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Huntington’s disease (HD) is caused by a genetic mutation that
results in a polyglutamine expansion in huntingtin. The time
course of neuronal loss in the HD striatum and other affected
brain regions before the onset of symptoms is unknown. To
determine the potential influence of huntingtin on brain devel-
opment, we examined its expression in the developing mouse
and in human control and HD brain. By Western blot, huntingtin
was detected throughout the adult mouse brain and at all
stages of embryonic and postnatal brain development. The
protein increased significantly between postnatal day 7 (P7)
and P15, which marks a period of active neuronal differentiation
and enhanced sensitivity to excitotoxic injury in the rodent
striatum. Immunoreactivity was found in neurons throughout
the brain and localized mostly to the somatodendritic cyto-
plasm and to axons in fiber bundles. Staining was variable in
different groups of neurons and within the same cell population.
In developing brain, huntingtin was limited primarily to neuronal
perikarya. Increased immunoreactivity in large neurons fol-
lowed the gradient of neurogenesis and appeared in the basal

forebrain and brainstem by embryonic days 15–17, in regions of
cortex by P0–P1, and in the striatum by P7. In human brain at
midgestation (19–21 weeks), huntingtin was detected in all
regions. The brain of a 10-week-old infant with the expanded
HD allele expressed a higher molecular weight mutant form of
huntingtin at levels comparable to those of the wild-type pro-
tein. Thus, mutant huntingtin is expressed before neuronal
maturation is complete. Results suggest that huntingtin has an
important constitutive role in neurons during brain develop-
ment, that heterogeneity in neuronal expression of the protein is
developmentally regulated, and that the intraneuronal distribu-
tion of huntingtin increases in parallel with neuronal maturation.
The presence of mutant huntingtin in the immature HD brain
raises the possibility that neurons may be affected during brain
development and possibly in the postnatal period when vulner-
ability to excitotoxic injury is at its peak.
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Huntington’s disease (HD) is a genetic neurodegenerative disor-
der that causes severe motor and cognitive impairment and a
marked brain atrophy and neuronal loss. The disease has a late
onset, with a 15–20 year course in adults; a rarer form of HD in
children has a faster progression and a more severe course (Fol-
stein, 1989; Young, 1994). A trinucleotide repeat (CAG) expan-
sion in the coding region of the HD gene is the basis for the
genetic mutation (Huntington’s Disease Collaborative Research
Group, 1993). Larger CAG expansions are associated with early
onset in HD (Andrew et al., 1993; Duyao et al., 1993; Snell et al.,
1993; Stine et al., 1993). Huntingtin, the protein encoded by the
HD gene, has no known function. It is expressed most abundantly
throughout the brain but is also detected in other mammalian
tissues (Aronin et al., 1995; Sharp et al., 1995; Trottier et al.,
1995). Immunohistochemical studies in human, monkey, and rat
brain indicate that huntingtin is localized throughout the neuronal
cytoplasm and is enriched in some nerve endings (DiFiglia et al.,
1995; Gutekunst et al., 1995; Sharp et al., 1995).
In HD heterozygotes, both a normal and a higher molecular

weight mutant form of huntingtin are detected in brain (Aronin et

al., 1995), pointing to a gain of function by an aberrant protein as
the basis for the disease. The mutant protein is widespread, with
no difference in expression in the striatum (Aronin et al., 1995),
the region most affected in HD. Multiple increased sizes of the
mutant protein appear in forebrain regions of juvenile onset cases,
however, suggesting that heterogeneity in mutant protein expres-
sion may contribute to increased pathology. The delayed onset
and slow progression of disease is a hallmark of HD and a key to
understanding its pathogenesis. Neuronal loss and metabolic al-
terations are known to occur in the adult HD brain before the
onset of symptoms (Mazziotta et al., 1987; Albin et al., 1992), but
the precise timetable for the onset of neuronal degeneration is
unknown. Cells expressing the huntingtin gene mRNA are seen by
in situ hybridization in normal human 20- to 23-week fetal brain
(Dure et al., 1994), suggesting strongly that huntingtin is present
in the immature brain. Deletion of the mouse homolog of the
huntingtin gene is lethal in the embryo before the brain is formed,
thus providing no clues to the role of the protein in the brain
(Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995).
Interestingly, heterozygote mice with one intact huntingtin gene
develop normally (Duyao et al., 1995; Zeitlin et al., 1995) or
exhibit motor learning deficits and cell loss in the basal ganglia
(Nasir et al., 1995). Clearly, a clarification of the time course and
regional expression of huntingtin in the developing brain would be
valuable in assessing the earliest possible influence of mutant
huntingtin in HD pathogenesis as well as the potential importance
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of the protein in normal brain development. In this study, we
sought to determine by biochemical and immunohistochemical
methods the presence and regional distribution of huntingtin in
the embryonic and early postnatal mouse and in the human fetal
brain. In addition, we examined the brain of a 10-week-old infant
who inherited the HD gene allele to determine whether the
mutant protein was expressed in the early postnatal period.

MATERIALS AND METHODS
Acquisition and preparation of mouse and human brain. Embryos [embry-
onic day 10 (E10)–E17, six per age group] from CD1 pregnant mice were
removed by hysterotomy of dams anesthetized with a mixture of ketamine
(50 mg/kg body weight) and xylazine (10 mg/kg body weight); the body
temperature of the embryos was reduced before brain dissection. Post-
natal [postnatal day 0 (P0)–P30] pups (six per group) and adult mice (8-
to 12-weeks-old, n 5 8) were anesthetized with ketamine/xylazine as
described above, and the brain was dissected from each animal, cut in half
(animals P7–adult), and frozen in liquid nitrogen. For immunohistochem-
istry, adult animals (8- to 12-weeks-old) were anesthetized and perfused
through the heart with 150 ml of 4% paraformaldehyde. The brains were
removed and placed in fixative for several hours. Some brains were then
immersed in 30% sucrose for 1–2 d and frozen in liquid nitrogen; others
were cut on a vibratome into phosphate buffer and used immediately for
immunohistochemistry (see below). In two additional adult mice, the
brain was removed after anesthesia and fixed by immersion in 4%
paraformaldehyde. Brains from animals E10–P30 (four per group) were
removed and placed in the same fixative overnight, sucrose-protected,
and frozen in liquid nitrogen. Two human fetal brains (19 and 21 weeks)
were obtained 2 hr after elective termination of pregnancy. Different
brain regions were dissected and frozen to2708 until further biochemical
analysis. The cortex and cerebellum from a 10-week-old postnatal brain
of an HD gene carrier was also dissected and frozen. The cause of death
was an infection. CAG repeat length was determined using a PCR assay
as described in Aronin et al. (1995) to confirm the presence of an

expanded allele. The normal allele had 17 CAG repeats, and the ex-
panded HD allele had 39 CAG repeats.
Protein extractions. Frozen brain samples were weighed and then ho-

mogenized on ice in 10 vol of a Tris buffer (50 mM Tris base, 120 mM
NaCl, pH 7.4) containing protease inhibitors (0.5 mM PMSF, 0.5 mM
DTT, 1 mg/ml pepstatin, 70 mg/ml TPCK, and 0.5 mg/ml leupeptin).
Homogenates were spun at 15,000 3 g for 10 min at 48C, and the
supernatants were removed and placed in a separate tube. The Bradford
assay was used to determine protein concentrations. All samples were
stored at 2708.
Protein separation and Western blot analysis. Protein extracts (5–35

mg/lane) were submitted to SDS-PAGE using a 10% acrylamide gel
containing 0.05% bis-acrylamide. After transfer to nitrocellulose, blots
were probed with Ab1 (0.5 mg/ml), which recognizes the N-terminal 1–17
amino acids of huntingtin. The specificity of this antisera for human and
rat huntingtin has been described previously, including the use of block-
ing experiments in Western blot analysis (DiFiglia et al., 1995). Enhanced
chemiluminescence (ECL, Amersham, Arlington Heights, IL) was used
to detect immunoreactivity with autoradiography film exposed from 2 sec
to 1 hr.
To compare huntingtin expression in postnatal and adult animals,

protein extracts at different concentrations (5, 10, 20, and 35 mg) from
adult (n 5 4) and postnatal animals were separated by SDS-PAGE,
transferred to nitrocellulose, and immunoblotted. The adult animals were
compared with P0, P7, P15, and P30 mice (four animals/group). After the
detection of immunoreactivity by ECL, the films were exposed and
evaluated by densitometry (IS-1000 Digital Imaging System, Alpha Inno-

Figure 1. Western blot analysis of huntingtin in adult and developing
mouse brain. A, Protein extracts (15 mg/lane) from different areas of the
adult mouse brain show that all regions express the huntingtin protein.
F ctx, Cortex; WM, subcortical white matter; Cd/put, caudate/putamen;
Brnst, brainstem; CBL, cerebellum. B, Protein extracts from whole brain at
E10–E17 (Embryonic) and P0–P30 (Postnatal) show the presence of
huntingtin at all stages of brain development. The lower molecular weight
band that appears in lanes for E15 and E17 may be a degraded product of
huntingtin proteolysis. Molecular weight markers are shown on the left.

Figure 2. Comparison of huntingtin expression in whole-brain extracts of
the postnatal and adult mouse. A, Each Western blot compares huntingtin
immunoreactivity in a P0–P30 (Postnatal ) and an adult animal. Different
adult mice were used in each blot. Note the lower signal intensity at each
protein concentration in the P0 and P7 animals relative to the adults. B,
Signal intensity of huntingtin immunoreactivity in postnatal animals rela-
tive to adult. Each bar represents the median score of all ratio values
obtained in comparisons of four young animals with four adult animals.
Huntingtin immunoreactivity increases between P0 and P15 and shows the
most marked rise between P7 and P15. P0 and P7 less than adult at p ,
0.001. Molecular weight markers are shown on the right.
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tech). Each immunoblot contained the results for one adult animal paired
with one young animal. The signal intensity for each protein concentra-
tion was compared in the two animals and expressed as the percentage of
the younger animal to the adult. This procedure was repeated for all
protein concentrations. Ratio values were subjected to a one-sample
nonparametric analysis (Mann–Whitney U test) to determine significant
differences of the median values for a two-tailed comparison. Values
different from 1.0 were considered significant at p # 0.05.
Immunohistochemistry. Methods for the immunohistochemical detection

of huntingtin have been described previously for rat and human brain tissue
(DiFiglia et al., 1995). Mounted 20–50 mm frozen sections of E10–P15, adult
mouse, and vibratome-cut 50 mm sections of adult mouse were used. Sec-
tions were blocked in 0.3% H202, 2% normal goat serum, and 5% bovine
serum albumin for 1 hr, washed 33 10 min in PBS, and incubated for 40 hr
in anti-huntingtin antisera. The optimal antibody concentration was prede-
termined by performing a dilution series in the immature and adult tissue.
Optimal concentrations of the primary antisera (Ab1) were 0.25–0.5 mg for
adult mouse tissue and 1–2 mg for the developing brain. After washing 33 10
min in PBS, sections were treated with biotinylated secondary antibody
(1:200–1:400) followed by the ABC reagent (Vectastain, Vector Labs, Bur-
lingame, CA) and visualization of the immunoreactive product with diami-
nobenzidine in the presence of 0.003% H202. Frozen slide-mounted 10 mm
sections from immersion-fixed adult brain were used for some experiments.
The immunohistochemistry protocol was modified to include a 5 min pre-
blocking step in which the sections were exposed to 10%methanol. Omission
of the primary antibody produced no staining in the sections. Inclusion of 50
mg of peptide antigen with Ab1 significantly reduced the staining of neurons
(see Fig. 4b,c).

RESULTS
Developmental and regional expression of huntingtin
in mouse brain
Western blots
Recent studies in human and rat brain (Aronin et al., 1995;
Gutekunst et al., 1995; Sharp et al., 1995; Trottier et al., 1995) show
a widespread distribution of huntingtin. To establish that expression
was similar in the adult mouse brain, protein extracts from different
brain areas were assayed with an antibody directed to the N-terminal
(Ab1) of the protein. Huntingtin was detected as a single high
molecular weight band of;320 kDa in all regions examined (cortex,
striatum, brainstem, and cerebellum), and as in human brain (Aronin

Figure 3. Comparison of huntingtin expression in the post-
natal cortex and striatum. A, Western blots of striatum (top
panel ) and cortex (bottom panel ) from P7, P15, and adult
mice. Note that signal intensity is significantly lower at P7
than in the adult brain in both regions. B, Signal intensity
(median score of ratio values for each protein concentration)
for huntingtin expression in P7, P15, and P30 striatum, cor-
tex, and whole brain relative to the adult. Note that hunting-
tin expression increases markedly between P7 and P15 in
both the striatum and the cortex in parallel with the increases
seen in whole brain. Huntingtin expression reaches adult
levels in cortex by P15 and in striatum by P30. Mann–
Whitney nonparametric analysis: P7 cortex less than adult
cortex at p , 0.01. P7 and P15 striatum less than adult
striatum at p, 0.01. Molecular weight markers are shown on
the right.

Figure 4. Huntingtin immunoreactivity in the adult mouse brain. a,
Sagittal section shows huntingtin labeling throughout the brain and more
prominently in the gray matter than the white matter because of the
preferential staining of neuronal somata and dendrites. Some folds are
present in the cortex of the cerebellum. Arrow identifies the area of cortex
shown in b and c. Magnification, 43. b, Huntingtin immunoreactivity is
seen in neurons throughout the cortical gray matter. c, Preadsorption
control: neuronal staining in cortex is reduced significantly when peptide
antigen is added to the anti-huntingtin antisera. Residual huntingtin
labeling, which is faintly observed in some perikarya, is probably in
neurons that normally express the highest levels of the protein.
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Figure 5. Huntingtin immunoreactivity in the adult mouse brain is localized to the cytoplasm of neurons. Neuronal perikarya and dendrites are labeled in all
regions of the brain. a, b, The cerebral cortex: neurons throughout layers II–VI are labeled, and the perikarya and proximal dendrites of layer II/III (shown in
b) and layer V pyramidal neurons show especially strong immunoreactivity. c, e, The hippocampal region: pyramidal cells in the CA1 region (c) and perikarya
and dendrites of granule cells in the dentate gyrus (e) are strongly immunoreactive. A similar pattern of immunoreactivity of neuronal perikarya and dendrites
is present in the thalamus ( f ), globus pallidus (d ), brainstem (g), and cerebellar Purkinje cell layer (h). In the cerebellum cortex, Purkinje cells are stained more
prominently than other neurons. All photographs were taken from the same vibratome-cut tissue section. Scale bars: a, 100 mm; b (for b–h), 50 mm.
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et al., 1995), it also was detected readily in isolated subcortical white
matter (Fig. 1A). Analysis of whole-brain protein extracts from
E10–E17 and P0–P30 mice demonstrated that huntingtin was ex-
pressed at all stages of brain development (Fig. 1B). To evaluate
quantitatively huntingtin expression in the postnatal mouse, we com-
pared protein extracts from P0, P7, P15, and P30 and adult mouse
brain. Results showed that huntingtin levels rose from;20%of adult
levels at P0 to slightly.100% of adult levels at P15 (Fig. 2A,B). The
most marked rise (;60%) occurred between P7 and P15. No signif-
icant change in huntingtin expression from adult levels was seen
between P15 and P30 in whole-brain extracts. To determine whether
huntingtin increased in the cortex and striatum in parallel with total
brain protein, these regions were analyzed separately. Similar to
those in whole brain, huntingtin levels in the cortex increased be-
tween P7 and P15 and reached adult levels by P15; in the striatum,
huntingtin levels also rose significantly (;50%) during the second
postnatal week, but in contrast to the cortex, reached 60% of adult
levels by P15 and adult levels by P30 (Fig. 3A,B).

Immunohistochemistry
Immunohistochemical analysis of huntingtin in the adult mouse
brain showed labeling of the entire gray matter (Fig. 4a). Neuronal
labeling occurred in all regions, including the cortex (Figs. 4b, 5a),
basal forebrain, hippocampus, brainstem, thalamus, and cerebellum
(Fig. 5b–h). The intensity of immunoreactivity varied considerably in
different neuronal populations and within the same cell population.
In the cortex, intensely labeled neurons could be found throughout
all cortical lamina, and similar neurons large and small within the
same lamina had marked heterogeneous expression of huntingtin. In
the cerebellar cortex, Purkinje cells showed intense staining, whereas
granule cells, Golgi II cells, and basket cells were labeled minimally
(Fig. 5h). In well stained neurons, secondary and tertiary dendritic
branches were also labeled. In the striatum, large neurons were more
immunoreactive than the medium-sized striatal neurons (see Fig.
11d). A patch-matrix pattern was not evident with huntingtin in the
mouse striatum.
To assess further the extent of neuronal labeling and the degree

of heterogeneity in labeling, regions of the cortex (Fig. 6A–D) and
striatum (Fig. 7A,B) were examined with Nomarski interference
microscopy (Figs. 6, 7). Analysis of the focal planes at the upper
and lower surfaces in the same microscopic field revealed the
great extent of neuronal labeling in each focal plane and even
more so when labeled cells from both surfaces were taken into
account. The striking variability in neuronal staining was also
evident, particularly in the cortical neurons (Fig. 6a, cells 1, 2, and
3). Some of the large pyramidal cells were among those with the
strongest labeling. When the surface of the section was compared
with a plane of focus deeper into the section (Fig. 6, c and d,
respectively), some faintly labeled and unlabeled neurons ap-
peared in the intermediate focal plane. This suggested that the
presence of some unlabeled neurons may be attributable to poor
penetration of the antisera deeper into the section. Given the
variable staining of huntingtin in neurons, the extent of neuronal
labeling cannot be known with certainty; however, the great extent
of neuronal staining observed with Nomarksi imaging at the
surfaces of the section suggest that the vast majority of neurons is
labeled.
Axon fibers in regions of the fimbria fornix, internal capsule

(Fig. 8a), cerebral peduncle, brainstem, and cerebellar peduncles
(Fig. 8b) were labeled moderately with low antibody concentra-
tions and labeled more prominently when concentrations of the
primary antisera were increased two- to fourfold. Immunoreactive

axon terminals were not detected in mouse brain using our stan-
dard protocol (see Materials and Methods). When 10 mm frozen
sections were fixed by immersion in 4% paraformaldehyde and
pretreated with 10% methanol before the blocking step, however,

Figure 6. Demonstration of the extent and variability of huntingtin stain-
ing in adult cortical neurons with Nomarski imaging. a, b, The same
cortical field photographed at the surfaces of the upper and lower focal
planes of the section. Note that different neurons are labeled in each focal
plane. For example, neurons 1–3 and 10–12 are visible in a but not in b,
and neurons 4–6 and 8 and 9 are visible in b but not in a. Staining is also
variable in neurons within the focal plane (compare 1, 2, and 3 in a and 4
and 5 in b). c, d, The same field photographed at the upper surface in c and
deeper in the section (d ) to show the effect of antibody penetration on
neuronal labeling. Note that in the superficial plane (c) all cells are
immunoreactive, whereas in the intermediate focal plane faintly labeled
(single arrow) and unlabeled (double arrow) cells are seen. Asterisk iden-
tifies the lumen of a capillary passing through the center of the field. Scale
bars: b, 50 mm, and also applies to a; c, 50 mm, and also applies to d.
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punctate labeling characteristic of axon terminals was visible in
some regions and was particularly strong in the thalamus (Fig. 8c)
and hypothalamus. The somatodendritic staining in neurons re-
mained the predominant location of huntingtin immunoreactivity
in most brain areas, including the striatum.
Immunohistochemical staining in the developing brain usually

required higher concentrations of primary antisera than in the
adult brain. In the E12–E15 mouse brain, homogeneous reaction
product appeared within the cytoplasm of cell bodies throughout
the brain. For the most part, neuronal processes were not labeled.
Postmitotic neurons of the E15 basal forebrain, probably belong-
ing to cholinergic cell groups, were among the first to show a
marked increase in immunoreactivity (Fig. 9a) relative to most
neurons. The huntingtin-enriched somata varied in size and were
similar or slightly larger than the surrounding, more modestly
labeled cells. Postmitotic neurons in the ventral brainstem exhib-
ited an elevation in huntingtin immunoreactivity at E17 (Fig.
9b,c). Most of these huntingtin-positive neurons had completed
their migration to motor nuclear groups. By P1, the huntingtin-
immunoreactive brainstem motor neurons were organized into
well defined nuclei (Fig. 9d) and showed some staining in their
emerging processes (Fig. 9e). Heterogeneity in huntingtin expres-
sion in the cortex was apparent at P0–P1, as pyramidal neurons in
the neocortex (Fig. 10a–c) and more strikingly in the pyriform

cortex (Fig. 10d,g) (layer 2) exhibited increased huntingtin immu-
noreactivity in cell bodies and proximal dendrites. By P7, hunting-
tin in the cortex was distributed to neurons in all layers (Fig. 10e,f)
but was still largely confined to neuronal somata and the proximal
portions of apical dendrites.
In contrast to the increased staining that appeared in some

neurons of the brainstem, basal forebrain, and cortex, the striatum
at P0 (Fig. 11a) was stained homogeneously except for an occa-
sional cell with slightly more immunoreactivity. This pattern was
markedly changed at P7 (Fig. 11b), when a subset of intensely
labeled cells of small to medium size appeared throughout the

Figure 7. Demonstration of the extent of huntingtin labeling in medium-
sized striatal neurons of the adult mouse. A, B, The upper and lower focal
planes of the same field. Asterisks inA identify the position of labeled neurons
seen only in B, and asterisks in B identify the position of labeled neurons seen
only in A. Not all cells are identified. Many more neurons are labeled when
both planes of section are taken into account. The intensity of staining is also
variable. Scale bar (shown in A): 50 mm, also applies to B.

Figure 8. Huntingtin immunoreactivity in axon trunks and terminals in
the adult mouse brain. Axon trunks are labeled in the internal capsule (a)
and the cerebellar peduncle (b). Individual axons can be distinguished in
the cerebellar peduncle (arrows in b). Immunoreactive puncta interpreted
to be axon terminals appear in the thalamus when minimally fixed frozen
sections are pretreated with methanol (see Materials and Methods). c,
Neuronal cell bodies are also labeled. Scale bars: a, 50 mm, and applies to
b; c, 50 mm.
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striatum. By P15 (Fig. 11c), some of the heavily labeled striatal
cells had taken on the larger globular morphology characteristic
of cholinergic neurons in the adult striatum (Fig. 11d).

Expression of normal and mutant huntingtin in
developing human brain
Huntingtin was examined by Western blot in human fetal control
brains of 19 and 21 weeks with antisera Ab1 (Fig. 12A shows
results for the 19-week fetal brain). Immunoblot analysis of fron-
tal cortex, parietal cortex, occipital cortex, thalamus, caudate/
putamen, pons, and cerebellum revealed huntingtin expression in
all regions in both control cases. Examination of the cortex and
cerebellum of a 10-week-old HD gene carrier was also performed.
In both regions, a higher molecular mass mutant protein equiva-
lent in signal intensity to the normal protein was seen (Fig. 12B),
indicating that an abnormal huntingtin protein is expressed during
brain development.

DISCUSSION
The results of this study show that the expression of huntingtin
occurs early and throughout brain development, increases in
parallel with the maturation of neurons in the postnatal period,
and is regulated developmentally. The ubiquitous distribution of
huntingtin in the somatic cytoplasm of developing mouse brain
neurons suggests that the protein has a constitutive role important
for neuron survival. Huntingtin is also present throughout the
human 19- to 21-week fetal brain, a finding consistent with pre-
vious evidence for the expression of IT15 mRNA by in situ
hybridization throughout the midgestation human fetal brain
(Dure et al., 1994). Most significantly, our observation that mu-
tant huntingtin is expressed at levels comparable to those of the
wild-type protein in the HD infant cortex and cerebellum indi-
cates that there is a potential for the abnormal protein to influ-
ence neuronal development.

Figure 9. Huntingtin immunoreactivity in embryonic and early postnatal mouse brain. a, By E15, the perikarya of some basal forebrain neurons acquire
intense immunoreactivity (arrows in a). Note that cells of comparable or smaller size located near the intensely labeled cells are still weakly
immunoreactive. b, Clusters of brainstem neurons show increased labeling in E17 mouse brain. c, Enlargement of framed area in b. Note the intense
staining of the cytoplasm (arrows) but the absence of labeling in processes. d, By P1, huntingtin-positive neurons contribute to the segregated clusters of
brainstem nuclei. e, Brainstem neurons at higher magnification show robust labeling in perikarya and emerging processes (curved arrows). Scale bars: a,
50 mm, and applies to c and e; b, 100 mm; d, 200 mm.
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Huntingtin expression develops in parallel with
neuronal maturation
Two features of huntingtin expression in the developing brain cor-
relate with neuronal maturation. First, huntingtin immunoreactivity

is distributed throughout the dendrites and axons of adult mouse
brain neurons, whereas it is confined primarily to neuronal somata in
immature neurons. Second, huntingtin expression in the whole brain
increases markedly between P7 and P15, during which it rises from

Figure 10. Huntingtin immunoreactivity in neonatal mouse brain. a, By P0, the cerebral cortex exhibits immunoreactivity in all neurons. b, In the upper
cortical layers, the somata (arrow) and leading processes of some of the labeled cells show the characteristic morphology of migrating neurons (curved
arrows). c, P1 pyramidal neurons become more intensely labeled than other cortical cells. d, Some cells in the P0 pyriform cortex (asterisk) are intensely
stained, but the caudate/putamen (cp) is stained more weakly. e, f, In the P7 cortex, the labeling of layer V pyramidal neurons is striking (boxed area is
enlarged in f ). At this age, some layer VI neurons are also intensely labeled (arrow in e). g, P0 pyriform cortex. Note the increased staining in pyramidal
somata and emerging processes (curved arrows). Scale bars: a, 100 mm, and also applies to d and e; b, 50 mm, and also applies to c, f, g.
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;40% to 100% of adult levels. By this time, neurogenesis is complete
in most brain areas, axonal elaborations are being pruned, and
dendrites, spines, and synapses are forming (Jacobson, 1991). The
slower rise of huntingtin expression in striatum compared with that in
cortex in the postnatal mouse may reflect a delayed maturation of
striatal neurons compared with cortical neurons.
Huntingtin immunoreactive axons were seen in adult brain but not

in developing brain. This result suggests that huntingtin is not in-
volved specifically in developmental events associated with axon
elongation and migration. Western blot analysis demonstrates the
presence of huntingtin in white matter regions of the adult mouse
(this study) and human (Aronin et al., 1995) brain. The emergence of
huntingtin expression in the axons of mature neurons is relevant to
HD pathogenesis. Projection neurons in both the cortex (Cudkowicz
and Kowall, 1990; Hedreen et al., 1991; Sotrel et al., 1991) and the
striatum (Graveland et al., 1985; Ferrante et al., 1985) are more
affected than interneurons in the disease (see below). A reduction in
subcortical white matter contributes significantly to brain atrophy in
HD (De La Monte et al., 1988) and is consistent with the loss of
projection cells. Moreover, specific changes in striatal projection
pathways have been observed in the HD brain (Reiner et al., 1988;
Sapp et al., 1995). A recently proposed role for huntingtin in vesicle
trafficking has been suggested on the basis of biochemical evidence
for the codistribution of huntingtin with other vesicle-associated

proteins in membrane-enriched synaptosomal fractions and immu-
nohistochemical observations that show an association of huntingtin
with vesicles (DiFiglia et al., 1995; Gutekunst et al., 1995; Sharp et al.,
1995). The prominent expression of huntingtin in cell bodies and
dendrites, where it is associated with vesicles and microtubules (Di-
Figlia et al., 1995; Gutenkunst et al., 1995), suggests that the protein
may also participate in vesicle recycling in somatodendritic regions.
One important vesicle-related function for huntingtin in dendrites
might involve ligand-receptor internalization through the endocytic
pathway (Faure et al., 1995). The developmental and adult expres-
sion of huntingtin in neurons has features strikingly similar to those
of dynamin, a vesicle-associated GTPase involved in endocytosis
(Damke et al., 1994; McPherson et al., 1994). Similar to huntingtin,
dynamin is widespread and more abundant in adult than in devel-
oping brain (Nakata et al., 1991; Faire et al., 1992; Noda et al., 1993).
Dynamin also increases markedly in the postnatal period of the rat
between P9 and P23 (Nakata et al., 1991; Faire et al., 1992). This
time period overlaps that in mouse when huntingtin exhibits a sharp
rise in expression.

Heterogeneity in the neuronal expression of huntingtin
is regulated developmentally
Huntingtin immunoreactivity was detected at variable levels of
intensity in adult mouse brain neurons. A similar observation was

Figure 11. Ontogeny of huntingtin immunoreactivity in the mouse corpus striatum. a, On the day of birth (P0), immunoreactivity in the striatum is
uniformly weak, and fiber bundles ( f b) appear unlabeled. A few large cells are slightly more labeled (arrow). b, By P7, the labeling of most cell bodies
is more distinct than at P0 (compare a with b). The cell bodies and proximal processes of some large cells (arrows) and small cells (curved arrow) become
intensely immunoreactive. c, A pattern of heterogeneous immunoreactivity, wherein large cells (arrows) show intense immunoreactivity of the perikarya
and proximal processes and smaller cells are less intensely immunoreactive (small arrows), is seen on P15. Note that some of the cells with intense staining
have not reached a large size (curved arrow). d, Adult striatum (Ad) shows the marked difference in expression of huntingtin in medium (small arrows)
and large neurons (large arrows). Primary antibody was diluted fourfold compared with sections shown in a–c. Fiber bundles ( fb) are unlabeled because
of the low concentration of the primary antibody used in the immunohistochemistry. Scale bar: a, 50 mm, and applies to b–d.
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made in the normal human brain, where large neurons are labeled
more intensely than small neurons (Gutekunst et al., 1995). Het-
erogeneity in the neuronal expression of huntingtin is consistent
with observations of IT15 (the gene for huntingtin) mRNA local-
ization by Landwehrmeyer et al. (1995). In the latter study,
variability was found in the density of silver grains over individual
neurons in different brain regions, with large neurons showing the
highest grain counts. Even when corrected for cell size, large
neurons in some regions (substantia nigra and globus pallidus)
had significantly more silver grains per unit area than other cells.
Our results in young animals show that heterogeneity in the
neuronal expression of huntingtin emerges in the embryonic pe-
riod. The appearance of this feature follows a caudal to rostral
and ventral to dorsal gradient for neurogenesis and neuronal
maturation (Bayer and Altman, 1987; Jacobson, 1991). Thus,
brainstem and basal forebrain neurons are the first to show
increased levels of huntingtin (E15–E17), whereas levels in corti-
cal and striatal cells rise later (P0–P7). This timetable suggests
that an important factor regulating the increased expression of
huntingtin may relate to the formation of target connections
during and after the completion of neuronal migration. Neuron
type appears to be unrelated to the rise in huntingtin, because
both projection cells (cortical pyramidal cells, basal forebrain

neurons, and brainstem motor neurons) and interneurons (large
aspiny striatal cells) exhibited increases. Also, neurons with in-
creased labeling usually had not reached their adult somatic size,
suggesting that cell body diameter alone was not responsible for
the rise in huntingtin expression. The birthdate of neurons may
also have little to do with increased huntingtin expression. Large
striatal interneurons become postmitotic during a restricted pe-
riod early in neurogenesis (rat, E13–E16) (Bayer, 1984; Semba et
al., 1988), but show a relatively late rise in huntingtin expression
around P7.

The expression of huntingtin in relation to
striatal development
Between P7 and P15, huntingtin expression increases significantly
in the striatum and the cortex. Adult levels of the protein are
reached in the cortex by P15. In the striatum, huntingtin rises
more slowly and achieves adult protein levels by P30. This is a
period of active neuronal differentiation in both regions and
includes the development of spines, the formation of synapses,
and the maturation of cortical-striatal connections. As shown in
Figure 13, the postnatal increase in huntingtin overlaps with a
number of important maturational events in the striatum. Spine
density increases significantly between P11 and P27 and most
markedly in the third postnatal week (Tepper and Trent, 1993).
Also during this period, the electrophysiological properties of
striatal cells undergo maturation. These electrophysiological
changes coincide with the maturation of cortical and thalamic
inputs to the striatum (Tepper and Trent, 1993).

Huntingtin expression in the postnatal brain in relation
to HD pathogenesis
Views vary on when cell death begins in the HD striatum in
relation to the onset of symptoms. Most evidence suggests that
neurons begin to degenerate in significant numbers in the years
just before the onset of symptoms in midlife (for review, see
Wexler et al., 1991). Neurons in the striatum and cortex, which are
the most affected in HD, show compensatory responses such as
the growth of dendrites and spines and increased levels of
calcium-binding protein (Graveland et al., 1985; Ferrante et al.,
1991; Sotrel et al., 1991, 1993; Huang et al., 1995). These com-
pensatory responses may be sufficient to maintain neuronal func-
tion and thus delay the onset of symptoms until other events occur
that precipitate cell death. One widely held view is that the normal
decline in energy metabolism that comes with increasing age
reduces the threshold of sensitivity to excitotoxic injury below a
critical level in affected neurons of the HD brain, leading to their
ultimate demise (Beal et al., 1993; Coyle and Puttfarcken, 1993).
The loss of neurons (as much as 50% in medial and dorsal
striatum) and the increased numbers of oligodendroglia present in
low grade and presymptomatic cases have lent support to the idea
that abnormalities in the HD brain may derive from changes
during development (Myers et al., 1991). An effect of the HD
mutation on striatal development has been suspected because of
the striking gradient of pathogenesis, which suggests a greater
vulnerability of striatal projection neurons that mature later in
development (Vonsattel et al., 1985). The presence of mutant
huntingtin in the postnatal HD brain gives support to the idea that
the maturation of striatal neurons might be affected in HD.
Mutant huntingtin is comparable in expression to wild-type hun-
tingtin in both the postnatal (this study) and adult HD brain
(Aronin et al., 1995), suggesting that the expression of normal and
mutant proteins is regulated similarly throughout neuronal devel-
opment and maturation.

Figure 12. Huntingtin expression in human control and HD brain. A,
Western blot of 19-week fetal human control brain probed with Ab1 shows
expression in all brain regions. For identification of regions, see legend to
Figure 1. B, Brain of 10-week-old infant genotyped for a normal allele of
17 CAG repeats and an expanded HD allele of 39 repeats. Note that
normal and mutant huntingtin (arrows) are detected in the cortex and
cerebellum of this patient.
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Neurodegeneration in HD has been strongly linked to an
excitotoxic mechanism mediated through NMDA receptors,
either directly or as a secondary event associated with altered
metabolism (DiFiglia, 1990; Beal et al., 1991, 1993; Albin and
Greenmayre, 1992). How might the expression of mutant hun-
tingtin influence the fate of differentiating striatal cells and
lead to an excitotoxic process? Striatal cells in the postnatal
period are significantly more susceptible to NMDA receptor-
induced excitotoxicity and hypoxic–ischemic injury (Mac-
Donald et al., 1988; Ikonomidou et al., 1989; Trescher et al.,
1994) than in the adult. The period of hypersensitivity to
NMDA receptors extends from approximately P2 to P21, with
a maximal response at P6–P7 (Ikonomidou et al., 1989; Tre-
scher et al., 1994). A marked rise in mutant huntingtin during
the postnatal period may interfere with striatal cell differenti-
ation, the formation of normal corticostriatal connections, and
the maturation of striatal cell physiology, particularly in rela-
tion to the function of NMDA receptors (see above). Such
changes might raise the energy demands of striatal neurons
sufficiently to reach a toxic threshold in some neurons, partic-
ularly striatal projection neurons maturing late in development.
For other neurons surviving the initial stress, the decline in
energy metabolism with age might reduce the threshold of
sensitivity to glutamate resulting in the delayed effects on cell
survival.
The greater expression of huntingtin in large neurons of the

mouse striatum is particularly noteworthy, because the large
cholinergic neurons are relatively spared in HD (Ferrante et
al., 1987). The robust staining of large striatal neurons has also
been seen in the human striatum (Gutekunst et al., 1995; E.
Sapp and M. DiFiglia, unpublished observations). Although

both medium and large neurons are responsive to excitatory
stimulation, large cells differ from medium-sized cells in that
they have few if any cortical connections and receive excitatory
inputs primarily from the thalamus (Lapper and Bolam, 1992).
Decortication is known to reduce the neuronal damage pro-
duced by excitotoxic agents on the adult striatum (Beal et al.,
1991). The lack of cortical innervation might be a factor in
mitigating the adverse effects of the mutant protein in large
neurons of the HD striatum.

Summary
The mechanism and timetable of cell death in Huntington’s dis-
ease is unknown. A genetic mutation involving the expansion of a
polyglutamine region in the huntingtin gene causes widespread
expression of a mutant protein in the HD brain. Our results show
that the mutant protein is expressed in the developing HD brain.
The neuronal distribution and expression of mutant huntingtin
during embryonic and postnatal development most likely parallels
that seen for huntingtin in the developing mouse brain. The
marked rise in huntingtin postnatally and the more extensive
distribution of the protein in mature neurons suggest that hun-
tingtin is important in neuronal differentiation and in the function
of adult brain neurons. In the HD brain, mutant huntingtin may
interfere with the normal maturation of striatal neurons at a time
when they are more sensitive to excitotoxic injury, and this could
lead to immediate or delayed effects on cell survival.
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