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Abstract

Huntington disease (HD) occurs only in humans. Thus, its natural pathogenesis takes place
exclusively within the human brains expressing the causative, mutated protein huntingtin (mhtt). The
techniques applicable to postmortem human HD brains are inadequate for investigating the cellular
pathogenesis. The creation of genetically engineered animals represents a critical moment in
neuroscience. Monitoring the actions of either normal, or abnormal proteins at subcellular levels,
and at different time points is now possible thanks to these models. They are the necessary substitutes
to investigate the wild type (whtt), or mhtt. The postmortem neuropathologic phenotype of the human
HD is well documented. Its pattern and spectrum are highly predictable. From this point of view, the
existent models do not exhibit the phenotypic constellation of changes seen in the human HD brains.
On one hand, this deficit reflects the limitations of the methods of evaluation used in a clinical setting.
On the other hand, it highlights the limitations of the animals. The validity of the models probably
should be measured by their capacity of reproducing the cellular dysfunctions of HD rather than the
phenotype of the postmortem human brains. Although not perfect, these models are essential for
modeling the human disease in cells, which is not feasible with postmortem human HD brains.
Nonetheless, their relevance to the patient population remains to be determined. Ultimately needed
are means preventing the disease to occur, the discovery of which probably depends on these models.
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Introduction

Genetically engineered animals carrying part or the full length of the mutated gene causing
Huntington disease (HD), which naturally occurs exclusively in humans, are the most powerful
tools available for investigating its referent, neurotoxic mechanisms [81]. Genetically
engineered animal models may offer the opportunity to explore the pathogenic cascade at the
subcellular level at different time points during the degenerative process. The advent of these
models induced original hypotheses, brought about new tools of investigations, and attracted
brilliant neuroscientists in the field. The ongoing research is yielding essential data on
neurodegenerative mechanisms. The animal models gained acceptance as novel, powerful
devices of investigation. The research on HD, beyond what is currently feasible
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methodologically when using postmortem human brain samples, depends mostly on transgenic
animals. Indeed, animal models will be essential for monitoring candidate agents aimed at
preventing or delaying the toxicity of the mutant huntingtin (mhtt), and to ascertain their side
effects. However, from the human neuropathology point of view of HD, the existent models
do not exhibit the phenotypic constellation of changes characteristically seen in the human HD
brain. This phenotypic deficit is in part due to the limitation of the usual methods that are
conventionally applied in a clinical setting to evaluate neuropathologically human brains.
Nonetheless, that the dedicated scientific publications often include statements such as “we

believe...”, “our findings suggest...” reflects the intuitive awareness of the shortcomings of
the models used thus far to probe the cellular pathogenesis of HD.

Comparing the neuropathologic changes in the HD human brains with those occurring in the
brains of the engineered animals is challenging. First, a thorough knowledge of the type,
distribution, and extent of the changes characteristically occurring in either group is required.
Second, the validity of the comparison depends in part on the nature of the changes at different
stages of the disease, and on the methods used to evaluate them. Third, the difference in the
life expectancy of the species involved is up to 60 years, which greatly complicates the
assessment of the analogy. Fourth, using mice, rats, or flies with distinctive genetic constructs
complicates the discernment of the differences of significance. Finally, the nature, novelty, and
complexity of the subject, and the ongoing yield of multifaceted data obtained from these
models, impose an arbitrary selective approach of the topic addressed in this review.

The aim of this report is to evaluate the extent to which engineered animal models, notably
HD-1T15 CAG repeat expansion mice (polyQ mice), phenotypically mimic the
neuropathologic changes seen in postmortem brains from individuals diagnosed with HD.
Thus, this assessment is made from the point of view of a neuropathologist dealing mainly
with human neurodegenerative diseases, including the thorough, standardized evaluations of
1,250 human HD brains, using conventional methods of neuropathologic evaluation. This
critique is not a verdict but an appraisal of what may be learnable, the potential ramifications,
and limits of the animal models as per a contemporary context. The benefits and costs of the
animal models are manifold. The new knowledge these animals provide outwardly justify the
costs and efforts of the investigations involving them.

Mouse models of HD or mouse carriers of the HD mutation?

The first engineered mice carrying a fragment of the abnormal human gene causing HD became
available in 1996 [60]. Since then, additional and distinctive models have been developed,
triggering an extraordinary increase in the number of investigations, observations, and reports.
Although many seductive pathogenic hypotheses have been tested, so far no affiliated therapy
has been developed [4]. Indeed, despite the availability of these models and the abundance of
cellular abnormalities allegedly due to the presence of mhtt they helped identify, the
neuropathological phenotype of human HD remains the same. The exception is the
identification of the ubiquitinated nuclear and cytoplasmic aggregates of mhtt involving nuclei
of 1-7% of cortical, striatal, or thalamic neurons and neuropil of patients with adult onset of
symptoms [5,19,25,32,46], and up to 21% of cortical neurons in patients with juvenile onset
of symptoms [58]. The observation of these aggregates in human brains was made following
the occurrence of widespread nuclear inclusions seen in neurons, glial, and ependymal cells of
the first transgenic mice harboring exon 1 of the human gene [17] (Fig. 1). This genetic insertion
encodes mhtt with expanded CAG-repeats, which translate into a series of consecutive
glutamine residues or polyglutamine tract (polyQ).

The disparate models employed and the profusion of data generated appear to obscure rather
than reveal the relevance of the subcellular dysfunctions recorded in these models. A flood of
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reports documenting alterations of the many hitherto relatively ignored, interrelated tiers of
RNA-based genetic regulation is likely to inundate the scientific literature in the near future.

Hence the question: how pertinent are these findings to human HD? Whatever the objective
of the answer to this question, it would be premature. Unfortunately, no matter how genuine
transgenic models are or will be, the fact is that the ultimate, global pathogenic cascade of HD
occurs only within the human HD brain. The shortstop mouse, which remains asymptomatic
despite expressing the HD polyQ and the referent nuclear and neuropil aggregates, supports
this claim. Thus, the research on either humans or animal models must be much more
convergent than it is now. The birth of the transgenic polyQ mouse, which was accepted from
the start as a model of HD, suddenly shifted the focus of basic research away from postmortem
human HD brains. This occurred on the premise that the resulting engineered mice were indeed
a reliable model of HD, and they were referred to as such, albeit their neuropathological
phenotype was not analogous to that of the HD human.

Indeed, criteria for defining the degree of validity of the artificial imitation of HD are required.
The assessment of the relevance of data obtained from the models to the natural form of the
disease depends on the degree of validity of the models. Lack of such criteria fosters soft
relativism, biased conclusions, and questionable claims when assessing results of
investigations made with these models. The labor-intensive endeavor bestowed on
investigations involving animal models, their novelty, and the commitment they require may
condition the processing and analyses of the data they yield. Therefore, the relevance of the
models to the human phenotype of HD may be intuitively amplified. The modus operandi for
equating the findings made in animal models with those occurring in the human HD brains is
as diverse as are the number of investigators, thus of debatable cogency.

A consensual language is missing between investigators using engineered animal models and
neuropathologists or neuroscientists involved mainly with human HD brains. The lack of
working definitions of key terms of the field results in broad meanings and ambiguities.
Possibly, our current understanding of the data gathered from the artificially induced huntingtin
related abnormal mice, rats, or flies is insufficient. Hence the claim that these animals are
models for HD may be, and probably is, an overstatement. Thus, the significance of the findings
they provide remains relative. The relevance of these findings should be carefully tested against
the human HD brains as much as possible, and by developing new methods of investigations.
This would validate the extrapolations of the observations made in the HD-IT15 CAG repeat
expansion mice to human HD.

In fact, what are, at present, the accepted standards for an engineered mouse to qualify as a
model of HD?

Currently, a mouse qualifies as being a transgenic model of HD if it carries either a fragment
or a full length of the human, pathologic huntingtin gene inserted randomly within its genome,
thus driven by variable promoters expressing the mhtt usually in addition to its own wild type.

A mouse qualifies as being a knockin model of HD if it carries a fragment or a full length of
the human pathologic huntingtin gene inserted within its own huntingtin gene (Hdh). Thus, in
this model, the natural mouse promoter drives the foreign gene expressing the expanded
polyglutamine tract.

In short, a mouse referred to as a model of HD is a mouse the genome of which includes merely
a fragment or the full length of the human gene encoding for the mhtt triggering or causing the
disease. None of these models exhibit the constellation of changes in their brains that would
meet the criteria used to establish the neuropathologic diagnosis of HD, as applied in the setting
of clinical neuropathology.
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Hence the question: is this artificial genetic modification sufficient to qualify the engineered
product as a “model for HD,” which naturally does not occur in non-human animals? A “no”
answer makes sense. Indeed, from a clinical neuropathological point of view these engineered
animals are gene carriers of the HD mutation, rather than models for HD.

Neuropathology of human Huntington disease

Overview

Huntington disease is an autosomal dominant illness usually with mid-life onset of psychiatric,
cognitive, and motor symptoms. Death occurs 12—15 years from the time of symptomatic onset
[21,35]. An unstable expansion of CAG (trinucleotide) repeats within the coding region of the
gene “IT15” (for “interesting transcript,” referred to as HD-1T15 CAG repeats) causes the
disease. This gene, on chromosome 4 (4p16.3), encodes the 350 kDa protein huntingtin, which
is endowed with important functions in the healthy brain [13,30,86]. An expanded
polyglutamine residue (polyQ) distinguishes the mhtt (with about 37-250 polyQ) from the
wild type [with 8 to about 34-36 polyQ (whtt)] [70,87]. The disease occurs when the critical
threshold of about 37 polyQ is exceeded [45]. The expansion confers on the mutant protein a
novel attribute that may initiate disease by changing an activity of huntingtin or an interacting
protein, assuming that these are critical to the targeted neurons [37,40,93]. This phenomenon
is observed in agroup of nine inherited, neurodegenerative diseases caused by polyQ extension,
referred to as polyglutaminopathies [8,61,73,74]. The actual causative pathway from the HD
gene mutation to neuronal dysfunction and loss, which is under intense scrutiny, has not yet
been established. Proteolytic processing and aggregation of polyQ fragments apparently
participate to the pathogenesis of polyglutaminopathies. Neuronal, nuclear inclusions and
neuropil aggregates in postmortem brains of HD patients and in several mouse models were
shown to contain short N-terminal fragments of htt [19,111]. Therefore, proteolysis (e.g., at
the caspase-6 cleavage site) seems to play a critical role in the degenerative process by the
production and accumulation of putatively toxic fragments of mhtt [27,113]. Transgenic mice
expressing only N-terminal htt fragments display pathologic changes earlier than mice
expressing longer or full-length transgenes indicating that the cleavage fragments, rather than
the full-length proteins that are toxic.

Patients homozygous for the HD gene produce only mhtt, but most of them are clinically like
heterozygous, which reveals that mhtt retains some functions of the whtt [67,99,110]. The mhitt
is expressed in all organs, yet the brunt of the changes of HD identified so far occurs in the
brain [92]. The degeneration initially involves the striatum (neuronal loss, gliosis), then the
cerebral cortex, and eventually may appear throughout the brain as a constellation of the toxic
effect of the mutation and the ensuing secondary changes. Features that HD shares with the
other eight known polyglutaminopathies are ubiquitinated, neuronal, nuclear inclusions
involving a subset of neurons, and dystrophic neurites; and neuronal loss in regions more or
less distinctive for each disease of this group [19,73,82,84,103].

Among the theories for the selective cellular damage in HD, the most compelling involve
impaired energy metabolism, excitotoxicity, and relative, selective endotoxicity [56]. Perhaps
endotoxicity results from misfolding of mhtt [3,74]. Wild type huntingtinis soluble. In contrast,
mhtt is insoluble and forms aggregates that are small enough to enter the nucleus either actively
or passively [19,43,93,111]. Within the nucleus, mhtt may act as a transcription factor or alter
transcription [14,29,71,72]. Indeed, data indicate that mhtt impairs gene transcription following
the sequestration of key transcription factors within the nucleus [43,100]. The engineered mice
provide opportunities to evaluate the aggregation and interaction of mhtt with proteins, and to
identify factors responsible for the neuronal loss.
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Neuropathology: human HD brains

Distinct topographic and cellular alterations, notably in the striatum and cerebral cortex, are
characteristic of HD. A grading system (see below) that stages the extent of striatal
degeneration has been developed and widely used as a research tool.

The landmarks of special interest in assessing the neuropathological changes of HD are the
basal ganglia, which consist of the corpus striatum and the amygdaloid nucleus [12]. Because
of their connections, the subthalamic nucleus and substantia nigra are often included among
the basal ganglia. The corpus striatum consists of the neostriatum [caudate nucleus (CN) and
putamen] and paleostriatum (globus pallidus). The globus pallidus (GP) is divided into external
(GPe) and internal (GPi) segments. The neostriatum is commonly referred to as the striatum.
The substantia nigra (SN) has two main zones: the pars reticulata (SNr), and the pars compacta
(SNc), the gradual pigmentation of which becomes visible on gross examination at puberty.

On external examination, 80% of the human HD brains show atrophy of the frontal lobes, and
20% are apparently normal. Halliday et al. [34] measured the total brain volumes of seven HD
brains and recorded a 19% loss compared to controls (n = 12).

Examination of coronal slices reveals bilateral atrophy of the striatum in 95% of the HD brains.
The striatal atrophy is prominent in 80%, mild in 15%, and subtle, if at all, in 5% of the brains
[109].

Non-striatal regions show atrophy of variable severity or have normal appearance.

As arule, the postmortem HD brain is diffusely smaller than normal in the late stage of disease.
Morphometric analyses revealed a 21-29% area loss in the cerebral cortex, a 28% loss in the
thalamus, a 57% loss in the CN, a 64% loss in the putamen, and a 29-34% loss in the
telencephalic white matter [18]. With volumetric analyses from six HD brains, Lange et al.
[49] found a 20% loss of the “hemisphere and cortex”, 58% loss of the “striatum”, 57% loss
of the GPe, 50% loss of the GPi, and a 24% loss of the subthalamic nucleus. Hence their
suggestion that HD is a polytopic disorder with primary and secondary involvements of the
brain. Increased atrophy may occur in non-striatal regions of the HD brain with comorbidity.
For example, enhanced atrophy of the limbic system may occur when HD coexists with
Alzheimer disease.

In HD, the striatum is probably the only site where neuronal loss and “active” reactive, fibrillary
astrocytosis coexist. Indeed, by conventional methods of evaluation, reactive, astrocytic gliosis
is not detected in the non-striatal parts of the HD brain. Yet an increased density of
oligodendrocytes, up to twice that of controls, is observed in the neostriatum (Fig. 2) [22,33,
63,68]. Data gathered in the tail of the CN of asymptomatic gene carriers revealed an increased
oligodendrocytic density, which may precede the onset of symptoms by many years [24]. More
reactive microgliocytes occur within the HD striatum, neocortex, and white matter than in
controls [89]. Lymphoplasmocytic infiltration is not a feature of HD.

As mentioned, the occurrence of prominent, nuclear inclusions in neurons and glial cells in
HD transgenic mice (R6/2) contributed to the identification of nuclear inclusions in scarce
neurons in human HD brains [17,19]. These inclusions are not visible in tissue sections stained
with hematoxylin and eosin (HE) or with Luxol-fast-blue counterstained with HE (LHE), or
in sections processed according the Bielschowsky method. However, they are labeled with
antibodies directed against ubiquitin or against mhtt, e.g., EM48, 1C2 [19,26,103]. These
inclusions can be detected long before the onset of symptoms in otherwise apparently normal
brains of asymptomatic gene carriers [24]. Ubiquitinated, neuronal, nuclear inclusions are a
common feature of the now-known nine polyQ diseases or polyglutaminopathies.
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Grading of severity of striatal neuropathologic changes

The gradual atrophy of the striatum, which sequentially involves the neostriatum, GPe, then
the GPi, typifies HD. In turn, neostriatal loss has an ordered, topographic distribution [33,63,
83,108]. The tail of the caudate nucleus (TCN) shows more degeneration than the body (BCN),
which is more involved than the head (HCN). Similarly, the caudal portion of the putamen is
more degenerated than the rostral portion. Along the coronal (or dorsoventral) axis of the
neostriatum, the dorsal neostriatal regions are more involved than the ventral ones (Fig. 3a).
Along the medio-Ilateral axis, the paraventricular half of the CN is more involved than the
paracapsular half. With the evolution of the disease, neostriatal degeneration appears to move
simultaneously in a caudo-rostral direction, a dorso-ventral direction, and a medio-lateral
direction. Fibrillary astrogliosis parallels the loss of neurons along the caudo-rostral and dorso-
ventral gradients of decreasing severity. Most remaining neostriatal neurons in the postmortem
brains have normal morphology but contain more lipofuscin and may be smaller than normally
expected. In addition, scattered, atrophic neurons stain darker with LHE, HE, or Cresyl violet
than the apparently healthy neurons. Thus, they are referred to as neostriatal dark neurons
(NDN) [109]. These neurons have a scalloped cellular membrane, a granular dark cytoplasm,
and a nucleus with condensed chromatin. They are scarce in both the atrophic and the relatively
preserved zones. However, their density increases in the intermediary zone, which lies between
the two other zones. They have a tendency to form small groups.

In essence, the dorsal third of the rostral neostriatum is especially prone to degenerate in
contrast to the relatively preserved ventral third, including the nucleus accumbens (Fig. 3).
That the transition third exhibits the microscopic features of its two flanked zones supports this
deduction (Fig. 3b). Within the degenerated part, reactive astrocytes are the predominant cells,
while neurons are virtually absent (Fig. 3c). In contrast, the relatively preserved area displays
almost the normally expected cellular population (Fig. 3d), and is distinguishable from the
intercalated zone, in which a mixture of apparently normal or atrophic neurons and reactive
astrocytes is identifiable.

Five percent of the HD brains show unusual microscopical changes, especially in the anterior
neostriatum. They consist of one to five discrete (0.5-1.0 mm in diameter) islets of relatively
intact parenchyma. The density of neurons in these islets is the same as, or slightly lower than,
that of the normal neostriatum, but the density of astrocytes is increased [107]. Islets are found
more frequently in patients with juvenile than adult onset of clinical symptoms. These islets
may reflect a degenerative mosaicism.

The framework of the neuropathologic grading system of HD is the distinctive, temporospatial
pattern of degeneration in the striatum [108]. The assignment of a grade of neuropathologic
severity is based on gross and microscopic findings using conventional methods of examination
obtained from three standardized, coronal sections that include the striatum [(1) at the level of
the nucleus accumbens; (2) just caudal to the edge of the anterior commissure; and (3) at the
level of the lateral geniculate body]. This system has five grades (0-4) of severity of striatal
involvement.

Grade 0 comprises <1% of all HD brains (n = 1,250). Grade 0 is assigned to brains from
individuals with clinical signs consistent with HD, but whose brains are apparently normal on
gross and on microscopical examinations when conventional methods of evaluation are used
[69]. Obviously, the diagnostic threshold to assign grade 0 depends on the methods used to
evaluate postmortem brains from individual clinically diagnosed as having HD. For example,
although neuronal density was assessed as having been within normal limits on general survey,
cell counts of grade 0 HD brains revealed a 30-40% loss of neurons in the HCN and no visible
reactive astrocytosis [108]. Furthermore, as alluded to before, a study using sections including
the tail of the CN of three asymptomatic gene carriers revealed nuclear inclusions in all three
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brains, including one individual, with 37 polyQ, who died three decades before the expected
age for onset of symptoms. In addition, cell counts of the TCN revealed an increased density
of oligodendrocytes among the asymptomatic gene carriers (Fig. 2) [24]. Thus, although these
brains appeared normal when conventional methods of evaluation were applied, further

evaluations using morphometric or immunohisto-chemical techniques revealed abnormalities.

The discrepancy between the paucity of detectable changes in this group of brains despite the
occurrence of symptoms consistent with HD may result from a subset of neostriatal neurons
that are gradually becoming dysfunctional. The presence of these dysfunctional neurons
probably contributes to the misleading impression that there is no abnormality because the
density of neurons within the cortex or neostriatum is apparently normal on general survey of
the microscopic slides. Furthermore, the deficit of diagnostic sensitivity of the standard
methods of assessment used in the clinical setting is highlighted by cell counts, which show
that the neuronal density of the neostriatum is indeed decreased in grade 0 compared to controls
[108].

Interestingly, in relation to grade 0 human HD brains, are the recurring observations made in
many mouse carriers of the HD mutations showing compelling motor and behavioral changes
before any neuronal loss is detected [52,57,60,64—66,85]. That these symptoms precede the
loss of striatal or cortical neurons, reflect a dysfunction of a subset of vulnerable neurons with
subsequent premature death later during the disease. The potential of the mice models is
enormous in the attempts to prevent, or delay, or reverse this degenerative phase especially of
the neostriatal spiny neurons [4,86].

Grade 1 comprises 4% of all HD brains. The TCN is smaller than normal and atrophy of the
BCN may also be detectable. Neuronal loss and astrogliosis are evident in the TCN, and less
so in the BCN, dorsal portion of both the head and nearby dorsal putamen. Cell counts show
a 50% or greater loss of neurons in the HCN. A careful examination of the entire length of the
TCN is necessary for assignment of grade 1, since the body and head of the caudate nucleus
and putamen may appear normal on gross examination. The TCN of neurologically normal
subjects may show variations, including periodic constrictions or segmentations. In contrast
to HD, the normal variations are focal and, therefore, likely to be apparent in only one or two
coronal slices of the cerebral hemisphere.

Brains assigned grade 2 comprise 16%, those assigned grade 3 comprise 52%, and those
assigned grade 4 comprise 28% of all HD brains. Gross striatal atrophy is mild to 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 (Fig. 3a). Thus, the microscopical changes in grades 2 and 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 anterior limb of the internal capsule. The neostriatum loses 95% or more neurons. In at
least 50% of grade 4 brains, the underlying nucleus accumbens remains relatively preserved,
although smaller than normal.

Relationship of neostriatal degeneration to changes in other brain regions

In general, the striatal atrophy correlates with that of other brain regions. In grades 1 and 2,
non-striatal structures of the brain show no or mild atrophy, unless there is age-related
volumetric loss or a coexistent disease. However, in grades 3 and 4, non-neostriatal structures,
including GP, neocortex, thalamus, subthalamic nucleus, SN, white matter, and cerebellum,
are slightly to markedly smaller than normally expected. As further detailed below, these
structures may show minimal or marked neuronal loss, usually without reactive astrocytosis.
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Similarly, the white matter atrophy may be severe, yet without any microscopical abnormality
recognized by conventional methods, the exception being an increased microglial reaction, as
mentioned.

Globus pallidus—The globus pallidus shows atrophy in grades 3 and 4, with the external
segment more involved than the internal segment. In grade 4, there is a 50% volume reduction
of the GP. The neurons are more densely packed than normal in grade 3, and even more so in
grade 4, suggesting that, although tissue bulk decreases, neurons are relatively preserved. The
absolute number of pallidal neurons decreases up to 40%, but the neuronal density is up to 42%
higher than normal in the GPe and 27% higher in the GPi [49]. Thus, the pallidal atrophy is
apparently chiefly due to loss of neuropil, and hence of striatal fiber connections and fiber
passage, and to a lesser extent to loss of neurons [11,108]. Reactive gliosis is usually confined
to the external segment and is visible in grade 4, and to a lesser extent in grade 3. The ansa
lenticularis is thinner than normal in grades 3 and 4.

Cerebral cortex—Atrophy of the cerebral cortex may or may not be pronounced in grades
3 and 4. Even when atrophy is marked, neuronal loss in the HD cerebral cortex is hard to
appreciate on general survey of histological sections, resulting in contradictory statements in
the literature. Little or no neuronal loss, normal astrocytes, and a relatively normal content of
glial fibrillary acidic protein (GFAP) were recorded in the cortex of 14 HD brains [114]. Sotrel
et al. [98] documented a loss of large, pyramidal neurons in layers 111, V, and VI in grades 2—
4, with the greatest loss in grade 4. There was no astrogliosis; however, cortical
oligodendrocytic density was increased. Hedreen et al. found a 57% neuronal loss in layer VI,
and a 71% loss in layer V in Brodmann area (BA) ten of five grade 4 brains [36]. Macdonald
et al. [59] recorded up to a 55% loss of pyramidal neurons in the angular gyrus without
correlation with the grade of striatal atrophy in six brains.

Braak and Braak [7] detected “a layer-specific” loss of neurons without increase of astrocytes
in the entorhinal cortex and subiculum of seven patients with grade 3 or 4 striatal atrophy.

The extent of the cerebral cortical degeneration in HD depends in part on the stage of the disease
at the time of the evaluation. It apparently varies from area to area; it is difficult to assess on
general survey. Probably a reliable assessment of the cerebral cortical degeneration in HD
requires morphometric evaluations.

Thalamus, substantia nigra, and subthalamic nucleus—In the thalamus, neuronal
loss with or without astrocytosis involving the centrum medianum is regularly observed in
grade 4, and to a lesser extent in grade 3 brains; otherwise, the thalamus is apparently normal
in lower grades. There is a loss of neurons in the SNr [11,33,79]. The SNc is thinner than
normal, yet its number of neurons is apparently normal in all grades, giving the impression of
an increased density of pigmented neurons. In the subthalamic nucleus, there is a discrepancy
between the marked atrophy present in grades 3 and 4 (up to 25% volumetric loss) and the
scarcity of reactive astrocytes [49].

Cerebellum—Among our 1,250 HD brains, we found that the cerebellum is smaller than
normally expected in grades 3 and 4. Although the volume loss of the cerebellum may be
discrete, neuronal density frequently appears within normal limits. Segmental loss of Purkinje
cells with or without Bergmann gliosis may occur; however, these changes are inconsistent
and seem not to be specific for HD.

Cerebellar atrophy is often reported in patients with juvenile onset [10,42,62]. Juvenile HD
patients are prone to seizures, which may account for some neuronal loss in the cerebellum or
hippocampus, two sites notably vulnerable to hypoxic-ischemic events. Extensive loss of
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neurons in the cerebellar cortex was rarely encountered in our series, and then concomitant
neuronal changes as those caused by ischemia were found. These changes were found either
in the Sommer sector of the hippocampal formation, which is particularly vulnerable to
hypoxia, or in neocortical watershed territories especially at the junction between the middle
and anterior cerebral arteries, where ischemia tends to be worse in the event of hypotensive
episodes.

Relative vulnerability of neostriatal neurons—Medium, spiny, projection neurons are
especially vulnerable in HD. Evidence of relative, selective degeneration of the spiny neurons
includes curved dendrites, and decreased or increased density of dendrites [28]. Variable rates
of degeneration occur among different types of spiny neurons. Enkephalin-containing spiny
neurons projecting to the GPe are more affected than substance P-containing neurons projecting
to the GPi [78,80,88].

The NADPH-d aspiny interneurons are relatively resistant, perhaps because of the types of
glutamate receptors they express [20]. In short, striatal projection neurons degenerate in a
specific temporal sequence: striato-SNc followed by striato-GPe and striato-SNr, then by
striato-GPi [1]. The extreme striatal atrophy and the loss of neurons in grade 4 indicate that
both spiny and aspiny neurons are vulnerable at the end stage of the disease.

Characteristics of wild type and mutant huntingtin

The human HD gene includes 67 exons spanning more than 200 kb, and encoding 3,144 amino
acids. The translated whtt contains a polymorphic stretch of up to 36 polyQ [6]. It is expressed
in neurons throughout the brain regardless of their relative vulnerability [31,48]. Huntingtin is
found in the cytoplasm and nuclei of neurons, dendrites, and axon terminals [6,19,32].

Mutant huntingtin, with its elongated polyQ (>36), co-distributes with wild type in all regions,
and in both gray and white matter. In the HD human brain, huntingtin immunoreactivity is
increased in neurons compared to control brains. Labeling appears diffusely elevated in the
nucleus and cytoplasm, and in multivesicular organelles of affected neurons [91]. The
truncated, N-terminal region of mhtt accumulates in the nucleus and cytoplasm of the
neocortex, entorhinal cortex, subiculum, pyramidal neurons of the hippocampus, and
neostriatum, but apparently not in the GP, cerebellum, or pars compacta of the substantia nigra
[19,32,58]. Cortical neurons with nuclear or cytoplasmic inclusions, or both, are more
widespread in the brains of patients with juvenile rather than adult onset of symptoms [19,
90]. Cortical projections to the striatum may be among the earliest affected by mhtt. The
labeling of neurons with antibodies directed against mhtt apparently does not correlate with
their relative vulnerability [46].

Neuropathology of engineered mice gene carriers of the HD mutation

The creation of transgenic mouse models provides unprecedented opportunities to gain insights
into disease pathogenesis. A mouse model developing distinct, quantifiable symptoms with
discrete onset, and selective loss of striatal projection neurons would be ideal. The mouse
models currently available can be categorized in three groups: (1) The transgenic HD mouse
models express exon-1 fragments of the human htt gene containing polyQ in addition to both
alleles of murine whtt. (2) The knockin HD mouse models are mouse with CAG repeats inserted
into the existing CAG expansion in murine Hdh gene. (3) One group consists of mice that
express the full-length human HD gene and the murine Hdh.

As stated, HD occurs only in humans. Thus, the singular, causal, molecular, cellular, and
cerebral pathogenic process of HD is a natural phenomenon occurring exclusively within the
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human brains expressing the mutation. Consequently, only an affected human brain provides
the actual biologic environment in which the chronic, long term, deleterious process evolves.
However, the claim that only the human brain provides the intrinsic plasticity favorable to the
harmful mutation is challenged notably by the recent thorough comparative investigations of
the engineered rodents [47]. Nonetheless, theoretically, the human brain that expresses the
mutation should be the most suitable substrate to elucidate the pathogenesis of HD.
Unfortunately, the techniques currently available for investigations relying on postmortem
human HD brains are inadequate, therefore, these brains are not fully exploited. These
limitations impede progress in understanding the causal chains and their ramifications that are
toxic to neurons, and occur naturally in HD brains. Because of these constraints combined with
the trend of the time, research on the pathogenesis of HD rests mainly on mice carriers of the
HD mutation. Determining which data obtained from these models are relevant to human HD
is problematic, in part because the mouse’s short life span precludes comparison of glutamine
thresholds and may limit the ultimate toxic consequences [111]. The quantitative, qualitative,
relational, and modal aspects of the data obtained with the models must be carefully assessed
before assuming that they reflect what actually happens in the HD human brain.

Macroscopically, the differences between healthy humans and healthy mice are obvious. In
contrast, microscopically, many aspects and functions of normal cells are similar whether of
human or murine origin [9,102]. The criteria used for comparing the metabolism of normal
human cells with that of normal murine cells may not be accurate for comparing the metabolism
of human cells that naturally express the HD mutation with that of murine cells engineered to
express it. Despite these reservations, the engineered models are useful and probably the best
tools now available to clarify the pathogenesis of HD.

The models available so far do not reproduce the constellation of changes that compose the
characteristic, neuropathologic phenotype seen in the postmortem human HD brains. A cross-
sectional review of the neuropathological findings displayed by the animal models reveals a
range of changes. The variance includes features that are either shared by the animals despite
the different genetic constructs, including the HD humans, or that are confined to the models
excluding the HD humans, or features that are exclusive to a specific model. This heterogeneity
accounts for the various opinions toward models reported up to now.

Major features occurring in a subgroup of models, which are likewise detectable in the
postmortem human HD brains, are the ubiquitinated, nuclear inclusions, dystrophic neurites,
and dark neurons [60,104]. As mentioned, the R6/2 model was instrumental in the detection
of the ubiquitinated, nuclear inclusions in neurons of human HD brains [17,19] (Fig. 1).

Transgenic mouse carriers of human HD mutation

The first reported transgenic mouse carriers of HD mutation were the R6 lines [60]. The mice
express exon 1 of the human huntingtin gene, with an expanded CAG repeat under control of
the human huntingtin promoter. The R6/1 line have about 120 CAG repeats. The transgene is
expressed at 31% of endogenous levels. The R6/2 line have about 150 or more CAG repeats
that are expressed at 75% of endogenous levels [60]. Because the life expectancy of the mouse
models is short compared to humans, an excessive polyQ repeat is used to accelerate the
neurodegenerative process. Furthermore, because of its long polyQ, the R6/2 mouse is
considered more representative of the juvenile than the adult phenotype of the human HD.

The R6/2 mouse has been the most widely investigated, thus the most informative model whose
characteristics are well documented [4]. Definite symptoms occur at age 6 weeks and death at
about 13-15 weeks. Atrophy of the cortex and striatum is detectable at age 12 weeks, but
without or with mild cortical, striatal, cerebellar neuronal loss, which occurs at the late stage.
The symptoms happen later and are milder, and the peristriatal cerebral volume loss is less
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prominent if the transgenic mice are living in an enriched environment than in non-enriched
living conditions [38,105]. In regard to this observation, analysis of the 83 kindreds of the
Venezuelan HD cohort demonstrates that residual variability in age of onset has both genetic
and environmental components [76].

Occasional dark neurons confined to limited areas of the cortex and striatum (the equivalent
of the neostriatal dark neurons described in the human HD neostriatum—see above) occur after
age 14 weeks [104]. Ubiquitinated, nuclear inclusions are found in many cortical and
subcortical neurons, in occasional glial cells, and ependymal cells (Fig. 1). In contrast, neurons
with ubiquitinated, nuclear inclusions are much less frequent in humans: Up to 21% of cortical
neurons were found to harbor such inclusions in one patient with juvenile HD and 86 CAG
repeats; and up to 16.4% in one with 84 CAG repeats; or between 0.8 and 3.8% in five patients
with the number of CAG repeats of >40 but <47 [58].

In summary, the R6/2 model develops behavior and pathological changes that mimic those
occurring in human HD: jerky movements; striatal atrophy; nuclear inclusions of neurons, and
neuropil aggregates that are labeled with antibodies directed against ubiquitinated proteins or
against mhtt. Although extremely useful, this model only partially mimics the human HD
phenotype: the extent and distribution of the aggregates are overwhelming, and neurons are
resistant to excitotoxicity compared to the humans.

The N171-82Q mouse, with its shorter polyQ, exhibits a protracted course of symptoms
compared to the R6/2. The N171-82Q lines incorporate the prion promoter in contrast to the
R6/2 lines, which incorporate the human promoter, as mentioned. The brain of the N171-82Q
is “slightly smaller” but “grossly normal”; nuclear inclusions and neuritic aggregates of mhtt
are “found in multiple populations of neurons”; light microscopic examination does “not
indicate severe loss of neurons in the cortex, hippocampus, striatum, cerebellum, and
brainstem” [94].

The HD48Q and HD89Q mice harbor the full length (instead of a fragment) of the human I1T15
gene, which is driven by the cytomegalovirus (CMV) promoter. Neuronal loss and reactive
astrocytosis involve especially the striatum. Nuclear, ubiquitinated inclusions occur in
occasional neurons (<1% in the striatum), thus they are much fewer than in previous models.
Furthermore, in contrast to human HD, this model shows Purkinje cells with nuclear inclusions
[77].

Another informative transgenic model is the yeast artificial chromosome YAC mouse
expressing a full-length human 1T15 gene. YAC mice with 48, 72, 89, or 128 CAG repeats are
corresponding to adult-onset, or juvenile-onset-causing tracts in humans. YAC 128 is
especially interesting because the neuronal loss is confined mainly to the striatum. Nuclear and
neuropil aggregates are detectable 10 months after onset of symptoms, and are less abundant
in mice carrying the full length mhtt compared to the R6/2 mice [39,97].

During the development of the full-length YAC128 mouse models, a mouse expressing exons
1 and 2 of 67 of the human 1T15 gene occurred spontaneously, yielding a truncated mhtt. The
mouse, referred to as “shortstop mouse,” remains asymptomatic although ubiquitinated,
nuclear inclusions and neuropil aggregates occur while neuronal density remains within normal
limits [96]. This observation supports the hypothesis that htt inclusions may be nontoxic in
vivo.

Knockin mice carriers of the HD mutation

The insertion of the human HD mutation into the natural huntingtin gene (Hdh locus) of the
mouse allows the endogenous promoter to drive the expression of mhtt. Thus, this model is
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putatively more liable to replicate the pathogenesis of HD than the transgenic model. Contrary
to expectations, symptoms and neuropathologic changes of knockin mice are subtle compared
to those exhibited by transgenic mice. Cerebral atrophy is not recorded. Discrete ubiquitinated,
nuclear inclusions are rarer and occur later in the brains of knockin mice than in those of
transgenic mice [53,95,112]. Distinctions of the knockin mouse model are the presence of
nuclear staining and microaggregates of mhtt at 2-6 months [54,111].

Reactive gliosis involving the striatum was reported to occur in at least two distinct knockin
models. Lin et al. [55] noticed that these knockin mice suggest a presymptomatic state and
reported a new knockin model “with neuropathological features consistent with HD in man”.
In this model, “extreme reductions in major brain regions were not observed... Furthermore,
cell counts suggest no loss of neurons... There was a marked increase in GFAP
immunoreactivity in the striatum of CHL2 mutants... Most CHL2 mutants showed restricted
areas of intense staining in the striatum... Presence of ubiquitin- and huntingtin-positive
nuclear inclusions throughout the dorsal striatum and nucleus accumbens...less frequent in
other brain regions... No evidence of dark neurons.”

In addition to the striatum, reactive astrocytosis is seen within the GP and substantia nigra of
a knockin mouse in which the endogenous exon 1 of the Hdh was replaced with the expanded
(77 CAG repeats) human HD exon 1 [41]. Furthermore the CAG instability increased with
age. Thus, these knockin mice exhibit reactive astrogliosis notably within the striatum, which
occurs in human HD.

Further characteristics of mice carriers of human HD mutation are concisely and
comprehensively provided by Menalled and Chesselet [64], Rubinsztein [85], Horsten [106],
or by Bates and Gonitel [2].

Conclusions

The neuropathological criteria used to establish a diagnosis rest on a sequence of features
including clinical, neuroanatomic, and neuropathologic data. This diagnostic construct is
complex, especially in neurodegeneration. The claim that a mouse model carrying the human
HD mutation replicates the natural symptoms or pathological changes depends on qualitative
and quantitative assessments of the features considered for the comparisons, and on their
interpretation. A good command of the versatile expressions of the processes within the human
on one hand and mouse on the other hand is crucial to establish a reliable, above all objective,
assessment of the validity of the model.

The models available so far do not reproduce the full constellation of changes that compose
the characteristic, neuropathologic phenotype seen in the postmortem human HD brains.

The validity of the models probably should be measured by their capacity of reproducing the
cellular dysfunction of HD rather than the neuropathologic phenotype of the postmortem
human brains.

Nonetheless, two intriguing changes that occur in human HD brains, but not in the models so
far, are probably worth investigating. Exploring these changes may provide crucial information
relevant to the regional vulnerability not only within the brain, but also notably within the
neostriatum itself. These changes are (1) the gradient of neostriatal severity of degeneration
(Fig. 3), and (2) the relatively preserved neostriatal islets occurring in a minority of HD brains
[107].

Interestingly, the gradient of neostriatal, neuropathologic severity matches the vascular
territories of the neostriatum. Indeed, the areas of the neostriatum that are supplied by the most
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peripheral blood are involved first, and, at death, are the most severely degenerated areas.
Despite the mutation, and despite their selective vulnerability, many spiny neurons are still
present in the postmortem neostriata of 60-, 70-, 80-year-old, or older HD patients. These
neurons, the function of which may or may not be normal, do survive in part thanks to their
location within the neostriatum. Thus, these privileged areas harbor the homeostasis that
maintains the protective elements against the toxicity of the mutation, which remains to be
found and identified. Maybe a subtle difference in the flow or quality of the blood supplying
the more distant parts of the neostriatum relative to the heart imposes certain stress that is
particularly harmful to spiny neurons. This stress may be sufficient to reduce the life expectancy
of spiny neurons by 10-30 years, depending on the length of the CAG repeats, modifier genes,
environment, or longevity of the individual. The models may not be ideal for identifying the
ingredients protective against the deleterious process, first because their life span is too short;
second because a definite gradient is not detected in their striata; third, the models are highly
constrained; and fourth because the model might not cause neurodegeneration. However, the
models would be useful for testing any candidate agents potentially protecting against or
neutralizing the chronic, slow-acting toxicity of the mutation.

The relatively preserved parenchymal islets within the otherwise degenerated human HD
neostriatum may reflect a kind of intrinsic mosaicism. Somatic instability had been documented
in human HD brains and in heterozygous mice of different ages from line Hhd6/Q72 and
Hdh4/Q80 [44,101]. This suggests that, in spite of the mutation, the human neostriatal milieu
remains an environment in which the vulnerable spiny neurons survive. Furthermore, these
islets may indicate that an endogenous stopping of the CAG expansion may exist, thus that a
therapeutic containment of the expansion may be possible, as nature seems to indicate. The
models would be crucial for investigating the achievability of such stopping that would keep
the polyQ track within normal range (<36).

Comparative studies on neurogenesis using control or HD brains from humans, and from mouse
models clearly illustrate the definite importance of the engineered animals as a reliable research
tool. Indeed, the seductive hypothesis that neurogenesis is impaired in neurodegenerative
diseases led to several investigations of the subventricular and sub-granular zones of the dentate
gyrus of the R6/1 and R6/2 mice [23,50,51,75]. These studies documented that cell proliferation
and neurogenesis is impaired especially within the hippocampal dentate gyrus, but not within
the subventricular zone compared to the wild type mice. However, using nine, graded human
HD brains, Curtis et al. [15] found an increase of proliferative cells in the subventricular zone
compared to six control human brains. Of the three types of proliferating cells of the
subependymal layer (type A cells resembling neuroblasts; type B cells resembling glial cells;
and type C cells resembling progenitor cells), type B cells displayed the largest increase in
human HD brains compared to controls. Furthermore, the number of cells labeled with
antibodies directed against neuropeptide Y was increased in HD compared to the controls
suggesting that neuropeptide Y neurons may participate to the proliferation of progenitor cells
[16]. The difference of results of neurogenesis between HD brains and that of the rodent models
is intriguing. That the increased thickness of the subependymal layer is proportional to the
grade of neuropathological severity suggests that neurogenesis response is in part driven by
the extent of the neuronal loss, which is overwhelming in the human compared to the models.
Furthermore, the difference of organization of the human neo-striatum and that of the rodents
in conjunction with the biological resonance of the artificial mutation may alter the
environment in which the cells are located and, therefore, their responses to the occurrence of
the mhtt [75].

Combining the observations provided by the painstaking investigations of human postmortem

brains and the data through improved models is prerequisite to identify and apply means that
will prevent or delay the toxic effects of the HD mutations. Actually, despite their current
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limitations, the engineered models are essential complements in the laborious attempts to
neutralize the harmful gain of function attributed to the pathologic expansion of the polyQ tract

of

huntingtin.
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Fig. 1.

Neurons displaying ubiquitinated nuclear inclusions. a Smear obtained from Brodmann area
(BA) 8 of a 54-year-old patient with HD grade 4/4. Three nuclei of neurons harbor an
ubiquitinated inclusion. b Microphotograph from the frontal cortex of an R6/2 mouse. R6/2
mice were the first generated that are transgenic for the 5’ end of the human HD gene carrying
(CAG)115—~(CAG) 50 repeat expansions. The R6/2 mouse was instrumental in the discovery of
the occurrence of these aggregates in the human HD brain. a, b Immunohistochemistry, same
magnification. Scale bar 6 um
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Fig. 2.
Tail of the caudate nucleus. The density of oligodendrocytes is increased and that of the neuron

is decreased in the HD neostriatum (a) compared to the control (b). a A 54-year-old man with
HD, grade 4/4; b 76-year-old woman without history of neurologic or psychiatric disorder.
This change in the density of oligodendrocytes is not observed in the animal models currently
available. a, b LHE, same magnification. Scale bar 50 um
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Fig. 3.

Rostral neostriatum (a—Ievel CAP) including the head of the caudate nucleus (single
asterisk), nucleus accumbens (double asterisks), and putamen. A 46-year-old man with HD,
grade 3/4. The medial outline of the head of the caudate nucleus is flattened. b Is the magnified
area of the putamen included in the rectangle in “a”, which depicts the transition zone between
the severely involved dorsal and the relatively preserved ventral part. The demarcation is below
and more or less parallel to the diagonal joining the upper left angle with the lower right angle
of the picture. Scale bar 100 um. c Is a magnified field of the dorsal third of the head of the
caudate nucleus (single asterisk in a) showing subtotal neuronal loss, severe astrogliosis, and
a loose-textured neuropil. d Is a magnified field of the nucleus accumbens (double asterisks
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in a), which is relatively preserved. This gradient is a hallmark or human HD, and does not
occur in models. ¢ and d same magnification, scale bar 65 pm. LHE
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