory STN to GPi whereby
disinhibition of the subthalamic neurons result in excitation of the GPi and hence inhibition of the
VA-VL thalamic nuclei. In the direct pathway (@, @), the cortical excitatory fibers terminate on
the medium spiny striatal projection neurons that contain GABA/SP which project to GPi and SNr.
These result in inhibition of the GPi and SNr and disinhibition (i.e., excitation) of the VA/VL
thalamic output to the cerebral cortex. Thus, the result of cortical activation in the direct pathway is
opposite to that of the indirect circuit: reinforcement rather than reduction of cortical activity. The
hyperdirect pathway originates from the motor regions of the cerebral cortex and terminates in the
STN and provides a direct excitatory pathway from the cerebral cortex to the STN. The disruption
of the excitatory glutaminergic projection onto the striatum results in dysfunction of the striatal
output pathways in HD which ultimately leads to the development of motor dysfunction in both
hyperkinetic and dyskinetic movements. In HD, the initial symptoms of hyperkinesia and chorea are
caused by the initial preferential damage in the indirect GABA/ENK striatopallidal pathway
(D) that project from the striatum to the GPe. The loss of striatal neurons that give rise to the
indirect pathway reduces the inhibitory action on the GPe which increases inhibition on the STN.
The STN then becomes hypofunctional and causes reduced excitation of the inhibitory action of the
GPi upon the thalamus. This subsequent disinhibition of the thalamus leads to the overactivation of
the motor cortex which results in chorea (hyperactivity). By contrast, the subsequent later loss of
direct GABA/SP striatopallidal pathway (@), @) that projects from the striatum to the GPi and SNr
causes increased inhibition of the thalamus which decreases the activation of the motor cortex with
resultant rigidity (hypoactivity) in the later stages of the disease. The continuous and dotted lines
indicate excitatory and inhibitory pathways, respectively. ENK enkephalin, GABA y-aminobutyric
acid, GPe globus pallidus external segment, GPi globus pallidus internal segment, SNc¢ substantia
nigra pars compacta, SNr substantia nigra pars reticulata, SP substance P, STN subthalamic nucleus,
Thal thalamus, and VA/VL ventral anterior/ventral lateral thalamic nuclei
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4 Neuropathology of the Basal Ganglia

4.1 Macroscopic Changes

Gross examination of postmortem Huntington’s diseased human brain demonstrates
a striking characteristic bilateral atrophy of the striatum (de la Monte et al. 1988;
Aylward et al. 1997; Vonsattel and DiFiglia 1998; Vonsattel et al. 2008). This
degeneration generally follows an ordered and topographical distribution. The tail
and body of the caudate nucleus show more degeneration than the head in the very
early stages of the degenerative process. The pattern of degeneration in the caudate
nucleus and the putamen usually progresses from the tail of the caudate nucleus
(TCN) to the head and body in the caudo-rostral and simultaneously in the dor-
soventral and medio-lateral directions (Vonsattel and DiFiglia 1998).

Macroscopically, the volume of the caudate nucleus and putamen is reduced with
subsequent alteration of their respective shape (Fig. 2). A study of 30 HD brains
showed the putamen had an average 64 % cross-sectional area loss compared with a
57 % cross-sectional area loss in the caudate nucleus (de la Monte et al. 1988). With
progression of HD, the caudate nucleus becomes progressively more atrophic
changing from the characteristic normal convex shape defining the border of the
lateral ventricle to a thinner and ultimately more concave shape with resultant
enlargement of the lateral ventricles occurring in parallel. This gradually decreasing
volume is due to the loss of especially the medium spiny neurons, and their dendritic
arbors and heavily myelinated axonal projections. Combined with the neuronal
degeneration, there is also marked gliosis by astrocytes and oligodendrocytes. The
extent of the macroscopic shape of the caudate nucleus and associated ventricular
enlargement, the microscopic striatal degeneration including the loss of striatal
neurons, and extent of gliosis provides the basis of the Vonsattel-grading system
which is detailed below (Vonsattel et al. 1985; Vonsattel and DiFiglia 1998).

More recently, studies carried out by in vivo neuroimaging of brains of HD
patients have detected early changes in the volume and shape of the basal ganglia,
cerebral cortex, and other regions, and these were evident several years prior to
symptomatic onset (Reading et al. 2005; Rosas et al. 2005).

4.2 Grading of Striatal Neuropathology

Although the degenerative process occurring in HD gradually encompasses the
entire brain with regional differential degree of severity, most studies have empha-
sized that the brunt of the slowly ongoing atrophy involves the neostriatum. As
previously stated, the neostriatal neuronal loss and reactive gliosis have an ordered
and topographic distribution (Kiesselbach 1914; Lewy 1923; Terplan 1924; Dunlap
1927; Schroeder 1931; Neustaedter 1933; Birnbaum 1941; Hallervorden 1957;
McCaughey 1961; Forno and Jose 1973; Roos et al. 1985; Vonsattel et al. 1985).
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Fig. 2 Pathology of
Huntington’s diseased brain.
Coronal sections at 2 levels
through the human brain of a,
¢ a representative control case
the left cerebral hemisphere of
a 35-year-old male, and b, d a
Grade 3/4 Huntington’s
disease case. a, b are from the
level of the striatum and the
nucleus accumbens, ¢, d are at
the level of the globus
pallidus. There is major
shrinkage of the caudate
nucleus and putamen
(arrows) as well as the globus
pallidus (asterisks) in the
Huntington’s disease case.
Shrinkage of the cerebral
cortex is also evident. CN
caudate nucleus, GPe globus
pallidus external segment,
GPi globus pallidus internal
segment and P putamen;
Scale bar = 1 cm

Control (b) Huntington’s

Disease

Along the sagittal axis of the neostriatum, the TCN is more involved than the body
(BCN), which in turn is more involved than the head (HCN). The caudal portion of
the putamen is more degenerated than the rostral portion; the transition between the
portions is gradual, thus often ill defined.

Along the coronal (or dorsoventral) axis of the neostriatum, the dorsal and rostral
neostriatal regions are more involved than the ventral ones including the nucleus
accumbens. Along the medio-lateral axis (half brain) or latero-lateral axis (whole
brain), the paraventricular half of the CN is more involved than the paracapsular
half, the transition between the halves being gradual. As a function of the duration
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of the deleterious process, neostriatal degeneration appears to simultaneously move
in a caudo-rostral direction, in a dorsoventral direction, and in a medio-lateral
direction. Fibrillary astrogliosis parallels the loss of neurons along the caudo-rostral
and dorsoventral gradients of decreasing severity. Most neostriatal neurons visible
in the postmortem brains are apparently normal, although the lipofuscin might be
increased or some neurons might be smaller than normally expected. Clearly, a
subset of neostriatal neurons stain darker with Luxol fast blue counterstained with
hematoxylin and eosin (LHE), or hematoxylin and eosin (HE), or with cresyl violet
(CV) than the apparently healthy, but probably dysfunctional neurons. These
neurons are referred to as neostriatal dark neurons (NDN). They have a scalloped
cellular membrane, a granular dark cytoplasm, and a nucleus with condensed
chromatin. They are scarce, but tend to be clustered, in both the atrophic and in the
relatively preserved zones. Less than 5 % of the HD brains show discrete, round
0.5-1.0 mm in diameter islets of relatively intact parenchyma within the anterior
neostriatum. The density of neurons in islets is the same as, or slightly lower than
that of the control neostriatum, but the density of astrocytes is increased (Vonsattel
et al. 1992). Islets are found more frequently in cases with juvenile than adult onset
of clinical symptoms.

A neuropathological grading system for HD was developed by Vonsattel based
on the pattern of neurodegeneration in the HD striatum of a large number of HD
brains (Vonsattel et al. 1985; Glass et al. 2000). The assignment of a grade of
neuropathological severity from O to 4 is based on gross and microscopic findings
using conventional methods of examination obtained from standardized, coronal
sections that include the striatum: at the level of the nucleus accumbens (Fig. 2a, b),
at the level of the caudal edge of the anterior commissure and globus pallidus
(Fig. 2c, d), and at the level of the lateral geniculate body. This grading system
applies to brains from individuals diagnosed clinically as having HD, with or
without a genetic test.

Grade 0 comprises less than 1 % of all HD brains. Gross examination shows
features indistinguishable from control brains. On general survey using LHE- or
HE-stained slides alone, neither reactive gliosis nor neuronal loss is reliably
detectable. However, further evaluations including cell counts indicate a 3040 %
loss of neurons in the HCN and no visible reactive astrocytosis. Furthermore, a
study using immunohistochemistry and sections of three, presymptomatic, gene
carriers revealed ubiquitinated, nuclear inclusions in all three brains including one
individual, with 37 polyQ, who died putatively 3 decades before the expected age
for onset of symptoms. In addition, cell counts of the TCN revealed an increased
density of oligodendrocytes among the presymptomatic HTT gene carriers (Gomez-
Tortosa et al. 2001).

Grade 1 comprises 4 % of all HD brains. The TCN is smaller than control as
most likely is the BCN. Neuronal loss and astrogliosis involve the TCN, BCN, and
dorsal portion of both the head and nearby dorsal putamen. Cell counts show 50 %
or greater loss of neurons in the HCN.

Grade 2 comprises 16 %; those assigned Grade 3 comprises 52 %; and those
assigned Grade 4 comprises 28 % of all HD brains. Gross striatal atrophy is mild to
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moderate in grade 2 (the medial outline of the HCN is only slightly convex but still
bulges into the lateral ventricle) and severe in grade 3 (the medial outline of the
HCN forms a straight line or is slightly concave medially). Thus, the microscopical
changes in Grade 2 and Grade 3 are more severe than in Grade 1, and less than in
Grade 4 brains.

In Grade 4, the striatum is severely atrophic (the medial contour of the HCN is
concave, as is the CN at the anterior limb of internal capsule). The neostriatum loss
is 95 % or more neurons. In at least 50 % of Grade 4 brains, the underlying nucleus
accumbens remains relatively preserved, but is not normal.

5 Cellular and Neurochemical Changes

5.1 Striatum

Various autoradiographic, in situ hybridization and immunohistochemical studies
have documented neuronal and glial changes in the striatum of HD and have
reported loss of neurochemicals, neurotransmitters, and neurotransmitter-associated
receptors in the HD striatum (Figs. 3, 4, 5; Table 1). The most affected neuronal
populations in the HD striatum are the medium-sized spiny projection neurons
(MSNs) that constitute ~90-95 % of the total striatal neuronal population. In the
human striatum, the cell bodies of these GABAergic inhibitory MSNs can be
identified morphologically in histological sections and can also be specifically
labeled with antibodies to glutamic acid decarboxylase (GAD, the precursor enzyme
for synthesizing GABA), the neuropeptides enkephalin, substance P, dynorphin, and
the calcium-binding protein calbindin (CB) (Holt et al. 1996, 1997; Deng et al. 2004)
and the dopamine- and cAMP-regulated phosphoprotein 32 kDa, termed DARPP-
32. The medium spiny neurons are innervated by excitatory neurons in the cerebral
cortex and the thalamus, by dopaminergic neurons in the SNc, and cholinergic and
GABAergic interneurons of the striatum. They are therefore associated with a large
number of ion channel and metabotropic receptors on their surface membranes
including cannabinoid (CB1) (Glass et al. 2000), GABA4 receptors (Waldvogel
et al. 1999), glutamate receptors (Dure et al. 1992; Kuppenbender et al. 2000), and
dopamine receptors (D1 and D2) (Joyce et al. 1988; Khan et al. 1998). The loss of
medium spiny neurons has been shown in immunohistochemical studies using the
calcium-binding protein marker CB, which selectively identifies the cell bodies of
medium spiny neurons in the matrix compartment (Seto-Ohshima et al. 1988; Goto
et al. 1989; Ferrante et al. 1991; Tippett et al. 2007). A recent study showed a loss of
58-76 % DARPP-32 positive neurons in the human HD putamen with increasing
grade (Guo et al. 2012). DARPP-32 is a marker for the majority of medium spiny
neurons in the rat striatum (Ouimet et al. 1998). The loss of DARPP32 neurons was
correlated with the motor impairment score rather than chorea. As mentioned above,
there are two major GABAergic populations of MSNs, those that contain
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<« Fig. 3 Changes in neurochemical markers enkephalin, substance P, cannabinoid CB1, GABA 5
receptor o subunit, in the basal ganglia in Huntington’s disease human brain. a, ¢, e, g Sections of
the control human basal ganglia at the level of the globus pallidus. b, d, f, h Sections from Grade 3
Huntington’s disease brains at equivalent levels through the globus pallidus. Sections were stained
for the following markers: Enkephalin (a, b), Substance P (¢, d), Cannabinoid CB1 receptor (e, f),
B2.3 subunit of the GABA, receptor (g, h). In Huntington’s disease, there is a major loss of
enkephalin in the caudate nucleus, putamen, and GPe. There is also a loss of substance P in the
caudate nucleus and putamen and GPi, although the loss is not as marked as that of enkephalin and
there is an almost complete loss of CB1 receptors in the caudate nucleus and putamen and both the
GPe and GPi. Note for CB1 receptor the adjacent claustrum and insular cortex still show relatively
normal levels of staining. There is a major upregulation of the GABA, P, 3 receptor subunits in
both GPe and GPi in Huntington’s disease, but a loss in the putamen. Arrows indicate globus
pallidus in b, f. (Modified from Allen et al. 2009) CL claustrum, CN caudate nucleus, ENK
enkephalin, GPe globus pallidus external segment, GPi globus pallidus internal segment,
P putamen, SP substance P, and Scale bar = 1 cm

enkephalin, and those that contain substance P (see Figs. 1 and 5). In HD, the MSNs
degenerate with increasing HD grade (Vonsattel et al. 1985; Vonsattel and DiFiglia
1998). Both enkephalin and substance P neurons are lost (Marshall et al. 1983), but
MSNss projecting to the external segment of the GP (indirect pathway) that express
enkephalin and dopamine D2 receptors have been shown to be the most vulnerable
in the disease process (Reiner et al. 1988; Albin et al. 1992; Augood et al. 1996), and
degenerate in advance of the MSNs that express substance P, dynorphin and
dopamine D1 receptors that project to the GPi and SNr (direct pathway) (Gerfen
et al. 1990; Deng et al. 2004). The disruption of these striatal pathways in HD leads
to the development of motor dysfunction including hyperkinetic, hypokinetic, and
dyskinetic movements (see Figs. 1 and 5).

Reductions in glutamate NMDA receptor binding, GABA4 receptor binding,
and cannabinoid receptor binding are all evident in the HD striatum (Whitehouse
et al. 1985; Young et al. 1988; Glass et al. 2000; Tippett et al. 2007), which is most
likely due to loss of neurons containing these receptors, but may also represent a
dysfunction or downregulation of these receptors.

The projections from the striatum to the output nuclei which contain enkephalin,
substance P, and cannabinoid receptors are progressively lost with increasing grade,
mirroring the loss of MSNs in the striatum (Figs. 13a—d and 5). Enkephalin staining is
dramatically lost in a grade-dependent manner in the GPe reflecting loss of the
GABAergic enkephalin-positive pathway to the GPe (indirect pathway) (Figs. 3a, b,
and 5). There is also a loss of substance P in the GPi (Figs. 3c, d, and 5) and SN,
reflecting the loss of the GAB Aergic substance P-positive pathway projecting to these
two striatal output nuclei (Reiner et al. 1988; Waters et al. 1988; Albin et al. 1990,
1992; Deng et al. 2004; Allen et al. 2009), and loss of cannabinoid receptors on the
presynaptic terminals of both the direct and indirect pathways (Figs. 3e, f and 5).

In addition to the projection neurons, the striatum contains a heterogeneous
group of aspiny interneurons, which modulate the activity of medium spiny neurons
in a highly complex fashion (Cicchetti et al. 2000). The majority of interneurons
contain GABA as their major neurotransmitter, and these are subdivided into
groups depending on the calcium-binding proteins they contain, principally
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Control Huntington’s disease
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<« Fig. 4 Striatal neurons in control and Huntington’s disease striatum. Examples of histochemically
labeled striatal projection neurons and interneurons in the control striatum (a, c, e, g) and Grade 3
Huntington’s disease striatum (b, d, f, h) from equivalent regions of the striatum. a,
b Hematoxylin- and eosin-stained sections in the region of the (a) control human dorsal striatum
showing neurons resembling normal medium-sized spiny neurons, astrocytes and oligodendro-
cytes and (b) Huntington’s diseased human dorsal striatum showing atrophic neurons, astrocytes,
and oligodendrocytes: For a and b: arrow—A = astrocyte, arrow—D = degenerating neuron,
arrow—N = normal neuron, arrow—O = oligodendrocytes. ¢, d Medium spiny neurons stained
with calbindin from a control case (¢) and a Grade 3 HD case (d) showing marked loss of
calbindin-positive neurons and neuropil. e, f Enkephalin staining of axon terminals in a control
GPe (e) compared with an HD Grade 3 case showing loss of enkephalin-positive terminal staining
on pallidal dendrites (f) in the HD case. g, h (G) Illustrates GABA 4 receptor B, 3 subunit staining
on pallidal neurons and dendrites in the control GPe from the same case as e compared with h the
same HD Grade 3 case as in f showing that associated with the loss of enkephalin terminals there is
upregulation of these subunits on pallidal neurons and dendrites in the HD GPe. Scale bars a,
b =25 pm h represents scale bar for c-h = 100 pm

parvalbumin (PV) and calretinin (CR) (Cicchetti et al. 2000). The two other major
types of interneurons in the human striatum are the large cholinergic interneurons,
which also contain CR and substance P receptors, and the interneurons containing
neuropeptide Y, somatostatin, NOS, and NADPH diaphorase (see Figs. 3 and 5).

In general, the striatal interneurons are less affected by the disease process than
the medium spiny neurons, especially in lower grades (Ferrante et al. 1987); how-
ever, in higher grades, the interneurons are also affected in a differential manner; that
is, those containing the calcium-binding protein PV (Harrington and Kowall 1991;
Reiner et al. 2013) are consistently lost in the HD striatum, and a recent study shows
that the PV-positive fast-spiking interneurons of the striatum are degenerated in a
grade-dependent manner, so that by Grade 3, they are severely reduced in number,
have a compromised morphology and that they may be linked to those patients
developing dystonia (Reiner et al. 2013). The large-sized CR-positive neurons many
of which belong to the population of the large-sized cholinergic neurons are gen-
erally preserved until the higher grades (Cicchetti and Parent 1996). By contrast,
interneurons containing neuropeptide Y/somatostatin or NADPH diaphorase/NOS
and the medium-sized CR-positive interneurons are largely spared even in relatively
severe cases of striatal degeneration (Dawbarn et al. 1985; Ferrante et al. 1987,
Cicchetti and Parent 1996; Cicchetti et al. 2000). The reason for this is not clear, but
it has been postulated to be due to either, the pattern of distribution of excitatory
receptors, the presence of differential types of calcium-binding proteins which buffer
toxic intracellular calcium concentrations, or possibly their genetic fingerprint and
susceptibility to the toxic mutant HTT gene. The calcium-binding protein CB is
however not considered neuroprotective as the MSNs are preferentially affected
from the earliest stages of the disease and show massive cell loss. However, the
CR-positive medium-sized neurons may be protected by the calcium-binding protein
CR, as these are largely preserved in HD.
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Fig. 5 Cell and receptor changes in the basal ganglia in Huntington’s disease. Diagrammatic
figure showing the various cell types and receptors in the striatum, globus pallidus external
segment (GPe), globus pallidus internal segment (GPi), substantia nigra (SN), and subthalamic
nucleus (STN). In the striatum, the GABAergic medium spiny projection neurons are divided into
2 groups, those that stain for enkephalin (Enk) and those staining for substance P (Sub P): These
project to the large GABAergic pallidal neurons in the GPe and the GPi and to GABAergic
projection neurons in the SNr, respectively. The small boxes near the axon terminals in the GPe
and GPi represent the presynaptic A2a adenosine, D1 or D2 dopamine receptors and CB1
cannabinoid receptors. The boxes on the pallidal cells represent postsynaptic GABA, receptors
(GA) and GABAg receptors (GB). The four remaining populations in the striatum are those
representing GABAergic interneurons staining for parvalbumin (PV), calretinin (CR), choline
acetyl transferase (ChAT) and calretinin, neuropeptide Y (NPY), and somatostatin (SMT). In
Huntington’s disease, neurons that degenerate are indicated by dashed lines. These include the
medium-sized GABAergic spiny projection neurons containing Enk and Sub P, the interneurons
containing parvalbumin and interneurons containing ChAT. Those interneurons containing only
calretinin and those containing NPY/SMT are relatively spared. Neurons in the output nuclei are
also lost, those in the GPe, GPi, and STN. Arrows indicate upregulation or downregulation of
receptors in the output nuclei in HD. The GABA/Enk striato-GPe neurons and their associated
receptors are affected in the early stages of the disease while the GABA/Sub P (striato-GPi, striato-
SNr) neurons and receptors are affected in HD cases with more advanced pathology. GPe globus
pallidus external segment, GPi globus pallidus internal segment, STN subthalamic nucleus, SNr
substantia nigra pars reticulata, and SNc substantia nigra pars compacta

5.2 Striosome-matrix Compartmental Degeneration
in the Striatum and Its Relation to Symptom Profile

The mammalian striatum is further subdivided into two major interdigitating
compartments: The smaller neurochemicallyly defined islands termed striosomes
and the surrounding extrastriosomal region termed the matrix. These compartments
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Table 1 Neurochemical changes in the various nuclei in the basal ganglia of the human brain in
Huntington’s disease

Neurochemical Region References
Calbindin Striatum{ Seto-Ohshima et al. (1988), Tippett et al. (2007)
GPel GPiV

Calretinin Striatum? Cicchetti and Parent (1996)

Cannabinoid receptors Striatum} Glass et al. (1993), Richfield and
Herkenham (1994), Allen et al. (2009)

Dopamine receptors

D1 Striatum{ Reisine et al. (1978), Joyce et al. (1988),
Richfield et al. (1991), Weeks et al. (1996)

D2 StriatumV Reisine et al. (1978), Joyce et al. (1988),
Richfield et al. (1991), Weeks et al. (1996)

DARPP32 Putamen! STN Guo et al. (2012)

Enkephalin Striatum! GPel Emson et al. (1980), Deng et al. (2004),
Tippett et al. (2007)

GAD Striatum¢ GPel Bird and Iversen (1974), Spokes (1980),

GPiV

Deng et al. (2004)

GABA, receptors Striatum{ Young et al. (1988), Faull et al. (1993)

GABA, receptor

subunits

GABA, a, subunit GPe! GPi? Thompson-Vest et al. (2003), Allen et al. (2009)
GABA, a3 subunits GPe! GPi? Allen et al. (2009)

GABA, B, 3 subunits

Striatum!y GPe?
GPit

Tippett et al. (2007), Allen et al. (2009)

GABA, v, subunits

Striatum{¢ GPe?
GPit

Thompson-Vest et al. (2003), Allen et al. (2009)

GABAg receptor GPe? GPit Allen et al. (2009)

R1 subunit

Glutamate

Glutamate receptors Striatum{ Greenamyre et al. (1985)

GluAl (AMPA) StriatumV Dure et al. (1991)

GIuN1(NMDA) Striatum{ Whitehouse et al. (1985), Young et al. (1988),

Albin et al. (1990)

Neuropeptide Y

Striatum? (relative

Ferrante et al. (1987), Albin et al. (1990),

to volume) Cicchetti and Parent (1996)

Parvalbumin Striatum} Reiner et al. (2013)

Somatostatin Striatum? Albin et al. (1990)

Substance P Striatum{ Marshall et al. (1983), Kowall et al. (1993)
GPil SNr}

Tyrosine hydroxylase Striatum? Ferrante and Kowall (1987), Ferrante et al.

(1987)

ldecreased expression tincreased expression
The up arrows indicate increased protein detected and the down arrows indicate reduced protein detected
mainly by immunohistochemical methodologies

were first identified using acetylcholinesterase (AChE) staining which was found
mainly in the matrix by Graybiel and Ragsdale (1978). The smaller AChE-weak
striosome compartment is identified by high concentrations of distinctive neuro-
chemical markers such as neurotensin, LAMP, dopamine D2 receptors, GABA 5
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receptors, substance P, and enkephalin while the larger matrix compartment is
characterized by high concentrations of other neurochemicals AChE, tyrosine
hydroxylase, somatostatin, the calcium-binding proteins CB, CR, PV, and the
glutamatergic NMDA, and AMPA receptors (Faull and Villiger 1986; Voorn et al.
1989; Graybiel 1990; Dure et al. 1991; Waldvogel and Faull 1993; Manley et al.
1994; Holt et al. 1996, 1997; Parent et al. 1996; Prensa et al. 1999).

In HD, variable changes in the neurochemicals found in the striosome and the
extrastriosomal matrix compartments have been reported. Some studies suggest that
neuronal loss and gliosis shown by GFAP staining first appear in the striosomes
(Hedreen and Folstein 1995), indicating that the neurons in striosomes may be more
vulnerable at an early stage of HD or lower grades of the disease than those in the
matrix (Morton et al. 1993; Hedreen and Folstein 1995; Augood et al. 1996).
However, other studies show a preferential loss of neurons and neurochemical
markers in the matrix compartment with clear sparing of the striosomes (Ferrante
et al. 1987; Seto-Ohshima et al. 1988; Faull et al. 1993). These findings detailing
the heterogeneous pattern of compartmental striatal degeneration in HD are inter-
esting as studies in the rodent, and primate brains show that the striosome and
matrix compartments have different patterns of connectivity and suggest that the
two compartments are functionally different. Evidence from tracing studies suggests
that the striosome compartment contains MSNs that receive inputs from the limbic
system and these in turn project to the dopamine-containing neurons in the SNc
(Gerfen 1984; Tokuno et al. 2002; Fujiyama et al. 2011). Therefore, the striosome
compartment is thought to play a major “limbic” processing role in modulating
mood and other related functions of the basal ganglia. In contrast, the matrix
compartment receives topographically organized inputs from especially the sensori-
motor and associative cortices, and hence, it is postulated to play a major role in the
control of movement (Graybiel 1990; Parent et al. 1995; Parent and Hazrati 1995).

Extending the above observations, Tippett et al. (2007) have shown a differential
pattern of degeneration in the two striatal compartments which correlates with the
variable symptom profiles in 35 different HD cases (Fig. 6a—d). Some cases showed
a selective striosomal loss of striatal neurons, enkephalin, and GABA 4 receptors,
while others showed selective cellular and GABA, receptor loss in the matrix
compartment. Other cases showed a mixed striosomal/matrix pattern of degeneration.
Most importantly, this differential compartmental pattern of striatal degeneration
between cases correlated in general principles with the variable symptom profiles
between cases; most notably, cases with a profound degeneration in the striosomes
correlated with major mood symptoms (Fig. 6¢). By contrast, cases with marked
degeneration primarily in the matrix compartment often had major motor symptoms
(Fig. 6b). These findings suggest that the differential compartmental patterns of cell
death and degeneration in the HD striatum could contribute significantly to the
variability in HD symptomatology.
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(a) Control (b) Matrix loss

(c) Sfriosome loss (d)

Fig. 6 Variability in the degeneration of the striosome and matrix compartments in different HD
cases. Illustrations of the human caudate and putamen striatum stained for GABA 5 receptors which
are highly expressed on projection neurons and interneurons in the human striatum. (a) Control
human striatum, showing a relatively homogeneous staining pattern but with higher staining in the
striosomes (large arrows indicate matrix, small arrows indicate striosomes). (b) Striatum from a
Grade 3 Huntington’s disease brain showing predominant matrix loss with preservation of
striosomes. (¢) a Grade O case showing predominantly striosome receptor loss with preservation of
matrix, and (d) a Grade 3 case with a mixed loss of both striosome and matrix compartments.
Modified from (Tippett et al. 2007). CN caudate nucleus, P putamen, Scale bar = 5 mm
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5.3 Globus Pallidus

The globus pallidus shows atrophy and cell loss of approximately 40 % in Grades 3
and 4 with the external segment much more involved than the internal segment. In
Grade 4, the GP shows 50 % volume loss (Lange et al. 1976). Using specialized MRI
techniques, globus pallidus volume changes of approximately 50 % were detected
(Douaud et al. 2006). The external segment is more involved than the internal
segment, and atrophy of neurons and reactive astrocytes are discrete especially in
Grade 4. These changes are almost constantly observed in Grade 4 brains from cases
with juvenile onset (JOHD) of symptoms, or with the rigid-akinetic rather than the
choreic form. According to Lange et al. (1976), the absolute number of pallidal
neurons decreases up to 40 %, but the neuronal density is up to 42 % higher than in
control GPe and 27 % higher in the GPi, reflecting the major atrophy of the globus
pallidus in HD. The neurons are smaller and more densely packed than normal in
Grade 3, and even more so in Grade 4, suggesting that the onset of the loss of the
neuropil might occur before that of the neurons. (Spielmeyer 1926; Schroeder 1931;
Neustaedter 1933; Campbell et al. 1961; McCaughey 1961; Vonsattel et al. 1985).

There is also a very marked loss of cannabinoid CB1 receptors in all of the striatal
output nuclei (GPe, GPi, and SNr; Fig. 5), which is evident even at Grade O where
there is minimal cell loss in the striatum (Glass et al. 1993, 2000; Richfield and
Herkenham 1994; Allen et al. 2009). This may indicate dysfunction of the can-
nabinoid system in basal ganglia pathways in the very early stages of HD. On the
other hand, associated with the loss of neurotransmitter GABA from the striato-
pallidal and striatonigral pathways, there is a major increase in postsynaptic GABA 4
(Fig. 3g, h) and GABAg receptors, which is proposed to be a compensatory
upregulatory response of GABA receptors on the pallidal and nigral output neurons
(Figs. 3g, h, and 5) (Penney and Young 1982; Faull et al. 1993; Allen et al. 2009).

5.4 Substantia Nigra

There is a loss of neurons in the SNr (Lewy 1923; Spielmeyer 1926; Schroeder
1931; Hallervorden 1957; Campbell et al. 1961; Richardson 1990). The SNc is
thinner than controls, yet its number of neurons were originally reported to be
apparently normal in all grades giving the impression of an increased density of
pigmented neurons (Campbell et al. 1961; Richardson 1990). However, other
studies on the SNc have found cell loss (Oyanagi and Ikuta 1987; Oyanagi et al.
1989) but less than that of the SNr (Ferrante et al. 1989). In addition, a loss of TH
protein and mRNA from the SNc, and loss of TH in the matrix of the striatum has
been reported (Ferrante and Kowall 1987). Neurons of the SNc have a major
dopaminergic projection to the full extent of the striatal matrix, and these studies
suggest that a loss of dopamine in the striatum may contribute to the symptoms of
HD (Yohrling et al. 2003).
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5.5 Subthalamic Nucleus

In the STN, there is a discrepancy between the marked atrophy present in Grades 3
and 4 (up to 25 % volumetric loss) and the scarcity of the reactive astrocytes
(Spielmeyer 1926; Lange et al. 1976). A recent study has measured the loss of
neurons in the STN to be on average 20 % less than controls (Guo et al. 2012)
although this did not always correlate with cell loss in the putamen, suggesting the
STN cell loss trails that of the putamen. Whether the changes involving these
structures are due to the mutation alone or secondary to the preponderant
involvement of the striatum, or a combination of both remain to be determined. It
would be interesting to know to what extent the loss of neurons in the cerebral
cortex which form the hyperdirect pathway to the STN would reduce the excitation
of the STN in addition to the decreased inhibition of the STN through changes in
the indirect pathway due to the loss of striatal neurons in the disease process.

5.6 Cerebral Cortex

Cortical degeneration in HD has been observed and reported over many years and
has recently been examined in more detail with the advent of modern imaging
techniques and stereological counting techniques.

Cortical atrophy has been observed in HD brains, especially in those in advanced
stages of the disease. Many studies of the cortex in HD brains have found evidence
of overall cortical volume loss, cortical thinning, and neuronal loss (de la Monte
et al. 1988; Cudkowicz and Kowall 1990; Hedreen et al. 1991; Macdonald et al.
1997; Rajkowska et al. 1998; Macdonald and Halliday 2002; Rosas et al. 2002,
2008; Ruocco et al. 2008; Thu et al. 2010).

The earliest accounts of cortical neuropathological features were described by
several authors including Bryun (1968), Forno and Jose (1973), Tellez-Nagel et al.
(1974), Lange et al. (1976), Hadzi et al. (2012) and Trifiletti et al. (1987). Evidence
of global cortical atrophy has been observed by de la Monte et al. (1988) where the
authors demonstrated overall morphometric atrophic changes in the brain (30 % of
mean brain weight reduction) with 21-29 % reduction in the gray matter and
29-34 % loss in the white matter, and Halliday et al. (1998) showed that the degree
of cortical volume loss was similar in the frontal, temporal, parietal, and occipital
lobes (19 % reduction of total brain volume) with no major change in volume in the
medial temporal lobe. The amount of cortical volume loss was demonstrated to
correlate with the degree of striatal atrophy and the number of CAG repeats,
suggesting that the disease processes in the striatum and cortex are related. A
significant reduction in the frontal lobe volume (17 %) and frontal white matter
volume (28 %) was also found (Aylward et al. 1998).

Several detailed investigations of cellular changes in the cerebral cortex in HD
brains have shown that neuronal cell body size and cell number are decreased in the
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HD cortex (Macdonald et al. 1997; Rajkowska et al. 1998; Macdonald and Halliday
2002), and in some studies, this neuronal loss has been shown to be layer specific
(Hedreen et al. 1991; Sotrel et al. 1991, 1993). Laminar-specific neuronal degen-
eration was found in the HD cortex in 11 HD cases where there was a significant
loss of pyramidal projection neurons in layers IIl and V in the superior frontal
cortex and cingulate gyrus (Cudkowicz and Kowall 1990). A study by Hedreen
et al. (1991) of five postmortem HD brains showed that significant neuronal loss
was present in layers V and VI of prefrontal cortex in Grade 4 HD brains. Layer VI
was found to demonstrate the greatest loss in thickness, while layers Il and V were
also atrophied in HD.

Since neurons from layers III and V project mainly to the striatum, it has been
suggested that cortical cell loss in HD is a result of retrograde degeneration sec-
ondary to striatal pathology. However, the study by Hedreen et al. (1991) showed
that extensive degeneration of layer VI was also present in the cerebral cortex of
early-stage HD brains. As neurons in layer VI have major local, subcortical, in-
tracortical projections as well as projections to the thalamus, the claustrum, and
other regions of the cortex, this study suggested that cortical cell loss in HD is a
disease process parallel to striatal degeneration and not a secondary process as was
originally believed (Cudkowicz and Kowall 1990; Hedreen et al. 1991; Sapp et al.
1999). Sotrel et al. (1991) also investigated neuronal degeneration in cortical
neurons in the dorsolateral prefrontal cortex in HD. Loss of specific subpopulations
of large pyramidal neurons in layers III, V, and VI was demonstrated in an
investigation of 81 HD brains, as well as a decrease in the thickness of the cortical
layers containing the cell bodies of these neurons with shrunken dendritic trees and
sparse spines in advanced stages (Sotrel et al. 1991, 1993; Selemon et al. 2004).

Another study by Rajkowska et al. (1998) investigated neuronal degeneration in
the prefrontal cortex in seven HD cases, by measurements of the size and density of
both neurons and glial cells in the HD tissue compared to the control tissue. In HD
cases, the neuronal size and density of large neurons in the prefrontal cortex was
reduced by 9 %; this change was pronounced in pyramidal cell layers III, V, and VI,
with no significant decrease in mean cell body size in layer II and VI neurons, and
in layer VI, the decrease in size of large neurons was accompanied by a relative
increase in the size of small neurons. The density of large glial cells was greatly
increased in all layers of the HD prefrontal cortex. As the large neurons showing
reduced size and density in the prefrontal cortex in HD are primarily in layers III, V
and VI, these cells may be large projection neurons that form corticocortical,
corticostriatal, and corticothalamic projections. These studies have focused mainly
on the prefrontal cortex, as its role in behavior suggests that neural changes in the
prefrontal cortex may contribute to the behavioral aspects of HD (Watkins et al.
2000).

A more detailed quantitative study using stereological cell counting has been
addressed by Heinsen et al. (1994), and the authors found a pronounced pyramidal
cell loss in the supragranular layers in the primary sensory areas including primary
somatosensory cortex (areas 3, 1, 2), primary visual cortex (area 17), primary
auditory cortex (area 41), and association areas of the frontal, parietal, and temporal
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lobes. Similarly, Macdonald et al. (1997) reported a significant reduction of pyra-
midal cells across layers Il and V, and also found atrophy of cell bodies of the
remaining cells in the angular gyrus of the parietal lobe. In the following studies,
Macdonald and Halliday (2002) investigated cellular changes in the motor cortical
regions, i.e., primary motor cortex (area 4), supplementary and premotor region
(area 6), and cingulate motor cortex (posterior part of area 24), and observed a
significant reduction of total neuronal number in the primary motor cortex (42 %
loss) and the premotor region (49 % loss) in HD. No significant change was
observed in the posterior cingulate motor region. In addition, there was a significant
loss of pyramidal cells (41 % loss) in the primary motor cortex in HD. Pyramidal
cells in the primary motor cortex are involved in the corticostriatal pathways, with
the putamen receiving many inputs from the primary and association motor areas.
In addition, it has been shown that isolated lesions of the putamen in humans cause
chorea in only a few cases. This suggests that corticostriatal degeneration may be
important in the development of chorea in HD cases (Bhatia and Marsden 1994;
Macdonald and Halliday 2002).

The neuropathological changes in HD have been shown to vary in different areas
of the cortex in different stages of the disease, suggesting that they may be related to
the symptoms of HD such as motor abnormalities, dementia, apathy, irritability,
mood, depression, and visual disturbances (Hedreen et al. 1991; Halliday et al.
1998; Rosas et al. 2002, 2008; Tippett et al. 2007; Thu et al. 2010). More recently,
the advances in detailed structural neuroimaging methods have facilitated important
steps in elucidating the cortical basis of the clinical heterogeneity in HD patients
(Montoya et al. 2006), for example, several authors have demonstrated utilizing
in vivo MRI evidence for regional and progressive thinning of the cortical gray
matter in both symptomatic and premanifest HD cases which correlates with the
clinical expression of the disease (Jernigan et al. 1991; Rosas et al. 2002, 2005,
2008; Kassubek et al. 2004; Douaud et al. 2006; Nopoulos et al. 2007, 2010;
Paulsen 2009; Tabrizi et al. 2011). Importantly, Rosas et al. (2002) showed
widespread cortical thinning of 11 HD cases with varying clinical severity. The
thinning of the cortex appeared to be progressive and followed a posterior to
anterior regional pattern of cortical degeneration. Cortical thinning also occurred
early in the disease and showed specific regional thinning in different cases. The
greatest amount of thinning was observed in the sensorimotor cortex in cases at all
stages of the disease. In addition, the primary motor (area 4), sensory (superior
portions of areas 3, 2, 1) and visual cortical regions were the most affected, and the
thinning was extended to other regions that include posterior superior frontal,
posterior middle frontal, superior parietal, and the parahippocampal gyrus (Rosas
et al. 2008). The degree of thinning varied between different cortical regions, with
the greatest thinning of more than 15 % occurring in the primary visual and primary
motor cortices. In addition, the decrease in cortical thickness was found to progress
from sensorimotor and primary visual cortical areas to include frontal motor
association cortex, parieto-occipital cortex, entorhinal cortex, and eventually the
entire cortex. Furthermore, the thinning in the different cortical areas correlated with
the varying cognitive deficits and motor disorder of the different individuals with
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HD. Also, anterior cingulate cortex atrophy has been found to correlate with
emotion and depression clinical scores in HD cases (Hobbs et al. 2011).

In line with the in vivo imaging investigations, in a recent pathologic study, the
variable neuropathology in the cerebral cortex has been correlated with specific
symptoms of HD (Thu et al. 2010) (Fig. 7). Detailed stereological cell counts in
motor and cingulate cortical regions of 12 HD cases have shown a variation in the
total number of neurons (NeuN) in the primary motor cortex (24 % loss), and
anterior cingulate cortex (36 % loss). In addition, the number of SMI32-positive
pyramidal neurons was also affected in these regions which followed the pattern of
total neuronal loss, with 27-34 % reduction in the pyramidal cell number in the two
cortical regions. Interestingly, the loss of total neurons and pyramidal neurons
varied between HD cases which expressed different clinical symptoms (Thu et al.
2010). For example, a significant cell loss in the primary motor cortex was asso-
ciated with HD cases with predominant motor abnormalities (28 % loss in total
neuronal population Fig. 7a, b) but no significant cell loss was observed in the
motor cortex in HD cases with major mood symptoms (Fig. 7c). In contrast, a
significant cell loss in the anterior cingulate cortex was associated with HD cases
with dominant mood symptom profiles (54 % loss in total neuronal population
Fig. 7f), but no significant loss was observed in the cingulate cortex in HD cases
with a dominant motor symptom profile (Fig. 7e). This study clearly illustrated for
the first time how cortical degeneration in specific functional brain regions corre-
lates with varying symptom profiles of different HD cases.

Although degeneration of cortical pyramidal neurons in layers III, V, and VI has
been well documented, relatively few studies have been conducted in the HD cortex
on cortical interneurons. Pathological studies on the cortical interneurons have
shown that there was relative sparing of PV and neuropeptide Y (NPY) expressing
interneurons in the superior frontal cortex of HD cases (Cudkowicz and Kowall
1990) and Macdonald and Halliday (2002) showed no significant change in the
interneuron populations defined by CB, CR, and PV in motor cortical regions in
five HD cases examined in their study. In contrast, Ferrer et al. (1994) observed a
significant decrease in PV expressing interneurons in the frontal cortex, but sig-
nificant difference was not observed in the occipital and temporal lobes. These
results suggest that there is a heterogeneous topographical pattern of GABAergic
interneuron loss in the different functional regions of the cortex in HD.

Extending these observations, our recent preliminary studies on the pattern of
cell loss of cortical interneurons in the motor and cingulate cortex demonstrated a
heterogeneous loss of interneurons in the two cortical regions in HD cases with
different symptom profiles compared to control cases. These findings suggest that
the loss of inhibition of pyramidal cells by the death of specific types of inter-
neurons in HD may be a critical determinant in shaping the output activity of the
cerebral cortex. The differential loss of inhibition by these interneurons in different
cortical regions may lead to hyperexcitability of the pyramidal neurons which may
further exacerbate the disease process and contribute to the striatal excitotoxic
processes in HD (Beal 1994; Sieradzan and Mann 2001; Cepeda et al. 2007).
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Fig. 7 Cell loss in the primary motor cortex and cingulate cortex in Huntington’s disease.
a—c [llustrates variability in the labeling of cortical neurons stained with neuronal marker Neuronal
(NeuN) in the primary motor cortex, showing marked cell loss in the HD motor cortex in motor
dominant cases (b), but no loss in mood dominated cases (c¢). d—f Variability in the labeling of
cortical neurons stained with neuronal marker Neuronal (NeuN) in the anterior cingulate cortex
showing marked cell loss in the HD cingulate cortex in mood dominated cases (f), but no loss in
motor dominated cases (e). Modified from (Thu et al. 2010). Scale bars a—¢, d—f = 30 um

6 Other Brain Regions

In general, the grade of striatal degeneration correlates with the atrophy of other
brain regions than the striatum in HD. In general, in Grades 1 and 2, non-striatal
structures of the brain are apparently normal, or show only mild atrophy, unless
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there is age-related volumetric loss, or a superimposed disease, such as Alzheimer
disease. However, in Grades 3 and 4, non-neostriatal structures including globus
pallidus, neocortex, thalamus, STN, substantia nigra, white matter, and cerebellum
are smaller than normally expected. As detailed below, these gray matter structures
may show mild or marked neuronal loss usually without reactive astrocytosis, the
most frequent exceptions being the GPe and the centromedian nucleus of the
thalamus especially in Grade 4, and to a lesser extent in Grade 3.

6.1 Thalamus

The thalamus is often within normal limits on gross examination. The centrum
medianum shows astrocytosis and neuronal loss especially in Grade 4, and to a
lesser extent, in Grade 3; otherwise the thalamus is microscopically normal in lower
grades. A recent MRI analysis (Kassubek et al. 2005) shows that there is variability
in thalamic degeneration which agrees with neuropathological studies in the post-
mortem brain. The main regions of atrophy described in the thalamus so far are that
of the dorsomedial nucleus (DM) (Heinsen et al. 1999), the centromedial/ventro-
lateral nucleus (CM/VLa) nuclear group, and the centromedial/parafascicular
nucleus (Heinsen et al. 1996). The parafascicular nucleus is part of the thalamic
intralaminar nuclear group which projects to the striatum and its terminals are
thought to label specifically for VGlut2 based on animal studies (Doig et al. 2010;
Deng et al. 2013). The loss of these terminals is thought to occur in HD, but this is
still not confirmed in human HD striatum.

6.2 Hypothalamus

The hypothalamus contains a large number of interconnected nuclei involved in
regulation of metabolic functions as well as the control of sleep. Sleep disturbances,
alterations in circadian rthythm, and weight loss have been found to be altered in HD
patients (Morton et al. 2005; Petersen et al. 2005; Petersen and Bjorkqvist 2006;
Aziz et al. 2008; Hult et al. 2010). Atrophy of the lateral tuberal nucleus (LTN) in the
basolateral region of the hypothalamus in HD cases was described by Vogt and Vogt
(1951). Further neuropathological changes were described by Kremer et al. (1990,
1991) and Kremer (1992) with up to 90 % neuronal cell loss as well as gliosis in the
LTN of the hypothalamus. Other studies in the lateral hypothalamus have found a
loss of orexin (hypocretin)-positive and somatostatin co-expressing neurons in the in
HD cases (Timmers et al. 1996; Petersen et al. 2005; Aziz et al. 2008). Also gray
matter atrophy in the hypothalamus using voxel-based MRI analyses (Kassubek
et al. 2004; Douaud et al. 2006) and in vivo PET studies (Politis et al. 2008) have
been observed in early stage and symptomatic HD cases. However, the detailed
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neuropathology of hypothalamic cell populations in the various hypothalamic
nuclei in HD and their role in the overall pathogenetic mechanisms are yet to be
determined.

6.3 Hippocampus

Reports on the hippocampal involvement in HD have been outlined in several
studies. An early study showed no reduction in cell density in the hippocampus in
HD (Dunlap 1927) however a more recent morphometric study has reported a
reduction of hippocampal area of about 20 % in 30 HD patients (de la Monte et al.
1988). Also significant volume reductions in the hippocampal region (9 % volume
reduction compared to control volume) have been observed early in patients with
HD (Rosas et al. 2003). Additionally, Vonsattel and DiFiglia (1998) observed
neuronal loss and reactive gliosis in the hippocampal formation in a number of HD
cases. A further quantitative stereological technique to assess neuronal populations
in four areas of the hippocampus (the granule cell layer of the dentate and CAl,
CA3, and CA4 fields) in 11 HD cases showed significant changes in neuronal
density restricted to the CA1 region while no significant decrease was observed in
the other regions of the hippocampus (Spargo et al. 1993). Selective vulnerability of
various regions of the hippocampus in HD is yet to be fully determined, and
whether the variation reported in studies to date reflects a variation in cases with
different symptom profiles.

6.4 Cerebellum

The neuropathological findings pertaining to the cerebellum in HD were for a
longtime controversial, perhaps because they were mainly obtained using con-
ventional methods of neuropathological evaluation. However, Riib et al. (2013)
recently found that the HD mutation is specifically harmful to neurons of the
cortical and deep nuclei of the cerebellum. The conflicting findings regarding the
HD cerebellum are multifactorial including the use of a wide range of methods
applied for the analyses. For example, Dunlap reported that among the 29 cases
with chronic chorea (17 with proven family history), only one case with HD had
cerebellar atrophy. He identified the fraction of the weight of cerebrum/cerebellum
to be 1/5.8 in HD compared to 1/7.2 in controls (Dunlap 1927). Spielmeyer
described gliosis involving gray and white matter without systematic selectivity in
the cerebella of two cases (Spielmeyer 1926). McCaughey found “possible patchy
loss of Purkinje’s cells” in six, and loss of neurons involving the dentate nucleus in
nine of his series of 21 HD brains (McCaughey 1961). Rodda found three in “about
300” HD brains, which showed “severe atrophy of the cerebellum” (Rodda 1981).
One of those three cases had adult onset symptoms, and no definite family history



The Neuropathology of Huntington’s Disease 59

of HD. The third patient had a family history of HD, epilepsy, and died at the age of
6 years. Jeste et al. (1984) conducted a quantitative study of the cerebellar cortex of
17 HD cases, two of whom had epilepsy. There was no cerebellar atrophy noticed
on gross examination. They found a decrease (up to 50 %) of the density of
Purkinje cells but normal thickness of granular and molecular layers. The Purkinje
cell loss was variable in its extent in different cases.

Cerebellar atrophy is often reported in cases with JOHD (age of onset <20 year)
(Harper et al. 1991). The four cases with JOHD and severe cerebellar atrophy
reported by Jervis all had epilepsy (Jervis 1963). The nine-year-old patient reported
by Markham and Knox had epilepsy, severe cerebellar atrophy, but “no focal
atrophy in Sommer’s sector” (Markham and Knox 1965). Byers et al. reported four
juvenile HD cases all with severe cerebellar atrophy (Byers et al. 1973). The
hippocampal formation was available in three of the four cases; of these three
hippocampi, two showed neuronal loss, and reactive gliosis suggesting that to some
extent the cerebellar atrophy may have been secondary to remote hypoxic-ischemic
events. Juvenile HD cases are prone to seizures. Thus, seizures may account for
some cerebellar or hippocampal neuronal loss, two sites notably vulnerable to
hypoxic-ischemic events.

By conventional methods of evaluation, the cerebellum is smaller than normally
expected in Grades 3 or 4. Despite this volume loss, neuronal density in the cer-
ebellar cortex frequently appears within normal limits. Segmental loss of Purkinje
cells with or without Bergmann gliosis may occur; however, these changes are
inconsistent. As mentioned, Riib et al. (2013) have shown recently with quantitative
studies that the cerebellum is a site of primary degeneration in HD and recently
were able to find that the HD mutation is specifically harmful to neurons of the
cerebellar cortex and all of the deep nuclei of the cerebellum. These investigators
compared eight, well-characterized HD cerebella with eight control cerebella using
morphometric analysis and immunohistochemistry and found a pronounced loss of
neurons especially in the fastigial nucleus as well as loss of CB-labeled Purkinje
cells throughout the cerebellum. The Purkinje cells also showed disrupted dendrites
and cytoplasmic inclusions.

6.5 Subventricular Zone and Neurogenesis in Huntington’s
Disease

The subventricular zone (SVZ) which lies along the margin of the caudate nucleus
adjacent to the lateral ventricle has become a region of intense interest with the
discovery of adult neural stem cells in this region. In the control, human SVZ neural
precursors have been identified (Curtis et al. 2005; Kam et al. 2009) using PCNA as
a marker for proliferating cells coupled with neuronal stem cell markers to identify
their neuronal phenotype. In HD, an increase in cell proliferation was found in the
SVZ with evidence for increased neurogenesis and increasing thickness of the SVZ
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with increasing grade (Curtis et al. 2003). This raises the exciting possibility of
stimulating the production of new neurons through neurogenesis from precursors in
the SVZ and subsequent migration directly or via the rostral migratory stream (Curtis
et al. 2007) into the cell-depleted HD striatum as a possible therapy for HD. The
subsequent integration of these newly formed neurons into the basal ganglia circuitry
will be critical. Studies in the rat indicate that stem cells have the ability to migrate
into the quinolinic acid lesioned rat striatum (Tattersfield et al. 2004) but further
studies are needed to determine whether this is a potentially viable therapy in
humans. New research into reprogramming fibroblasts or other cell types to produce
new neurons is ongoing (Vierbuchen et al. 2010), with the possibility of trans-
planting new neurons into regions of neuronal death as a form of treatment for HD.

The other neurogenic region in the human brain is the subgranular zone of the
dentate gyrus in the hippocampus where neurogenesis in the human brain was first
shown (Eriksson et al. 1998). Intensive research has followed this discovery
especially in animals as to what drives this neurogenesis. However, a recent study
in the human brain has found no increased neurogenesis in this proliferative zone in
the Huntington’s diseased brain (Low et al. 2011). This in contrast to the SVZ in the
same brains and agrees with animal models of HD, which also tend to show no
proliferation in the hippocampus (Curtis et al. 2012).

7 Gliosis

Reactive gliosis is defined as the increase in number and activation of astrocytes,
microglia, and oligodendrocytes and form part of the inflammatory response of the
diseased brain. Increases of the three types of glial cells astrocytes, microglia, and
oligodendrocytes have been observed in the Huntington’s diseased brain in a range
of observations starting from the earliest historical studies (Roizin et al. 1976).
These studies found a heterogeneous pattern of gliosis throughout the brain. More
recent studies found increased gliosis occurred in the dorsal striatum, which was the
region of major cell loss in HD (Myers et al. 1991). Additionally, in the caudate
nucleus, microglia and astrocytes increased with increasing grade particularly near
the ventricular edge and internal capsule, while oligodendrocytes were markedly
increased in all grades and were localized throughout the degenerated region of the
caudate nucleus. Focal regions of astrocytic gliosis within the striatum that were
identified as striosomes were found in lower grades of HD (Hedreen and Folstein
1995), and this finding proposed that the earliest changes in HD were associated
with striatal striosomes. More specific markers for microglia found that activated
microglia correlated with neuronal loss in the neostriatum, globus pallidus, cerebral
cortex, and white matter, but microglia displayed a different morphology in the
striatum compared to the cerebral cortex. In the cerebral cortex, they were asso-
ciated with the dendrites of pyramidal cells (Sapp et al. 2001). Microglia also stain
with ferritin, an iron storage protein, and activated microglia were shown to contain
abnormally high levels of iron in HD (Simmons et al. 2007). Newer methods using
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positive emission topography have investigated microglial activation in the brain of
HD and have found widespread microglial activation throughout the striatum,
pallidum, frontal and cingulate cortices and brainstem in HD cases, which was
evident also in presymptomatic HTT gene carriers (Gomez-Tortosa et al. 2000;
Pavese et al. 2006; Tai et al. 2007). This close association of neuronal dysfunction
and microglial activation needs further investigation. Astrocytes in the white matter
of the HD brain were shown to have intranuclear inclusions (Shin et al. 2005), and
it was estimated that approximately 12 % of astrocytes have nuclear inclusions in
late-stage HD. The metabolism of astrocytes may thus be compromised and
therefore may play a role in metabolic dysfunctions of the HD brain.

8 Aggregates

The wild-type huntingtin is a large protein (3144 amino acid residues) expressed
mostly in the cytoplasm, dendrites, and axon terminals of neurons in the brain
(Trottier et al. 1995; Ferrante et al. 1997). Huntingtin is associated with various
intracellular organelles, including endoplasmic reticulum (ER), Golgi apparatus
(DiFiglia et al. 1995; Hilditch-Maguire et al. 2000), and microtubules (Li et al.
2003). A small proportion is also found in the nucleus (Kegel et al. 2002).
Huntingtin has no clear homology to known proteins, and its normal function is yet
to remain fully understood. However, a considerable effort in understanding hun-
tingtin structure and function has led to suggested roles in development (Duyao
et al. 1995; Zeitlin et al. 1995), protein trafficking (Huang et al. 2004; Li and Li
2004), anti-apoptotic role (Zeitlin et al. 1995; Lunkes et al. 2002), and transcrip-
tional regulation (Zuccato et al. 2003). The mutant huntingtin (mHtt) shows a
similar expression level and regional distribution to the wild-type huntingtin in the
brain (Aronin et al. 1995), but a difference in huntingtin epitope localization has
been observed, and abnormal accumulation of N-terminal fragments of mutant
huntingtin form aggregates/inclusions in the nucleus, cytoplasm, and dystrophic
neurites in HD brains (Davies et al. 1997; DiFiglia et al. 1997). These protein
aggregates are thought to be formed by associations of polyglutamine (polyQ)
regions, which act as a “polar zipper” (Perutz et al. 1994; Perutz 1996). Protein
aggregates have been observed in immunohistochemical studies using various
antibodies directed against the huntingtin N-terminal region such as EM48
(Gutekunst et al. 1999; Hodgson et al. 1999), S830 (Landles et al. 2010), huntingtin
protein (Goldberg et al. 1996; Zuccato et al. 2001), and antibody 1C2, which is
directed against the CAG repeat region of the TATA-binding protein (Trottier et al.
1995; Herndon et al. 2009) (Fig. 8). It has been suggested that the toxic influence of
these inclusions leads to a differential loss of specific subsets of neurons; however,
this is still a topic of debate as there is evidence for both deleterious and protective
effects of huntingtin aggregation (Davies et al. 1999; Arrasate et al. 2004; Reiner
et al. 2007). The important steps of the aggregate toxicity hypothesis may involve
proteolysis, nuclear translocation, and aggregation. The mHtt possess a higher
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Fig. 8 Aggregates in the human cerebral cortex and striatum in Huntington’s disease. Photomi-
crographs showing various types of aggregate labeling in the human brain in Huntington’s disease
cases localized with different antibodies directed against the N-terminal region of the huntingtin
protein (Htt) and the CAG repeat region of the TATA-binding protein. a, b Aggregates labeled with
(a) 1C2 (raised against the expanded CAG repeat in the TATA-binding protein) and (b) EM48 (raised
against amino acids 1-256 of Htt) (arrows) in the striatum of HD brain. ¢, d Aggregates labeled with
(a) 1C2, (b) EM48 shown by arrows in sections of the frontal cortex of HD brain. e, f S830 directed
against the N-terminus of human huntingtin exon 1 protein stained in the cingulate gyrus of HD brain
(e) at low magnification and (f) at high magnification. illustrating immunodetection of polyQ
aggregates (indicated by arrows). Scale bars a, b, d, f =40 um; ¢, e =50 pm
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likelihood of proteolytic cleavage than its wild-type counterpart (Goldberg et al.
1996; Saudou et al. 1998). The smaller cleaved fragments are suggested to be more
toxic (Gong et al. 2008), and the toxicity is also associated with nuclear translo-
cation (Martindale et al. 1998; Atwal et al. 2007).

The immunohistochemical analyses of postmortem human HD brain (Fig. 8)
have demonstrated the presence of aggregates that can form neuronal intranuclear
inclusions (NIIs) or cytoplasmic and neuropil extranuclear inclusions (NEIs), and
huntingtin aggregates also form in axons and dendritic spines. The nuclear aggre-
gates were originally mentioned as “filamentous inclusions” examined using
electron microscopy in the neuronal nuclei of the human HD brain (Roizin et al.
1979). Thus, aggregates are described as being made of granular and filamentous
material, which is not membrane bound. NIIs tend to be round, oval, or rod shaped,
larger than the nucleolus and more frequent in juvenile than adult onset cases. In
contrast, the neuropil aggregates occur more frequently than NIIs in adult cases and
tend to be round or oval and may be arranged in thin extensions along a process
(DiFiglia et al. 1995, 1997; Gutekunst et al. 1999; Maat-Schieman et al. 1999) (see
Fig. 8). The inclusions are present prior to symptomatic development of the disease
in the HD human brain and found throughout the cortex, but less frequently in the
striatum (Becher et al. 1998; Gutekunst et al. 1999; Maat-Schieman et al. 1999; Van
Roon-Mom et al. 2006; Herndon et al. 2009). Within the cortex, the cells tend to
display combinations of nuclear and cytoplasmic as well as neuropil aggregations
(Herndon et al. 2009) with the highest levels of intranuclear inclusions found in
juvenile cases, which tend to have relatively very high CAG repeat numbers
(Gutekunst et al. 1999). Elucidating the exact molecular mechanisms for mHtt
cytotoxicity is an ongoing challenge. The mHtt aggregates are mostly ubiquitinated
and are enriched in truncated polyglutamine containing fragments generated by
several proteases; however, the precise mechanisms responsible for the toxicity of
these proteolytic products remain elusive. It is generally thought that mHtt confers a
toxic gain-of-function, which elicits a cytotoxic cascade. Indeed, overexpression in
various types of cells is cytotoxic (Lievens et al. 2008; Weiss et al. 2009). However,
the soluble, non-aggregated forms of mHtt in tissues have been implicated more
recently to be the neurotoxic culprit (Saudou et al. 1998; Arrasate et al. 2004;
Kitamura et al. 2006; Ratovitski et al. 2009). By contrast, there is also evidence to
suggest that the aggregated forms of mHtt may have no effect or even be protective
to cells (White et al. 1997; Saudou et al. 1998; Arrasate et al. 2004). The substances
that are toxic to cells generally elicit a myriad of effects, and therefore, it is difficult
to isolate which are primary, secondary, or tertiary (Landles and Bates 2004; Ross
and Poirier 2004; Kaltenbach et al. 2007). In addition, the expression of huntingtin
does not reflect the distribution of selective vulnerability (Kuemmerle et al. 1999).
Some have even presented the view that cortical neurons may actively destroy
MSNSs in the striatum, rather than the MSN death being due to specifically mHtt
itself (Fusco et al. 1999). Nevertheless, inclusions play a role in HD and are
commonly used as biological markers for the testing and development of new
therapeutic strategies aimed at reducing inclusion formation (Yamamoto et al. 2000;
Schiefer et al. 2002; Rodriguez-Lebron et al. 2005; Machida et al. 2006).
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9 White Matter Changes

White matter changes have been reported in HD brains, although detailed sys-
tematic studies have not been carried out. Earlier studies such as de la Monte et al.
(1988) measured 29-34 % changes in overall white matter area in slices through
HD brains although these varied with the level measured. The loss of white matter
correlated closely with the amount of cerebral cortex gray matter lost, and in
addition, the loss of white matter and cerebral cortex correlated more strongly with
dementia and depression (de la Monte 1988). Activated microglia and activated
astrocytes have been variably reported in the white matter tracts (Vonsattel et al.
2011), but detailed studies of gliosis throughout the white matter have not been
reported. Most of the more recent studies on white matter changes in HD have been
carried out with neuroimaging techniques such as DTI and MRI. These have shown
pre-symptomatic changes in the white matter in the brain throughout different
regions. In particular, specific changes are detected in the microstructure of the
corpus callosum as well as the internal capsule more than a decade before onset of
symptoms which may reflect degeneration of cortical pyramidal neurons, loss of
cortical connectivity, and compromised associative processing leading to cognitive
deficits in HD (Rosas et al. 2006, 2010). Also disproportionate loss of white matter
was found in the prefrontal cortex (Aylward et al. 1998) in HD brains.

10 Degeneration in Peripheral Tissues

Although the most dramatic changes in HD occur in the brain, abnormalities of
peripheral tissues have also been recently documented. Non-neurological abnor-
malities of HD include weight loss, muscle wasting, cardiac problems, insulin
sensitivity, and gastrointestinal disorders, and many of these may be due to mal-
functions in the peripheral tissues. These are only recently being recognized and
documented in studies in humans and in animal models, and is highlighted in a
recent review by Van der Burg et al. (2009).

The following peripheral tissues are affected in the disease. The digestive system
is known to be affected which may affect nutrient uptake. Patients suffer from
xerostomia or dry mouth, which may be due to lack of saliva, and also can affect taste
and swallowing, which patients also suffer from. Ghrelin-producing cells, which
produce Grehlin that aids in food intake, are reduced in number in the stomach. The
pancreas is affected, and the islet cells are atrophic and contain nuclear inclusions,
which may lead to the high incidence of impaired glucose tolerance and diabetes
(Podolsky et al. 1972; Andreassen et al. 2002; Hunt and Morton 2005; Lalic et al.
2008). Another major problem in HD patients is skeletal muscle wasting despite
being highly active due to hyperkinesia and chorea characteristic of HD, and in HD
mice, there are aggregates in the muscle cells (Ribchester et al. 2004); additionally,
there are also mitochondrial enzyme dysfunctions in the muscles of HD patients
(Arenas et al. 1998).
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Cardiac failure is much higher in the HD population with a 30 % incidence
compared to 2 % in the normal population and a leading cause of death in HD
(Lanska et al. 1988). It is unclear whether this is from the underlying genetic effects
on the heart muscle or due to peripheral nerve damage.

The testes are also affected, and this correlates with the very high levels of Htt
protein found in testicular tissue. There is testicular degeneration (Van Raamsdonk
et al. 2007) with degeneration of the germ cells and thickening of the seminiferous
tubes, which appeared to correlate with CAG repeat length.

All of these studies indicate that it is not just the brain that is affected although it
is still not clear if these effects are directly gene related or related to endocrine
imbalance from the hypothalamus, from peripheral nerve dysfunction or other
indirect causes (Van Raamsdonk et al. 2007; Van der Burg et al. 2009) which
require further investigation.

11 Mechanisms of Neuropathology

The exact mechanisms of neuronal cell death in HD are currently unclear. What has
been observed in recent neuroimaging studies is that the neuropathological changes
are occurring up to 10 years before clinical diagnosis and striatal atrophy becomes
more severe closer to clinical onset and clinical onset can be predicted within about
2 years (Aylward et al. 2004; Bohanna et al. 2008). Even though only one gene is
mutated in HD, the genetics of HD are extremely complex. The expanded CAG
repeat of the HTT gene is expected to interact with large numbers of other genes as
evidenced by the results of gene microarray studies showing large numbers of
affected genes in studies on both postmortem HD tissue (Hodges et al. 2006) and
mouse models of HD (Luthi-Carter et al. 2000). These interactions lead to a
complex set of parameters that may involve transcriptional dysregulation, excito-
toxicity, oxidative stress, changes in neurotransmitters, disruption of cortical BDNF
production, and breakdown of cellular and vesicular transport mechanisms in
neurons of the striatum, cerebral cortex, and other regions throughout the brain
(Cha 2000; Cattaneo et al. 2001; Morton et al. 2001; Zuccato and Cattaneo 2007,
Rosas et al. 2008; Thu et al. 2010). In the striatum, it is the medium spiny neurons
which are the most vulnerable, particularly the subset of enkephalin-containing
striatopallidal neurons which are found throughout the striatum; however, the loss
of these neurons can be quite variable in relation to the striosome-matrix com-
partments. Recent transgenic animal studies have implicated dysfunction of the
cortex as one of the major indicators of phenotype; this may occur through cortical
synaptic dysfunction even before cell death (Cepeda et al. 2007; Cummings et al.
2009) and that dysfunction of the corticostriatal neurons could lead to anterograde
neurodegeneration of striatal neurons. Also, abnormal glutamate receptor functions
in the cerebral cortex have been implicated in behavioral and motor impairments in
transgenic mice with physiological and morphological cortical changes predicting
the onset and severity of behavioral deficits (Sapp et al. 1997; Laforet et al. 2001;
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Andre et al. 2006). Furthermore, studies in the conditional mouse model where
cortical and/or striatal cells selectively express mHtt showed that dysfunction of the
cortical neurons was essential to the development of significant behavioral and
motor deficits (Gu et al. 2007). Other transgenic mouse studies have implicated
dysfunction of both the cortical projection and interneurons of the cerebral cortex in
the development of HD pathology (Gu et al. 2005; Spampanato et al. 2008). All of
these animal studies provide accumulating mechanistic evidence that the cortex
plays a major role in the initiation and development of the HD phenotype and that
dysfunction in the corticostriate neurons plays a major role in HD forebrain
pathology. The dysfunction of the growth factor BDNF in the glutamatergic cor-
tico-striatal pyramidal neurons has also been implicated in either causing the death
of these pyramidal neurons and/or causing a dysfunction of their firing resulting in
excess glutamate release causing the death of striatal neurons (Cepeda et al. 2007;
Strand et al. 2007; Zuccato and Cattaneo 2007). It has long been known that the
cerebral cortex is not a homogeneous structure as evidenced by the different
morphological compositions of the Brodmann areas. Furthermore, genetic studies
show that neurons in the different regions of the cerebral cortex have a variable
genetic expression profile which defines their particular subtype (Molyneaux et al.
2007). This suggests that neurons throughout the brain but particularly in specific
cell types throughout the different regions of the cerebral cortex and basal ganglia
may interact differently with the mutant HTT gene and cause degeneration in
variable populations of pyramidal neurons, cortical interneurons, and striatal neu-
rons. This could be an underlying factor in the major susceptibility of the human
forebrain to the HD process as well as regional and cellular variability observed
within the various regions of the human forebrain.

The neuropathology of HD is constantly being re-evaluated. The most recent
studies have shown that the neurodegeneration throughout the brain is highly
heterogeneous. Although the most severe pathology occurs in the basal ganglia and
cerebral cortex, in the striatum, there is a continuum of degeneration related to the
striosome and matrix compartments, in the cerebral cortex, there is a highly variable
distribution of degeneration of neurons and related gliosis, and regions of the brain
outside of the basal ganglia and cortex such as the thalamus, hypothalamus, cere-
bellum, and brainstem still await detailed investigation. Additionally, the various
inputs to the striatum which have been described recently such as feedback loops
from the GPe (Bevan et al. 1998), the thalamic intralaminar nuclei (Smith et al.
2004), and the hyperdirect pathway from the cortex to the STN (Nambu et al. 2002)
may all influence basal ganglia pathways in complex ways. The heterogeneous
nature of the symptomatology of HD is clearly associated with the heterogeneous
nature of the neurodegeneration and major pathways that occur throughout the
different regions of the brain in different individuals, and the great challenge is to
relate this pattern of heterogeneity to the mutant genotype and its variable effects on
gene expression profiles across the entire human genome.
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