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Accumulation of expanded polyglutamine proteins
and selective pattern of neuronal loss are hallmarks
of at least eight neurodegenerative disorders,
including spinocerebellar ataxia type 7 (SCA7). We
previously described SCA7 mice displaying neuro-
degeneration with progressive ataxin-7 accumulation
in two cell types affected in the human pathology. We
describe here a new transgenic model with a more
widespread expression of mutant ataxin-7, including
neuronal cell types unaffected in SCA7. In these mice
a similar handling of mutant ataxin-7, including a
cytoplasm to nucleus translocation and accumula-
tion of N-terminal fragments, was observed in all
neuronal populations studied. An extensive screen
for chaperones, proteasomal subunits and transcrip-
tion factors sequestered in nuclear inclusions (NIs)
disclosed no pattern unique to neurons undergoing
degeneration in SCA7. In particular, we found that the
mouse TAFII30 subunit of the TFIID initiation complex
is markedly accumulated in NIs, even though this
protein does not contain a polyglutamine stretch. A
striking discrepancy between mRNA and ataxin-7
levels in transgenic mice expressing the wild-type
protein but not in those expressing the mutant one,
indicates a selective stabilization of mutant ataxin-7,
both in this model and the P7E/N model described
previously. These mice therefore provide in vivo
evidence that the polyglutamine expansion mutation
can stabilize its target protein.

INTRODUCTION

Spinocerebellar ataxia type 7 (SCA7) is a neurodegenerative
disorder characterized by progressive degeneration of the cere-
bellum, brain stem and spinal cord, belonging to the clinically
and genetically heterogeneous group of autosomal-dominant
cerebellar ataxias (ADCA I–III). In ADCA type II (SCA7),

cerebellar ataxia is associated with blindness secondary to
pigmentary macular dystrophy and retinal degeneration. The
pathology involves neuronal loss and gliosis mostly affecting
the Purkinje cell layer, the nucleus dentatus and the inferior
olive (1).

The SCA7 mutation is a CAG trinucleotide expansion within
the coding region of the SCA7 gene, which is translated into an
expanded polyglutamine stretch. SCA7 shows particularly
high sensitivity to the polyglutamine length (2). It belongs to
the family of polyglutamine expansion diseases including
Huntington’s disease (HD), dentatorubral-pallidoluysian
atrophy (DRPLA), spinal and bulbar muscular atrophy
(SBMA) and several spinocerebellar ataxias (SCA1, 2, 3 and
6) (3). These diseases are characterized by adult-onset
neuronal dysfunction and death in selected but distinct regions
of the CNS, despite ubiquitous expression of the target
proteins. The pathological threshold ranges from 35 to 40
glutamines in most of these diseases. It corresponds to a
conformational shift of the polyglutamine stretch, as suggested
by the selective recognition of mutant proteins by a mono-
clonal antibody (4). This conformational shift correlates with
an increased propensity for aggregation in vitro (5), accounting
for the formation of nuclear inclusions (NIs) as a common
pathological feature of many of these diseases (6). However,
the actual toxicity of nuclear aggregates has been disputed,
while several experimental models indicate that presence of
the mutant protein in the nucleus is a key feature in the patho-
genic mechanism (7).

NIs contain ubiquitin, different proteasome subunits as well
as some chaperones suggesting that the mutant proteins are
misfolded and targeted to degradation. Expanded poly-
glutamine tracts appear to be more resistant to degradation by
the proteasome (8) and aggregate formation could reflect an
imbalance of the turnover of the mutant proteins. For several
polyglutamine diseases, NIs are stained by antibodies against
epitopes close to the polyglutamine tract but not by antibodies
against more distant epitopes, suggesting a cleavage of full-
length mutated proteins. Such a cleavage has been reported in
HD, SBMA, DRPLA, SCA3 and SCA7 and appears crucial for
nuclear translocation and aggregate formation (9,10).
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The selective pattern of neurodegeneration could be due to
many different factors, such as relative levels of the mutant
protein, existence of cell-specific interacting proteins, differ-
ences in catabolism of the mutant protein or other cell-specific
features. So far none of these hypothesis has been confirmed.
For instance, the distribution of NIs does not parallel the
neuropathology. In HD and SCA7 patients they are observed in
both vulnerable and spared neuronal populations (11,12).
Clues toward the understanding of this specificity were
provided by studies on HD knock-in mice. In these models,
although neurological phenotype was very mild or even absent,
some molecular abnormalities were observed, restricted to the
medium spiny neurons of the striatum (13–15). This specificity
may be correlated to a higher somatic instability of the CAG
repeat in the striatum (16).

Finally, transcriptional dysregulation is suspected to be
involved in the pathogenesis of polyglutamine diseases.
Downregulation of specific sets of genes has been observed in
cellular and mouse models of HD and SCA1 (17–19), and
several studies reported the presence of transcription factors
(such as CBP or TAFII130) in nuclear inclusions (20–22),
suggesting a transcriptional dysregulation due to their seques-
tration. Other studies reported a mislocalization of transcrip-
tion co-factors in autopsied brains from HD patients (23).

We previously described SCA7 mouse models allowing
comparison of pathological features in two affected cell types:
rod photoreceptors (R7E/N mice) and Purkinje cells (P7E/N
mice) (9). We report here novel strains of transgenic mice
overexpressing full-length normal and mutant ataxin-7 in
many neuronal populations within the brain, including regions
spared in human SCA7. We observed in this model and in the

P7E/N model a stabilization of ataxin-7 by the expansion of the
polyglutamine tract. Control and mutant lines show similar
expression levels of transgene mRNA but, in the conditions
used, mutant ataxin-7 was easily detectable while normal
ataxin-7 was not. Processing of mutant ataxin-7 appears very
similar in various neuronal types as all showed relocalization
and accumulation in the nucleus of an N-terminal fragment of
the protein. We have performed an extensive molecular char-
acterization of ataxin-7 NIs. Their distribution and content in
chaperones, proteasome subunits and transcription factors in
different neuronal populations did not show any obvious
differences that would explain the regional degeneration
specificity observed in patients.

This model reproduces key molecular features of poly-
glutamine expansion diseases and offers the opportunity to
unravel early pathological events.

RESULTS

Transgenic mice widely expressing full-length mutant
ataxin-7 in the CNS develop a progressive ataxic
phenotype

We have generated transgenic mouse lines carrying the full-
length human SCA7 cDNA, placed under the transcriptional
control of the platelet-derived growth factor chain B promoter
(PDGF-B) (24). This promoter was reported to lead to high
neuronal expression in all brain regions and was successfully
used to generate Alzheimer’s and Parkinson’s disease trans-
genic mouse models (25–27). The trinucleotide repeat length
within the cDNA is (CAG)10 and (CAG)128 in the ‘B7N’ and

Figure 1. Expression of ataxin-7[Q128] in transgenic mice brains. (A) Scheme of transgene constructs. (B) Western blot analysis of brain expression of the
different B7E2 lines obtained (lines A–O). Whole-brain extracts were probed with the 1C2 antibody recognizing expanded polyglutamines (4). A cross-reacting
band is seen at ∼130 kDa (arrowhead). Mutant ataxin-7 is detected at the expected size (>150 kDa, arrow) when compared to a lymphoblastoid cell line extract
(LCL) from an SCA7 patient.
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‘B7E2’ lines, respectively (Fig. 1A). Injection was done in
[C57BL/6×SJL] fertilized embryos, leading to several
founders for both constructs (Table 1). Lines were then
amplified on the C57BL/6 background. The F1 progenies were
genotyped by Southern blot for determination of the number of
integration sites and the approximate copy number per site.
Crosses were then designed to obtain lines with single
integration sites. The resulting lines are listed in Table 1.

Expression of ataxin-7[Q128] in each B7E2 line was
assessed by western blot using the 1C2 antibody recognizing
expanded polyglutamines (4) (Fig. 1B). Highest expression
levels were observed in whole brain extracts of lines B and E.
We then examined expression throughout brain regions by
immunohistochemistry using the 1261, 1262 and 1C1 anti-
ataxin-7 antibodies (28) (data not shown). A more intense
immunoreactivity (IR) was obtained from lines B, E and G,
confirming the western blot analysis. Ataxin-7 IR was detected
in many regions, e.g cortex, hippocampus, cerebellum, brain-
stem and inner retina. Within these regions, expression varied
among different cell types. For instance, the outer cortical
layer displayed lower ataxin-7 IR compared to the inner
cortical layers. Not all neurons within a given region displayed
ataxin-7 IR. In the retina, for example, no ataxin-7 IR was
observed in photoreceptors. In cerebellum, ataxin-7 IR was
undetectable in granule cells, but easily visible in Purkinje
cells, in Golgi cells and in neurons of the molecular layer

(basket and stellate cells). The three lines B, G and E differed
somewhat in the distribution pattern of ataxin-7 IR. Line B, for
example, showed an intense immunoreactivity in the cere-
bellum while animals from lines E and G did not.

At the behavioural level, B7E2 mice displayed no obvious
abnormalities at birth, nursed well and developed normally,
reaching motor milestones at the expected timepoints. In
young adult mice, there were no behavioural or motor abnor-
malities. At 5 months of age, however, F1 animals from line B
started to display some signs suggesting difficulties in motor
coordination, appeared to be less active and bradykinetic.
Behavioural patterns suggestive of seizures were observed in
two F1 animals but not in the later generations. The most
striking abnormality, however, was a progressive motor inco-
ordination resulting in frequent slips while beam walking or
climbing. The motor incoordination was more marked in the
hind limbs compared to forepaws. There was no obvious
muscular atrophy or weakness. In addition, there was no
evidence for an impairment of vision interfering with daily
activities. In general, mice died within 3 months of onset of
symptoms. Overall B7E2 mice from line B developed a
progressive ataxic phenotype, that suggests a preferential cere-
bellar involvment contrasting with the widespread expression
of the mutant protein. Age at onset was variable among F1 and
F2 animals, ranging from 3 to 8 months. We observed a marked
delay of this onset in animals from further generations

Table 1. Transgenic lines

ND, not determined.
aIdentical results were obtained with the 1261, 1262 and 1C1 antibodies.
bEstimated by semi-quantitative RT–PCR.
cThree B7E2 founders and three B7N founders did not transmit the transgene. One B7E2 founder transmitted three loci: B7E2_G, M and O. One B7N founder
transmitted the two loci B7N_G and K.
dOnly a portion of the construct was integrated.

Construct No. founders Lines Estmated copy nos Protein expression

Western blot 1C2 Immunofluorescencea RNA expressionb

B7E2 12c A 5–10 – – ND

B 10–50 +++ ++++ +++

C 10–50 + + ND

D, I ND – – ND

E 10–50 ++++ +++ ND

G 10–50 +++ +++ ND

K 1d – – ND

L 10–50 + + ND

M 10–50 + + ND

O ND + + ND

B7N 10c B 1–10 ND –

C >100 – –

E 10–50 – –

F 10–50 – –

G 10–50 – +++

H 0d – ND

J 10–50 ND +

K 10–50 – ++
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(backcrossed to C57BL/6 mice), with even some F3 animals
living >15 months with no obvious neurological signs. This
observation is neither due to a meiotic contraction of the patho-
genic expansion nor to an overall decrease in transgene expres-
sion (data not shown). It might thus be due to a protective
effect of the enrichment in C57BL/6 background. We are
currently backcrossing the B7E2.B line on SJL background to
test this hypothesis. The B7E2.E and G mice did not develop
any obvious neurological phenotype. This discrepancy is
probably related to differences in cerebellar neuronal popula-
tions expressing mutant ataxin-7.

To assess expression of ataxin-7[Q10] in the B7N lines, we
performed immunohistochemistry using the same conditions
as in the B7E2 lines. In all these control lines, no specific
immunoreactivity was observed when compared to wild-type
animals (data not shown). By RT–PCR on brain extracts, trans-
gene-specific mRNAs could be detected in three of the seven
B7N lines (Table 1). We focused further characterization on
line B7N.G which showed the highest mRNA expression level
(Table 1).

Mutant and control transgenes have similar ataxin-7
mRNA, but different ataxin-7 protein expression levels

For a direct comparison of protein and RNA levels, we
performed western blotting and RT–PCR on the same animals
(Fig. 2A and B). A combination of two monoclonal anti-
ataxin-7 antibodies recognizing equally well the mutant and
normal proteins (28; and data not shown) detected the recom-
binant protein at the expected size (150 kDa) in B7E2 brain
extracts, but not in B7N or wild-type littermates (Fig. 2A). It is
to be noted that the endogenous mouse ataxin-7 was not
detected in these experiments by the antibodies (monoclonal or
polyclonal) raised against human ataxin-7. This may be due to
a low affinity to the mouse homolog and/or its low level in
tissues. We also did not detect ataxin-7[Q10] from B7N
extracts enriched by immunoprecipitation using the 1261 and
1262 antibodies (data not shown). Similarly, in the cerebellum
of P7N transgenic animals, normal ataxin-7 was not detected
by immunohistochemistry in any of the four lines established.
In contrast, the mutant protein was clearly detected in cere-
bellar sections from P7E lines (9) (Fig. 2F).

To investigate whether the transgene mRNA was produced
in B7N animals, we performed semi-quantitative RT–PCR on
brain extracts. Conditions were optimized by using a reverse
oligonucleotide striding over the intron of the construct
(Fig. 1A), thus avoiding amplification of contaminating
genomic DNA. SCA7 transgene mRNA was found in both
B7E2 and B7N animals, at a higher level in the B7N brain
extract (Fig. 2B). Similarly, RT–PCR on cerebellar RNA
extracts from P7N animals showed transgene mRNA in three
of the four lines (Fig. 2B).

To compare the RNA levels of mutant and control trans-
genes in the two models (B-lines and P-lines), we performed
comparative semi-quantitative RT–PCR on several animals
from lines B7E2.B and B7N.G (Fig. 2C) and from lines P7E.B
and P7N.C (Fig. 2D). No significant difference was observed
between the B-lines. In contrast, expression was 10 times
higher in P7N animals than in P7E animals (significant level
P < 0.002; see Materials and Methods).

We also compared RNA expression levels between P7E.B
and P7N.C animals by in situ hybridization (Fig. 2E). The
SCA7 transgene mRNA was detected with a higher intensity in
sections of P7N.C animals. In contrast, immunohistochemistry
on P7E.B and P7N.C animals at the same age showed a higher
ataxin-7 detection in P7E sections (Fig. 2F).

Although the B7E2 construct, which leads to protein expres-
sion in mice, is derived from the B7N plasmid (Materials and
Methods), a possible explanation for the presence of RNA but
no detectable protein product could be a mutational event
occurring during the elaboration of the construct. To verify the
integrity of the B7N construct, neural-derived NG108 cells
were transfected with the final DNA preparation (the one used
to prepare the fragment injected into embryos). These cells
displayed a strong immunofluorescent nuclear signal when
using anti-ataxin-7 antibodies (Fig. 2G). We conclude that the
B7N construct is able to drive protein expression in transfected
cells.

An increased detection of mutant ataxin-7 may correspond to
a prolonged half-life of the protein. We compared half-lives of
normal and mutant ataxin-7 in transfected COS cells by pulse-
chase analysis (Fig. 3). We observed a similar rate of production
of the two proteins, and a similar decrease of labelled ataxin-7
with time. Thus, mutant and normal ataxin-7 have similar stabil-
ities in this transfection system.

Mutant ataxin-7 progressively translocates from
cytoplasm to nucleus, and accumulates despite constant
expression level

In a time-course experiment, we studied the localization of
ataxin-7[Q128] by immunohistochemistry on brain sections
from B7E2 animals (Fig. 4A). We found that the subcellular
localization of the mutant protein varied with age, and that
intensity of the ataxin-7 IR increased over time. At 1 month of
age, a faint IR was observed in the cytoplasm of most neurons;
the nucleus was stained in only a few scattered neurons. These
signals were absent on sections from wild-type littermates
(data not shown). At 2 months of age, nuclear staining was
encountered more frequently and tended to be more intense,
whereas the cytoplasm displayed IR of similar intensity as in
younger animals. At 3 months of age, there was almost no
cytoplasmic staining detectable, but a strong IR in many nuclei
with numerous dense focal accumulations; in neurons
containing NIs overall nuclear staining appeared reduced. At
4 months of age, NIs were present in most nuclei; their
presence was associated with a global decrease of the overall
nuclear signal.

We previously described the progressive nuclear accumula-
tion of mutant ataxin-7 in Purkinje cells of P7E mice (9). In the
latter study, animals were investigated from 1 to 16 months of
age. In the present study, we extended these observations by
looking at the subcellular distribution of ataxin-7[Q90] in P7E
animals at earlier time-points (14 and 17 days) by
immunohistochemistry using the 1261 antibody (not shown).
We observed a cytoplasmatic distribution of the protein at 14
days, with the appearance of nuclear immunoreactivity in some
Purkinje cells at 17 days of age. This indicates that the translo-
cation of mutant ataxin-7 from the cytoplasm to the nucleus
also takes place in P7E mice, although at an earlier timepoint
than in B7E2 mice.
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Figure 2. Comparison of ataxin-7 mRNA and protein levels in expanded and control lines. (A) Western blot detection of mutant (arrow) but not normal ataxin-7.
Brains from wild-type (1.5 months), B7N (line G, 1.5 months) and B7E2 (line B, 1 month) animals were sagittally split in two halves. For each brain, one half was
processed on western blot and probed with mixed 1C1 and 2A10 anti-ataxin-7 antibodies (upper panel), or with anti-tubulin (second panel) antibodies. (B) The
other half was processed for semi-quantitative RT–PCR (lanes 1–3). Whole cerebellar total RNA from P7E (line B) and P7N (indicated lines) were also analysed
(lanes 5–8). No amplification product was obtained when omitting the reverse-transcription reaction (lane 4). (C) Semi-quantitative RT–PCR measurement of
transgene expression in brains from B7N and B7E2 animals. Each point represents the mean value of one transgenic animal from line B7E2.B (closed diamonds)
or B7N.G (open triangles) killed at the indicated age. Four independent experiments were made, with duplicates in each experiment. No significant difference is
observed between the two lines (Materials and Methods). Bars represent SEM. (D) Same analysis performed on cerebellar total RNA from P7E.B (closed
diamonds) and P7N.C (open triangles) animals. Expression is about 10 times higher in the P7N line (P < 0.002; Materials and Methods). Bars represent SEM.
(E) In situ hybridization of SCA7 transgene mRNA. Cerebellar sections from P7N (line C, upper panel) and P7E (line B, lower panel) 4-month-old animals were
hybridized to the P1 SCA7 35S-probe described previously (28). (F) In contrast with mRNA detection in (D) and (E), the protein detection is much higher in P7E
animals. Immunohistochemistry on sections from 4-month-old P7E (line B) and P7N (line C) animals. Paraffin sections were stained with the 1261 anti-ataxin-7
antibody using the immunoperoxidase method and counterstained with hematoxylin. MCL, molecular cell layer; PCL, Purkinje cell layer; GCL, granular cell
layer. Bar, 33 µm. (G) The B7N construct is able to drive protein expression in transfected cells. NG108 cells were transiently transfected with B7N and
immunostained with anti-ataxin-7 antibodies.
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To determine whether the increasing levels of ataxin-7
protein with age were associated with an increased expression
of the transgene, we measured the abundance of transgenic
mRNA in B7E2 animals at three different ages by semi-
quantitative RT–PCR on whole brain extracts (Figs 2C and
4B). Variabilities up to 2.4-fold were detected between
animals but did not correspond to an increased expression over
time.

Processing of mutant ataxin-7 and cellular responses
elicited by its accumulation are not unique to neurons
undergoing degeneration in SCA7 patients

This time-dependent processes of translocation to the nucleus
and accumulation were observed in all neuronal populations
expressing the transgene and were not restricted to regions
affected in the human disease, as could be seen in the cere-
bellum (affected in SCA7) and in the cerebral cortex (spared in
SCA7) (Fig. 4A). We showed previously that ataxin-7 NIs of
R7E and P7E mice were immunoreactive for antibodies recog-
nizing the N-terminal part of ataxin-7 but not for those (1597
and 1598) recognizing the C-terminal end (9). Similarly, no
NIs from B7E2.B animals could be stained with 1597 and 1598
antibodies, suggesting that this cleavage is not specific of
affected neurons (data not shown).

Using a panel of markers for components of the ubiquitin/
proteasome machinery, we characterized NIs of B7E2.B
animals in all brain regions to assess their immunoreactive
signature. The same set of antibodies directed against protea-
some subunits and chaperones were used as described
previously (9). Most NIs were immunoreactive for ubiquitin, a
marker for protein degradation via the proteasomal pathway.
Inclusions differed in their IR to antibodies directed against the
three major components of the proteasome: a higher proportion
of NIs were immunoreactive to antibodies recognizing
subunits of the 19S component of the 26S proteasome which is
thought to unfold proteins prior to degradation. In comparison,
a lower number of NIs displayed IR to subunits of the 20S
proteolytic core of the proteasome. Only a few inclusions were
labelled with an antibody against the 11S subunit PA28β.
Essentially all inclusions defined by N-terminal ataxin-7 are
labelled by an antibody directed against the hsp40 chaperone

HDJ-2. In addition, we observed hsc70 chaperone IR in almost
all ataxin-7 NIs of B7E2 mice (Fig. 5). These results suggest
that most NIs recruit a molecular machinery to assist in
unfolding protein (chaperones and 19S) and demonstrate that
not all NIs are associated with proteasomal elements critical
for proteolytic degradation (20S). We did not observe striking
qualitative differences in the cellular responses to NIs in
neuronal populations typically affected in human SCA7 like
Purkinje cells and neurons typically spared like neurons of the
hippocampal formation or the cerebral cortex.

Several transcription factors are detected in ataxin-7 NIs,
but do not appear depleted from the nucleoplasm

We performed co-immunofluorescent labelling of ataxin-7 and
several transcription factors to assess whether they are seques-
trated or mislocalized in our model. A panel of 24 antibodies
generated against basic transcription factors, initiation factors
of the TFIID complex or activators were selected for their
ability to elicit specific signals by western blot on mouse
whole-brain extracts, and were then used for fluorescent-
immunohistochemistry on brain sections from old B7E2.B or
wild-type animals. Eighteen antibodies resulted in a nuclear
staining and were therefore considered to be able to detect the
mouse homologous factors under our experimental conditions.
We examined whether transcription factors co-localized with
ataxin-7 NIs and if any difference could be observed between
the immunoreactive patterns of transgenic versus wild-type
sections (Table 2). As a positive control, one section was
stained for ataxin-7 and the 20Sα proteasomal subunits and
displayed a double labelling of all NIs (data not shown).

RNA polymerase II and 9 other factors tested were not
enriched in the region of ataxin-7 NIs; their subcellular locali-
zation was similar in wild-type and transgenic animals (Fig. 6;
Table 2). Notably, we did not detect NIs with two anti-
TAFII130 antibodies, whereas other authors reported the
sequestration of this factor in polyglutamine aggregates of
human SCA3 and DRPLA brains (20).

A small proportion of NIs were immunoreactive for SNF5, a
component of the SWI/SNF chromatin remodelling complex.
SNF5-immunoreactivity was detected as a punctate staining
throughout the nuclei of cells, with one to three bigger foci of
accumulated signal per cell (data not shown). Some of these
foci colocalized with ataxin-7 inclusions. Globally, <10% of
ataxin-7 NIs were stained with the anti-SNF5 antibody, and
<20% of SNF5 foci were stained with the anti-ataxin-7 anti-
body. Similar observations were made when using an antibody
against the p89(XPB) subunit of TFIIH.

We studied the subcellular localization of CREB binding
protein (CBP) using two antibodies recognizing different
epitopes of the protein. The CBP-IR was restricted to multiple
spots of varying size and intensities within the nucleus (Fig. 6).
Each ataxin-7 inclusion co-localized with one large CBP-IR
spot. The spot-like distribution pattern of CBP-IR did not
allow us to distinguish NIs from multiple dots of similar
appearance. NIs, however, could be unequivocally identi-
fied in double labelling experiments using N-terminal anti-
ataxin-7 antibodies. There was no difference in the distribu-
tion pattern or the apparent intensity of CBP-IR allowing us to
distinguish between sections from wild-type and B7E2.B
transgenics.

Figure 3. Pulse–chase analysis of transfected ataxin-7 stability. COS-7 cells
were transiently transfected with p7FN (gel N) and p7FE (gel E) plasmids cod-
ing for flag-tagged full-length human ataxin-7, with 10 and 60 glutamines,
respectively. Cells were labelled 40 h later with [35S]methionine–cysteine for
1 h, and then chased with fresh medium for the times indicated. Equal amounts
of labelled lysate (5 × 106 c.p.m.) were immunoprecipitated with an anti-flag
antibody and analysed by SDS–PAGE and autoradiography.
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Most inclusions were immunoreactive for TFIIEα (Fig. 6)
and TFIIFβ (not shown). Incubation with antibodies to these
factors resulted in a punctated staining pattern throughout the
nucleus both in wild-type and transgenic animals. Large dots
corresponded to NIs in the latter. A striking co-localization
was seen between ataxin-7 inclusions and the TAFII30 subunit
of the TFIID initiation complex (Fig. 6). NIs stood out as big
immunoreactive spots, from a background of punctated
nuclear staining. Overall, there was no apparent decrease or
redistribution of anti-TAFII30 IR in B7E2.B compared to wild-
type.

With no exception, even intense staining of nuclear inclu-
sions was not associated with obvious change in distribution or
intensity of the immunohistochemical signals. In addition, the
staining of NIs with transcription factor antibodies did not

differ between neuronal populations known to undergo degen-
eration and those spared in the human pathology.

It has been suggested that transcription factors like CBP that
contain a polyglutamine stretch may be selectively trapped in
NIs by interacting with the expansion of the mutant proteins
(29). Our observations do not support this hypothesis: there
was no correlation between the presence of polyglutamine
motifs in the sequences of the respective transcription factors
(Table 2) and their likelihood to decorate NIs.

DISCUSSION

We generated SCA7 transgenic mice in which expression of
ataxin-7 is targeted into many neuronal populations. In B7E2
and P7E (9) mice overexpressing ataxin-7[Q>90], N-terminal

Figure 4. Increased detection of protein but not messenger mutant products with age. (A) Progressive nuclear translocation and accumulation of ataxin-7[Q128]
in all targeted regions. Paraffin sections from B7E2 transgenic animals (line B) were stained with the 1261 anti-ataxin-7 antibody at 1, 2, 3, 4 and 5 months of age.
Arrows, cytoplasmatic staining; closed arrowheads, nuclear staining; open arrowheads, nuclear inclusions. Bars, 100 µm. (B) Semi-quantitative RT–PCR
performed in duplicates on whole brain total RNA from B7E2 transgenic animals (line B) at 1.5, 5.5 and 7.5 months, using transgene-specific primers (SCA7) or
control primers (Hprt). See Figure 2C for representation of all data.
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fragments of the mutant ataxin-7 progressively translocated
from the cytoplasm to the cell nucleus and accumulated with
time. In B7E2 mice, a similar translocation and accumulation
was observed in all expressing neurons with the same timing,
showing that this process is not specific to cells known to
degenerate in SCA7. We screened for the presence of molec-
ular chaperones, proteasomal subunits and transcription factors
into ataxin-7 NIs and found similar responses to the accumul-
ation process among the various neuronal types. Surprisingly,
in several B7N and P7N (9) control lines, we did not detect the
expected ataxin-7[Q10] protein product despite similar or even
higher mRNA expression levels when compared to mutant
lines.

Stabilizing effect of the polyglutamine expansion mutation

The simplest interpretation of the detection of mRNA but no
protein product in a transgenic approach is the possible
occurrence of a mutational event affecting the integrity of the
construct. Several arguments led us to conclude that this does
not account for the present findings. First, all normal trans-
genes (R7N, P7N and B7N) were derived from the same
pαIA construct. As R7N leads to high protein expression (9),
mutational events would suggest the occurrence of two inde-
pendent mutations in the final construction steps of both P7N
and B7N, which is highly improbable. Secondly, the B7E2

plasmid was derived from the B7N construct (Materials and
Methods), and displayed the expected protein expression.
Thirdly, recombinant protein expression was observed when
cells were transfected with the final B7N plasmid preparation.
Fourthly, the P7N and B7N constructs integrated entirely into
the mouse genome since their expected size was observed on
Southern blot (Materials and Methods). Finally, the entire
open reading frame is transcribed in B7N and P7N mice since
RT–PCR amplified a fragment from the 3′-UTR of the
construct. Because of the number of lines studied, the
converging results of the two systems, and the use of several
detection techniques, we conclude that recombinant ataxin-
7[Q10] is not detected because of a rapid turnover within the
cells, and that the increased detection of the mutant protein is
due to a stabilization effect of the expansion mutation.
Consistent with a rapid turnover of the wild-type protein,
SCA7 mRNA is easily detected by northern blot, while low
levels of endogenous ataxin-7 protein were observed in
human brain (2,28).

One earlier study showed a stabilizing effect of the poly-
glutamine mutation on ataxin-1 (8). The authors observed in
vitro a similar ubiquitin conjugation but a reduced degradation
by the proteasome of mutant ataxin-1 when compared to the
normal protein. Another study compared, by pulse–chase
experiment, the half-lives of mutant and wild-type huntingtin

Table 2. Immunoreactivity of ataxin-7 NIs for several transcription factors

aFrom the SWISSPROT database. Mouse sequences were searched for the presence of repeats, unless indicated by (h) when only the human sequence was available.
bThis antibody stained the nuclei of cells from the wild-type, but not from the B7E2.B transgenic animals which displayed a fibrillar axonal staining. This differ-
ence was not reproduced when using the other anti-TAFII-130 antibody 20TA.

Transcription factor Antibody NIs: positive? Poly(Q) motif in factorsa

Pol II (RPB1) 7C2 No No

Basal factors

TFIIEα 2FE-2A1 Yes No (h)

TFIIH_p89 15TF2-1B3 Yes, rare Q3LLQ

TFIIFα 2FF-2A3 No No (h)

TFIIFβ 1FF-1E4 Yes No (h)

Initiation factors

TBP 3G3 No QQRQ13

TAFII30 2B11 Yes No

TAFII100 1TA-1C2 No No (h)

TAFII130 32TAb No No (h)

TAFII130 20TA No No (h)

(Co)activators/repressors: factors

CBP A-22 Yes [4× Q3, Q4, Q5, Q15]

CBP C-20 Yes, weakly [4× Q3, Q4, Q5, Q15]

CREB 9192 No No

SNF2β 2SNF-2E12 No No (h)

SNF5 8SNF-2D4 Yes, rare No

TIF2 3Ti-3F1+3C11 No Q3, Q4VQQ (h)

TIF1β 1TB3-1A9 No No

TIF1α 5T-1E8 No Q3, Q4
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in lymphoblastoid cells derived from HD patients or control
individuals (30). No difference was reported between the
stabilities of the two proteins. Our observation suggests that
mutant ataxin-7 is stabilized as a full-length protein, as it was
detected at 1 month of age by western blot (Fig. 2A). However,
we did not observe different stabilities between normal and
mutant ataxin-7 in transfected COS cells. There are several
possible interpretations of this difference with in vivo observa-
tions: the stability may depend on neuron-specific factors, the
time scale in transient transfection may be too short to observe
a difference, or expression in COS cells is too high to
reproduce the same degradation steps as in targeted neurons of
mice. Indeed, very high expression levels may saturate the
mechanisms controlling ataxin-7 turnover. This possibility
would also explain why we did not observe different stabilities
in our R7E/N models (9). In these mice, expression is
controlled by the rhodopsin promoter known to generate very
high expression levels (31). So far, there is no in vivo evidence
for a stabilization effect of the mutation in other polyglutamine
diseases. However, higher levels of the corresponding proteins
could hide subtle differences in protein stabilities.

The toxicity of polyglutamine-expanded proteins is known
to be concentration dependent since several transgenic models
with low expression levels developed no overt or mild
neurological phenotypes (32–35). Furthermore, several loss-
of-function mutations affecting the ubiquitin/proteasome
pathway enhance ataxin-1-mediated neurodegeneration in
mice and flies (8,36), possibly by increasing the intracellular
concentration of the mutant protein. It is currently not known
whether wild-type ataxin-7 is a substrate for the proteasome in
vivo, but the sequestration of several proteasomal subunits in
ataxin-7 inclusions suggests a dynamic response of the protea-
some to mutant ataxin-7 accumulation.

The stabilization of ataxin-7 may contribute to the pathogen-
esis of SCA7 in several ways. High levels of ataxin-7 may
dysregulate the functional pathways, presently unknown, in
which this protein is implicated, and may be deleterious to
some cells. This would be in agreement with the observation of
Fernandez-Funez et al. (36) that ataxin-1[Q30] is toxic to flies
and mice when highly overexpressed. In addition, a rise in
ataxin-7 levels might trigger a cellular response resulting in
proteolytic processing of the protein as an alternative way of
degradation, and such a process could then generate a fragment
of higher toxicity. In disease, expression of the mutant allele
may be ubiquitous but the degradation efficiency, or the
threshold of concentration after which a cellular response is
triggered may differ between neuronal types. This might
explain, at least in part, the selective degeneration observed in
each polyglutamine disorder.

The selective degeneration pattern in SCA7 is not
explained by a differentiated handling of mutant ataxin-7
in spared and affected cell types

We observed, in all targeted cell types, from 1 to 5 months of
age, a progressive increase of anti-ataxin-7 immunoreactivity
on B7E2 mouse sections, accompanied by a re-localization of
mutant ataxin-7 in the cell nucleus. The increased nuclear
immunoreactivity was not seen with antibodies recognizing the
C-terminal end of ataxin-7 (data not shown), suggesting
accumulation of only N-terminal fragments of the protein.
Taken together, our data indicate that the expansion mutation
provokes an increased concentration of full-length mutant
ataxin-7 in vivo, that this increase is followed by a proteolytic
processing of the protein and by a re-localization and progres-
sive accumulation of N-terminal fragments in the cell nucleus.
Although the ataxic phenotype of B7E2.B mice suggest a

Figure 5. Chaperone sequestration in ataxin-7 NIs. Immunofluorescence confocal microscopy on brain sections of a 5-month-old B7E2 transgenic animal (line B)
double stained with the 1261 anti-ataxin-7 antibody (green) and either an anti-HDJ2 (upper panels) or an anti-Hsc70 (lower panels) antibody (red). Bar, 10 µm.
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preferential involvement of the cerebellum, a similar pattern
of processing was observed in all brain regions and thus does
not parallel the selective pattern of degeneration observed in
SCA7 patients.

Knock-in models of HD have successfully produced specific
molecular events in medium spiny neurons of the striatum, the
most vulnerable neuronal type in HD. In these mice, fragments
of mutant huntingtin translocate into the nucleus and accumu-
late as a diffuse staining preceding formation of NIs (13–15).
These events probably represent early steps in HD, as these
mice develop no or very mild neurological symptoms. We
showed that similar events occurred in our B7E2 model,
suggesting that the process also represents early steps of SCA7
pathogenesis. At variance with knock-in models showing these
events specifically in vulnerable neurons, no molecular
features analysed in B7E2 mice paralleled the SCA7 degeneration

pattern. This difference is probably due to different expression
levels and patterns resulting from the two different techniques.
Indeed, overexpression of mutant ataxin-7 could affect many
different neurons because ataxin-7 levels are above the critical
threshold inducing neuronal responses. In B7E2 mice, we
found a similar set of chaperones, proteasome components and
transcription factors in NIs from all neuronal types. This
suggests that the cells respond in a similar manner to the accu-
mulation of the mutant fragments.

Several transcription factors are trapped in NIs of SCA7
transgenic mice

Using a large-scale immunohistochemical search for the
presence of transcription factors into NIs, we found that
components of complexes TFIID, E, F, H and activators could

Figure 6. Immunoreactivities of ataxin-7 NIs for transcription factors. Double immunofluorescent confocal analysis of the co-localization of transcription factors
with ataxin-7 NIs. Brain sections (cortex) from B7E2.B transgenic animals were stained with anti-ataxin-7 antibodies (green): 2A10 monoclonal (lower panels)
or 1261 polyclonal (other panels), and antibodies against various transcription factors or activators: RPB1 subunit of RNA polymerase II (Pol II) (monoclonal
7C2), TFIIEα (monoclonal 2FE-2A1), TAFII30 (monoclonal 2B11) and CBP (polyclonal A-22, Santa Cruz). Colocalization in NIs is seen for TFIIEα and TAFII30,
partially for CBP and not for Pol II. Scale bar, 53 µm.
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be detected in ataxin-7 neuronal inclusions. This finding
confirms the interpretation of previous studies reporting the
sequestration of CBP (21,22). If sequestration of transcription
factors into NIs contributes to polyglutamine toxicity, this
contribution may alter pre-initiation (sequestration of TFIIE, F
and H), initiation (sequestration of TAFII30) and activation
(sequestration of CBP and SNF5). The combined toxic impact
would then be a global alteration of transcription rather than
just an impairment of specific pathways of gene expression
activation. This could explain why transcription of more than
100 genes was found to be downregulated in transgenic mice
overexpressing the Huntington’s disease mutation (19).
However, the relevance of such sequestrations to the disease
process remains to be clarified. When a transcription factor
was found in NIs, we did not observe a marked reduction of the
signal corresponding to its normal localization in the nucleus.
Thus, the sequestration in NIs does not cause obvious deple-
tion from the nucleoplasm. However, a decreased activity
could result from the sequestration of a proportion of the tran-
scription factor molecules, undetectable in our immunofluores-
cent conditions. The heterogeneity of neuronal populations
would render a quantitative assessment of transcription factors
by a western blot approach difficult.

In several cell transfection experiments, polyglutamine-
expanded proteins have been shown to recruit other poly-
glutamine containing proteins into NIs (29,37). Here the tran-
scription factors found in NIs were not preferentially those
carrying polyglutamine motifs. This difference is probably due
to enhanced interactions when proteins are overexpressed in
cellular systems.

We did not observe a sequestration of TAFII130 in ataxin-7
NIs. This transcription factor was reported to be sequestered in
NIs from human SCA3 and DRPLA brains by others (20).
These authors used the anti-TAFII130 antibody 4A6 (Santa
Cruz) which did not detect the mouse protein on western blot
in our first antibody selection, and which was therefore not
used further on our mouse sections. The contradiction between
the two studies can be due to the use of different immunorea-
gents, to a difference between the human and mouse patho-
logies, or to different properties between ataxin-7 NIs and
ataxin-3 or atrophin-1 NIs. Finally, we also observed that the
normal distribution of many transcription factors, including
TAFII130 and CBP was a dot-like pattern throughout the
nucleus. Since Shimohata et al. (20) and Steffan et al. (22)
used single labelling immunohistochemistry, it is possible that
some of the dots identified as inclusions did not colocalize with
the pathogenic proteins. We also did not observe sequestration
of TBP which was found in human SCA3 NIs by others (37).
Other extensive analyses will be essential in the future to
compare the sets of trancription factors trapped in NIs from
various polyglutamine diseases, to determine if a subset is
commonly sequestered in all of them. It will then be possible to
focus investigations on these transcription factors and question
their possible contribution to polyglutamine toxicity.

MATERIALS AND METHODS

Generation of transgenic animals

The pαaIA construct (9), containing the full-length human
SCA7 cDNA followed by an intron and poly(A) signal was

used to build the transgenes. The PDGF-B promoter was
extracted as a 1.4 kb XbaI–AvrII fragment from the pSIS-1
clone (38) kindly provided by Dr T.Collins and cloned into the
SpeI site of pαaIA to give the B7N construct. To obtain a
longer repeat expansion than used previously (9), we searched
for expansion events occurring in bacteria. An AatII/NarI
digest (cutting on both sides of the CAG repeat) of the P7E
construct (9) was run on an agarose gel, and a band above the
expected size of 400 bp was blindly cloned into B7N (using the
final plasmid preparation of B7N) using the AatII/NarI sites.
Resulting clones were selected for their CAG repeat size: the
B7E2 clone was the one having received a (CAG)128 repeat.
Both B7N and B7E2 constructs were confirmed by
sequencing, and the homogeneity of CAG repeats of the final
plasmid preparations was checked on Southern blot by probing
AatII/NarI digests with a (CAG)10 oligoprobe. The final plas-
mids were BssHII digested to remove bacterial sequences,
purified on sucrose gradient and micro-injected into [C57BL/
6×SJL] fertilized eggs as described (39). Mouse tail DNA was
screened by PCR. The segregation of different integration sites
and the approximate copy numbers were assessed by Southern
blot using the SstI enzyme that cuts only once in the transgene,
and a transgene-specific probe covering the SCA7 3′-UTR and
SV40 maturation cassette (PvuII fragment of pαaIA
construct).

Western blotting

Whole brains were dissected and homogenized in SDS-
lysis buffer containing 100 mM Tris–HCl pH 9, 2% SDS,
5% β-mercaptoethanol and 15% glycerol, and boiled for
15 min. Total protein extracts were analysed on an 8%
SDS–polyacrylamide gel. Primary antibodies were used at
1:2000 for 1C2 (4), 1:1000 each for the 1C1 + 2A10 (28)
pool and 1:10 000 for γ-tubulin (Sigma) and revealed with
peroxidase-conjugated secondary antibody (Jackson Labora-
tories) and the ECL chemiluminescent reaction (Pierce).

Tissue fixation

Animals were anaesthetized by i.p. injection of a sublethal
dose of 100 mg/ml ketamin, 5 mg/ml chlorobutanol, 8 mg/ml
xylazin base, 0.4 mg/ml methylparabenzoate (Imalgene1000,
Merial and Rompun, Bayer) in 0.9% saline solution, and
intracardiac perfusion was carried out with 10 ml of 0.9%
saline solution followed by 100 ml of 4% paraformaldehyde
and 1× PBS. Brains were then dissected and post-fixed for 1 h
by immersion (same fixative).

Immunohistochemistry

Fixed tissues were embedded in paraffin and cut into 5 µm
sections which were stained as follows: after deparaffination,
slides were rehydrated in a graded series of ethanol (100%
twice, 95% twice, 80%, 70%; 5 min each), boiled in 10 mM
citrate buffer (pH 6.0) in a microwave, washed in 1× PBS,
blocked of the endogenous peroxidase with methanol/H2O2
(40%/1% in H2O) for 10 min, washed in 1× PBS, blocked for
30 min in 1× PBS + 0.3% Triton X-100, 5% normal goat serum
(primary polyclonal rabbit antibody) or 5% normal horse
serum (primary monoclonal mouse antibody). Sections were
then rinsed in 1× PBS, incubated in a humid chamber at 4°C
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with the primary antibody for 36 h. Secondary antibodies
[Vector Laboratories biotinylated anti-mouse IgG (H+L),
biotinylated anti-rabbit IgG (H+L), respectively] (diluted
1:200) were applied for 30 min at room temperature and visu-
alized using the avidin–biotin–peroxidase complex method
(Vectastain elite kit; Vector Laboratories). The colour reaction
was carried out using FAST DAB tablets (Sigma). Some
sections were lightly counterstained with hematoxylin,
sections were dehydrated through graded ethanols and xylene,
coverslipped and viewed using a light microscope.

Immunofluorescence

Fixed brains were incubated overnight (30% sucrose, 1× PBS),
snap-frozen on dry ice. Free-floating sections (50 µm) were
blocked (5% goat serum, 0.3% Triton X-100, 1× PBS), washed
in PBS, incubated with primary and secondary antibodies
(Cy3, FITC or Oregon Green conjugated from Jackson
ImmunoResearch Laboratories, Inc.) and diluted in 5% goat
serum and 1× PBS. Sources and working dilutions of primary
antibodies are indicated in Table 3.

Semi-quantitative RT–PCR

Total RNA was extracted with guanidinium thiocyanate and iso-
lated by CsCl centrifugation according to Delidow et al. (40).
RNA concentration was determined by OD260 nm absorbance.
Reverse transcription was performed on 1 µg total RNA using
SuperScriptII reverse transcriptase (Gibco BRL) and random hex-
amers (Pharmacia Biotech) in a 20 µl volume reaction following
the manufacturer’s procedure. A sample of 1 µl of the product was
used for PCR amplification in 10 mM Tris–HCl pH 8.5, 50 mM
KCl, 1.5 mM MgCl2, 100 µM each dNTP and 400 nM each
primer. To avoid amplification of contaminating genomic DNA,
SCA7 cDNA was amplified using a reverse primer (AAQ213,
5′-TTCCATAGGTTGGAATCTTAGAGCT-3′) overlapping the
intron of the transgene construct. The forward primer (AAO290,
5′-AGACAGCAAGTATCGACAGCAACGGAA-3′) hybrid-
ized to the 3′-UTR of the SCA7 human cDNA. The HPRT cDNA
was amplified using primers: QG197, 5′-GTAATGATCAGTC-
AACGGGGGAC-3′ and QG198, 5′-CCAGCAAGCTTGCAAC-
CTTAACCA-3′ located in different exons of the HPRT mouse
gene. HPRT and SCA7 products were amplified through 18 and
22 cycles, respectively (10 s at 94°C, 15 s at 58°C, 20 s at 72°C)
using Taq DNA polymerase (Sigma). PCR products were run on
a 2% agarose gel and transfered to Hybond N+ (Amersham)
membranes. The blots were hybridized with 32P-labelled internal
primer probes and washed according to standard procedures.
Quantification of radioactivity was made on a Bio Imaging
Analyser BAS2000 (Fujifilm).

The difference between P7N and P7E lines, and between
B7E2 and B7N lines, was tested on the log(XSCA7/XHPRT)
values, where XSCA7 and XHPRT are intensities obtained in the
same experiment after amplification of the SCA7 and HPRT
mRNA, respectively. Values were acquired in four
independent experiments with duplicates in each experiment.
The test applied was a repeated-measure ANOVA considering
two factors, genotype (fixed) and animals (random and nested
in genotype), with eight repetitions.

Pulse–chase experiment

The full-length human SCA7 cDNA with 10 or 60 CAG repeats
was cloned into a derivative of the pSG5 eukaryotic expression
vector and tagged in its N-terminus with the flag coding
sequence 5′-ATGGACTACAAAGACGATGACGATAAA-3′
to give the p7FN and p7FE constructs, respectively. COS-7
cells were transiently transfected with these constructs, and
washed 16 h later. Forty hours post-transfection, cells were
starved in methionine–cysteine-free DMEM. Cells from each
60 mm dish were then labelled for 1 h with 8 µl of Pro-mixL-
35S-labelling mix (Amersham) and then washed and incubated
in DMEM with 5% FCS and 15 mg/ml cold methionine. After
indicated times, cells were lysed in immunoprecipitation
buffer (10 mM Tris–HCl pH 8.0, 10% glycerol, 1 mM EDTA,
150 mM KCl, 0.5% NP-40 and protease inhibitors). Equal
amounts of labelled lysate (5 × 106 c.p.m.) were immunopre-
cipitated with anti-flag M2 beads (Sigma). Immunoprecipi-
tated proteins were separated on an 8% SDS–polyacrylamide
gel, subjected to fluorography by incubation in Amplify solu-
tion (Amersham) and analysed by autoradiography.

In-situ hybridization

The P1 cRNA probe was constructed as described previously
(28). Frozen sections (20 µm) were fixed in 4% paraformalde-
hyde in 0.1 M PBS pH 7.4 for 10 min, washed in PBS,
acetylated (0.25% acetic anhydride in 0.1 M triethanolamine

Table 3. Source of antibodies used and working dilutions

Antibody Working dilutions (IF) Source

Ataxin-7 (1261) 1:100 G.Yvert et al.

Ataxin-7 (2A10) 1:100 G.Yvert et al.

HDJ-2 1:500 Neomarkers

Hsc70 1:50 Stressgen

PolII (7C2) 1:1000 Gift from M.Vigneron

TFIIEa (2A1) 1:2000 Gift from J.-M.Egly

TFIIH_p89 (1B3) 1:100 Gift from J.-M.Egly

TFIIFa (2A3) 1:500 Gift from J.-M.Egly

TFIIFb (1E4) 1:200 Gift from J.-M.Egly

TBP (3G3) 1:500 Gift from L.Tora

TAFII30 (2B11) 1:100 Gift from L.Tora

TAFII100 (1C2) 1:100 Gift from L.Tora

TAFII130 (32TA) 1:500 Gift from I.Davidson

TAFII130 (20TA) 1:200 Gift from I.Davidson

CBP (A-22) 1:400 Santa Cruz

CBP (C-20) 1:400 Santa Cruz

CREB (9192) 1:1000 Biolabs

SNF2b (2E12) 1:100 Gift from J.Dillworth

SNF5 (2D4) 1:100 Gift from J.Dillworth

TIF2 (3F1 + 3C11) 1:100 + 1:100 Gift from J.Dillworth

TIF1b (1A9) 1:200 Gift from R.Losson

TIF1a (1E8) 1:200 Gift from R.Losson
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buffer pH 8.0), dehydrated in a graded series of ethanol, deli-
pidated in chloroform, partially rehydrated in 99 and 95%
ethanol and air dried. Sections were hybridized in a humid
chamber for 4 h at 50°C in a buffer containing 50% formamide,
0.3 M NaCl, 20 mM Tris–HCl pH 7.4, 5 mM EDTA, 10%
dextransulfate, 1× Denhardt’s solution, 100 mM dithiothreitol,
0.1% SDS, 0.1% sodium thiosulfate, 100 µg/ml salmon sperm
DNA, 250 µg/ml yeast tRNA, 200 µg/ml yeast total RNA and
150 000 c.p.m. of 35S-labelled probe per microlitre of hybridi-
zation buffer. After hybridization, sections were washed in two
changes of 2× SSC (0.3 M NaCl, 300 mM Na-citrate) at room
temperature and then in 0.1× SSC at 60°C for 30 min, followed
by an RNase A treatment [100 µg/ml in RNase-buffer (0.5 M
NaCl, 10 mM Tris–HCl, 1 mM EDTA, pH 8.0)] for 30 min at
37°C, rinsed in RNase buffer for 15 min at room temperature,
washed in two changes of 0.1× SSC at 60°C for 30 min each,
and partially dehydrated in 70 and 95% ethanol. Slides were
apposed to Hyperfilm™β-max (Amersham) for 2–5 weeks.
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