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Pre-neurodegeneration of mitral cells in the pcd mutant mouse
is associated with DNA damage, transcriptional repression,
and reorganization of nuclear speckles and Cajal bodies
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DNA damage and impairment of its repair underlie several neurodegenerative diseases. The Purkinje cell degeneration (pcd) mutation
causes the loss of Nna1 expression and is associated with a selective and
progressive degeneration of specific neuronal populations, including
mitral cells in the olfactory bulb. Using an in situ transcription assay,
molecular markers for both nuclear compartments and components of
the DNA damage/repair pathway, and ultrastructural analysis, here
we demonstrate that the pcd mutation induces the formation of DNA
damage/repair foci in mitral cells. Furthermore, this effect is
associated with transcriptional inhibition, heterochromatinization,
nucleolar segregation and the reorganization of nuclear speckles of
splicing factors and Cajal bodies. The most significant cytoplasmic
alteration observed was a partial replacement of rough endoplasmic
reticulum cisternae by a larger amount of free ribosomes, while other
organelles were structurally preserved. The tools employed in this
work may be of use for the early detection of predegenerative processes
in neurodegenerative disorders and for validating rescue strategies.
© 2006 Elsevier Inc. All rights reserved.

Introduction
Purkinje cell degeneration (pcd) mice are mutant animals that
undergo selective degeneration of specific neuronal populations.
pcd is a single autosomic and recessive mutation with full penetrance
that is located on the mouse chromosome 13 (Mullen et al., 1976;
Campbell and Hess, 1996). In this mutation, only the nna1 gene is
affected such that nna1 mRNA is reduced or structurally altered and
the mRNAs from two genes flanking nna1 are unchanged
(Fernández-González et al., 2002). nna1 encodes a nuclear protein
known to be involved in nuclear processes and to be associated with
neuronal differentiation and regeneration (Harris et al., 2000). pcd
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animals are interesting models for neural degeneration because they
are considered to be completely normal at birth, thus preventing
prenatal compensatory mechanisms, and the neurodegeneration
occurs in definite periods, allowing a detailed and exact characterization of the degenerative process. In pcd mice, specific neuronal
populations degenerate, including Purkinje neurons in the cerebellum (Mullen et al., 1976), photoreceptors in the retina (Blanks et al.,
1982; Lavail et al., 1982) and mitral cells in the olfactory bulb (Greer
and Shepherd, 1982).
In pcd mutant mice, mitral cells are a good candidate population for the study of neuronal degeneration. First, the degeneration takes place from 60 to 90 days of postnatal life (Greer and
Shepherd, 1982). By contrast, Purkinje cell degeneration begins
early in postnatal development, when normal maturation is still
proceeding (Mullen et al., 1976) and photoreceptor degeneration
continues very late, mixing with aging phenomena (Blanks et al.,
1982; Lavail et al., 1982). Second, the olfactory bulb neuronal
typology, connections and neurochemistry are perfectly well
known (Shipley et al., 1996; Kratskin and Belluzzi, 2003); no
other neuronal types are directly affected by the mutation (Greer
and Shepherd, 1982), and mitral cells can be easily distinguished
from other bulbar neuronal populations by their size and position
(Shipley et al., 1996; Kratskin and Belluzzi, 2003). Third, they are
the main projection neurons of the OB, with high and steady
electric and metabolic activities, thus preventing therefore normal
dormant or inactive periods (Friedman and Strowbridge, 2000;
Lowe, 2003; Djurisic et al., 2004). Fourth, although the OB is a
main target for adult neurogenesis, the newly generated cells
differentiate to several types of interneurons (Altman, 1969; Lois
and Álvarez-Buylla, 1994; Carleton et al., 2003), but never to
mitral cells. They are therefore a rather homogeneous population,
with similar ages, generated within a definite window in prenatal
development (Chuah et al., 2003).
Although the nna1 gene affected in the pcd mutation encodes a
nuclear protein (Harris et al., 2000), the nuclear processes involved
in mitral cell neurodegeneration have not been studied at
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subcellular level. In this context, it is well established that the cell
nucleus is organized in structural and functional compartments that
are mainly involved in DNA transcription and RNA processing.
They include chromosome territories, which are occupied by
interphase chromosomes with their euchromatin and transcriptionally silencing heterochromatin domains, and the interchromatin
region (Cremer and Cremer, 2001; Misteli, 2005). The latter
harbors the nucleolus, the site of transcription and processing of
pre-rRNAs (Raska et al., 2004), nuclear speckles, where premRNA splicing factors are assembled and stored (Lamond and
Spector, 2003), and Cajal bodies (CBs), which are nuclear
organelles involved in the biogenesis of small nuclear (sn) and
small nucleolar (sno) ribonucleoproteins (snRNPs and snoRNPs)
required for pre-mRNA and pre-rRNA processing, respectively
(Carvalho et al., 1999; Cioce and Lamond, 2005). The organization
of such nuclear compartments is very dynamic and represents a
sensitive indicator of the functional status of the cell (Lamond and
Earnshaw, 1998).
In the case of mammalian neurons, reorganization of nuclear
compartments has been observed in response to changes in gene
expression associated with physiological or experimental conditions, as well as with certain human neurodegenerative disorders
(Yamada et al., 2001; Villagra et al., 2004). In addition, there is
growing evidence of a broad participation of nuclear foci
containing components of the DNA damage/repair signaling
pathway in the pathophysiology of human neurodegenerative
diseases (Caldecott, 2004; McKinnon, 2004; Francisconi et al.,
2005; Paulson and Miller, 2005), although knowledge about this
pathway has largely been derived from non-neuronal cells
(Fernández-Capetillo et al., 2004; McGowan and Russell, 2004).
The aim of this study is to characterize the nuclear mechanisms
involved in the early stages of mitral cell degeneration in pcd
mutant mice, in particular the response of the nuclear compartments involved in the regulation of gene expression and RNA
processing. Using an in situ transcription assay, molecular markers
for different nuclear compartments and for components of the
DNA damage/repair signaling pathway, and ultrastructural analysis, we demonstrate that the pcd mutation induces the formation of
DNA damage/repair foci that are associated with transcriptional
inhibition, epigenetic changes in chromatin methylation of
nucleosomal histones, nucleolar segregation and the reorganization
of nuclear speckles and CBs. Interestingly, these predegenerative
changes appear in neurons with a well-preserved general cytology
and could be sensitive indicators of an early and potentially
reversible stage of neuronal injury in a broad range of neurodegenerative disorders.
Results
The pcd mutation induces a progressive loss of mitral cells
The cytoarchitecture and quantification of mitral cell perikarya
was analyzed in coronal tissue sections of the OB stained with
propidium iodide (PI). Mitral cells showed the well-established
organization in a unicellular stratum, the mitral cell layer, between
the external and internal plexiform layers (Shipley et al., 1996;
Kratskin and Belluzzi, 2003). They were the largest neurons of the
OB and their cell bodies had major diameters of around 30 μm,
although their sizes varied considerably from cell to cell (Fig. 1A).
Although the cytology of mitral cell perikarya in both control and
pcd mice could be examined in tissue sections stained with PI

(Figs. 1A–D), we used dissociated mitral cells in OB squash
preparations to study the nuclear organization of this neuronal
population. This procedure, which has been reported previously
(Pena et al., 2001), allows excellent preservation of the global
morphology and cytological organization of mitral cell perikarya,
and represents the best option for studying neuronal nuclear
compartments in whole nuclei by means of confocal laser
microscopy. Fig. 1E illustrates a representative example of
dissociated mitral cells stained with PI. The perikarya of these
neurons displayed large, pale nuclei, prominent nucleoli, and
normal Nissl substance.
Quantitative analysis of mitral cell density in tissue sections
stained with PI (Figs. 1A–D) revealed no significant differences in
the number of mitral cell of control mice from the P50 to P90 age
groups (Fig. 1F). However, the numerical density of mitral cells
decreased dramatically from P50 to P90 in pcd mice (Figs. 1B–D).
The time-course of mitral cell loss in pcd mice revealed no
neuronal loss in P50 vs. controls; a moderate reduction in
numerical density at the P70 stage, and only a few mitral cells
remained in P90 pcd mice, most of them in an advanced stage of
degeneration (Figs. 1B–D). These data agree with previous
quantitative results on the mitral cell loss (Greer and Shepherd,
1982). To investigate whether the cell death process is mediated by
apoptosis, we used TUNEL assay and immunolabeling for the
active caspase-3. TUNEL-positive cells were observed in the mitral
cell layer of P70 and P90 pcd mice, indicating the existence of
apoptosis in these neurons (Figs. 2A and B). The induction of
apoptosis was confirmed by the nuclear immunolabeling of the
effector caspase-3 (Figs. 2C–D), a biomarker of this type of cell
death (Porter and Janicke, 1999; Zuzarte-Luis et al., 2006),
detected in the most of the mitral cells (85.3 ± 5.7%, mean ± SDM,
n = 182 mitral cells) from the P90 pcd mice. Taking into account
these results, P70 was considered the best stage for studying
predegenerative changes in the mitral cells of pcd mutant mice,
since less apoptotic signals were detected (27.2% ± 7.7%, mean ±
SDM, n = 179 mitral cells) and all neurodegenerative phases could
be observed in these animals.
The pcd/pcd mutation induces the formation of DNA
damage/repair nuclear foci in mitral cells
Having confirmed that the pcd/pcd mutation induces a severe
loss of mitral cells (Greer and Shepherd, 1982), we next
investigated the cellular basis of this neurodegeneration process
at the level of the cell nucleus. Since DNA damage seems to be a
likely factor involved in promoting several neurodegenerative
processes (Caldecott, 2004; Paulson and Miller, 2005), and since
DNA repair may be an important response for maintenance of the
normal physiology of the cell, we were prompted to study the
expression of certain key factors involved in the DNA damage/
repair signaling pathway. In particular, we analyzed the expression
patterns of (i) the phosphorylated form of the histone variant
H2AX (γ-H2AX), a sensor of DNA damage that serves as a
tethering platform for repair factors (Fernández-Capetillo et al.,
2004), (ii) the phosphorylated ATM (pATM, ataxia telangiectasia,
mutated), a protein kinase that responds to DNA damage
(McKinnon, 2004), and (iii) the 53BP1 protein, a down-stream
factor of the DNA repair complex that is phosphorylated in a
pATM-dependent manner (Pryde et al., 2005).
The mitral cells of the control mice showed an absence of γH2AX labeling in their nuclei counterstained with PI (Figs. 3A–C).
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Fig. 1. Progressive loss of mitral cells in the pcd/pcd mice. (A–D) Confocal microscopy images of the mitral cell layer stained with PI from a P70 control mouse
(A), and P50 (B), P70 (C) and P90 (D) pcd/pcd mice. Note the severe loss of mitral cells in pcd/pcd mice at P70 and P90. Only one mitral cell remains (arrow) in
panel D, which exhibits a weak PI staining of the cytoplasmic Nissl substance. (A–D) Scale bar: 25 μm. (E) Confocal microscopy image of a squash preparation
of dissociated mitral cells stained with PI. Note the prominent nucleoli and Nissl substance of mitral cells. Scale bar: 10 μm. (F) Semiquantitative analyses of the
relative mitral cell density from P50 to P90 in control and pcd/pcd mice. The number of mitral cells per millimeter present along the length of the mitral cell layer
of similar coronal sections was measured in confocal images to estimate mitral cell densities. Absolute densities of pcd/pcd mice were corrected based on the
ratio of pcd/control OB volumes of each age group to obtain comparable data.

By contrast, most mitral cells from pcd/pcd mice exhibited a
varying number of nuclear foci immunoreactive for γ-H2AX, and
distributed throughout the nucleus, but not in the nucleolus (Figs.
3D–F). Moreover mitral cells containing nuclear foci of γ-H2AX
had a normal PI staining (Figs. 3D, F). Thus, the absence of clear
degenerative features, such as vacuolization of the cytoplasm or
chromatolysis, indicates that the formation of nuclear foci of γH2AX is an early predegenerative sign of neuronal dysfunction in
the mitral cells of pcd/pcd mice. Quantitative analysis of the
proportion of mitral cells containing γ-H2AX nuclear foci in
dissociated mitral cells showed a notably increased from P70 to
P90 in pcd mice (25.4 ± 4.0% vs. 49.9 ± 5.1%, mean ± SDM,
p < 0.01, n = 100 mitral cells for both age groups).
Double immunolabeling experiments for γ-H2AX and pATM
revealed the presence of a diffuse nuclear signal of pATM in
control mitral cells (Figs. 3G–I), whereas numerous nuclear foci of
pATM appeared in the mitral cells of the pcd/pcd mice.
Interestingly, all γ-H2AX nuclear foci showed colocalization with
pATM (Figs. 3J–L). Similarly, the combination of immunostaining

for γ-H2AX and 53BP1 revealed a diffuse nuclear distribution of
53BP1, but not in the nucleolus, in control mitral cells (Figs. 3M–
O), and its redistribution and colocalization with γ-H2AX-positive
nuclear foci in the pcd/pcd mice (Figs. 3P–R). In conclusion, the
formation of DNA damage/repair foci reflects the neuronal
response to an aberrant accumulation of DNA breaks, and seems
to be a key mechanism involved in triggering predegenerative
changes in the mitral cells of the mutant animals.
The pcd/pcd mutation induces transcriptional inhibition in
mitral cells
In order to determine whether the presence of DNA damage/
repair foci might induce overall changes in gene expression, we
followed several indirect and direct approaches to assess transcriptional activity. First, we analyzed the expression patterns of both the
acetylated H4 histone, a marker of chromatin remodeling in
transcriptionally active domains (Hendzel et al., 1998), and the
active form of the RNA polymerase II phosphorylated at Ser2 (H5
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mRNAs because of their strong transcriptional activity and large
size. In light of these observations, the microarray data indicate a
general silencing of transcription throughout the OB, mainly
attributable to the decrease in mitral cell transcription, in agreement
with the immunocytochemical observations.
Inhibition of transcription in mitral cells of pcd/pcd mice is
associated with epigenetic changes in nucleosomal histones and
heterochromatinization

Fig. 2. Apoptotic events in pcd/pcd mitral cells. (A–B) Confocal microscopy
image of the mitral cell layer from a P90 pcd/pcd mice stained with PI (A)
showing a TUNEL + cell with prominent apoptotic bodies located in the
mitral cell layer (B). (C–D) Double immunolabeling for pan-histone and
caspase-3 in a mitral cell of the P90 pcd/pcd mice. The prominent areas of
pan-histone immunoreactivity correspond to large heterochromatin masses
and indicate an advanced stage of heterochromatinization (C). The effector
caspase-3 appears concentrated within the nucleus, excluding nucleoli (D), a
localization related to the induction of cell death by apoptosis. Scale bars:
A, B = 20 μm; C, D = 10 μm.

antibody), which is involved in the elongation phase of transcription
(Kimura et al., 2002). In control mitral cells, numerous bright
nuclear foci immunoreactive for the acetylated H4 histone (Fig. 4A)
or for the RNA polymerase II (Fig. 4C) appeared distributed
throughout the nucleus, with the exception of the nucleolus, whereas
a dramatic reduction in the number of foci and in the intensity of the
signal for these two molecular markers was found in the mitral cells
of the pcd/pcd mutant mice (Figs. 4B and D).
For direct determination of the global transcription rate in mitral
cells we used a run-on transcription assay based on the
incorporation of 5V-FU into nascent RNA (Boisvert et al., 2000).
After a short pulse of 30-min, 5V-FU was strongly taken up into the
nucleolus and into many extranucleolar transcription foci of control
mitral cells (Fig. 4E). However, a notable reduction in both the
nucleolar and extranucleolar 5V-FU uptake signal was detected in
the mitral cells of the pcd/pcd mice (Fig. 4F). In conclusion, these
results indicate that the pcd/pcd mutation induces a severe
inhibition of transcription directed by RNA polymerases I
(nucleolar) and II (extranucleolar) in mitral cells from the P70
stage.
These data are consistent with those obtained after microarray
analysis of mRNA expression, which revealed a strong reduction
in the expression of a large number of different mRNAs in the OB
of the pcd/pcd mice. The number of mRNAs repressed in the pcd/
pcd mice was around 9-fold higher than the number of those that
were overexpressed in comparison to controls (94.35% of all
mRNAs tested in the pcd OB whose expression was changed,
compared with control OB mRNA expression, were repressed)
confirming the transcriptional silencing even in this early phase of
the process. It should be noted that the microarray data referred to
all the OB mRNAs, not only to mitral cell mRNAs, although the
latter must account for a high proportion of the total amount of

In order to investigate whether the inhibition of transcription in
pcd/pcd mitral cells was associated with epigenetic changes in
nucleosomal histones, we analyzed – by immunofluorescence – the
expression pattern of the histone H4 trimethylated at the lysine 20
(H4-K20-3Me), a modification required for heterochromatinmediated repression of gene expression (Jaskelioff and Peterson,
2003; Schotta et al., 2004). While only a few perinucleolar
aggregates of H4-K20-3Me-positive heterochromatin were detected in control mitral cells, larger perinucleolar masses and
numerous aggregates immunoreactive for this trimethylated
histone appeared distributed throughout the nucleus in the mitral
cells of the pcd/pcd mice (Figs. 5A–F). A combination of 5V-FU
incorporation and H4-K20-3Me immunostaining in the mitral cells
of the pcd/pcd mice revealed the absence of transcription foci
within the aggregates immunoreactive for H4-K20-3Me (Figs. 5G–
I), indicating that the expression of this trimethylated histone is
associated with transcription silencing.
We next investigated the expression pattern of the heterochromatin protein-1 alpha (HP1α), which is specifically associated with the pericentromeric heterochromatin (Maison and
Almouzni, 2004). Immunoreactivity for HP1α appeared as small
nuclear foci of low intensity in control mitral cells, while a
remarkable increase in the size and intensity of the signal of these
foci was observed in the mitral cells of the parallely processed
pcd/pcd mice (Figs. 5J–O). In sum, the reorganization of both
H4-K20-3Me and HP1α in numerous nuclear aggregates observed
in the mitral cells of the pcd/pcd mice supports a transcriptional
inhibition of chromatin domains mediated by epigenetic modifications of chromatin, in particular by trimethylation of nucleosomal histones.
Electron microscopy analysis reveals changes in chromatin
configuration and nucleolar segregation in the mitral cells of
pcd/pcd mice
Having established that the expression pattern of chromatinsilencing proteins is modified in the pcd/pcd mitral cells, we next
investigated whether these changes were associated with structural
modifications to the chromatin configuration. The mitral cells of
the control mice displayed a predominantly dispersed chromatin,
with only a few masses of condensed heterochromatin (Fig. 6A).
By contrast, the number and size of heterochromatin masses
increased notably in the mitral cells of the pcd/pcd mice (Fig. 6B).
At the cytoplasmic level, these changes were associated with a
partial replacement of the typical stacks of rough endoplasmic
reticulum cisternae observed in the control mitral cells by a greater
abundance of free ribosomes detected in most of the mitral cells of
the pcd/pcd mice (Figs. 6C, D). Although different levels of
cytoplasmic accumulation of free ribosomes were found in the
mitral cell population of the pcd/pcd mice, other organelles, such
as the Golgi complex, mitochondria and lysosomes, were
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Fig. 3. DNA damage/repair nuclear foci in pcd/pcd mitral cells. Confocal microscopy images from a squash preparation of mitral cells from P70 control and P70
pcd/pcd mice. (A–F) Co-staining for H2AX and nucleic acids with PI. A mitral cell from the control mice does not express γ-H2AX (B and green in C), whereas
a pcd/pcd mitral cell shows a high number of γ-H2AX positive foci (E and dotted green staining shown in F) distributed throughout the nucleus, excluding
nucleolus counterstained with PI in panel F. Note that after counterstaining with PI (A, D, and red in panels C and F) mitral cells show a similar cytoplasmic
labeling of rRNA (Nissl substance) in control (A) and mutant (D) mitral cells. (G–L) Double immunofluorescence for H2AX and pATM in control (G–I) and
pcd/pcd (J–L) mitral cells. Note the colocalization of pATM and H2AX in nuclear foci of the pcd/pcd mitral cell (yellow dots in panel L). Double
immunolabeling for H2AX and 53BP1 in control (M–O) and pcd/pcd mitral cells (P–R). Note also the redistribution of 53BP1 from a diffuse nuclear pattern in
the control neuron (M) to nuclear foci, where it colocalizes with H2AX, in the pcd/pcd neuron (P–R). Scale bar: 5 μm.

structurally unaffected. No mitral cells with cytological signs of
apoptosis or necrosis were found in our electron microscopy
analysis, in agreement with the low number of apoptotic cells
observed in the light microscopic analysis.
Having established that the pcd/pcd mutation induces a
reorganization of ribosomes, we wondered whether this process
might be associated with changes in the nucleolus, the site of preribosomal RNA synthesis and processing (Raska et al., 2004).
Transcription assays with 5V-FU revealed a weak signal of nucleolar
incorporation of this halogenated uridine in the mitral cells of pcd/

pcd mice in comparison with the controls (Figs. 4E, F), indicating
an inhibition of nucleolar transcription. Since the structural
organization of nucleolar components is very sensitive to changes
in the transcription rate of ribosomal genes (Raska et al., 2004), we
performed an electron microscopy analysis. In control mitral cells,
the nucleolus exhibited the typical reticulated configuration, with
nucleolar strands of dense fibrillar and granular components and
numerous small fibrillar centers, the sites of transcription of
ribosomal genes (Raska et al., 2004), which appeared as round
areas of low electron-density surrounded by a shell of dense
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The pcd mutation induces a reorganization of nuclear speckles and
Cajal bodies in mitral cells

Fig. 4. Transcriptional inhibition in pcd/pcd mitral cells. Confocal
microscopy images from squash preparations of mitral cells from control
(A, C and E) and pcd/pcd mice (B, D and F). Immunostaining for both the
acetylated histone H4 and for the RNA pol II (H5) reveals a similar punctate
pattern of intensely labelled nuclear foci in control mitral cells (A and C),
whereas a weak nuclear signal for these two transcription-dependent
constituents is detected in pcd/pcd mitral cells (B and D). (E and F)
Incorporation of 5′-FU into nascent RNA after a 30-min pulse. Control
neuron exhibits an intense incorporation of 5′-FU into the nucleolus, in
addition to numerous extranucleolar transcription foci (E). Note the
reduction in the nucleolar and extranucleolar 5′-FU signal in the pcd/pcd
mitral cell (F). Scale bar: 5 μm.

Since transcription and RNA processing are linked and
coordinated nuclear processes (Proudfoot et al., 2002), we
investigated whether the changes in gene expression detected in
the mitral cells of the pcd/pcd mice might lead to a reorganization
of two nuclear compartments – CBs and nuclear speckles of
splicing factors – involved in RNA processing.
CBs are transcription-dependent nuclear organelles (Lafarga et
al., 1998; Pena et al., 2001; Cioce and Lamond, 2005), that
concentrate the specific marker coilin, snRNP splicing factors and
the survival motor neuron (SMN) protein (Carvalho et al., 1999;
Gall, 2000). Double labeling experiments for the detection of coilin
and SMN proteins in control mitral cells revealed an intense
concentration of both molecules in typical CBs, in addition to a
more diffuse SMN signal in the cytoplasm and nuclear envelope
(Figs. 8A–C). However, most mitral cells of the pcd/pcd mice
showed a relocalization of both coilin and SMN proteins as
perinucleolar caps, accompanied by a decrease in typical CBs
(Figs. 8D–F). Quantitative analysis of the proportion of CBs per
mitral cell confirmed the significant reduction in these transcription-dependent nuclear organelles in the mitral cells of the pcd/pcd
mice (2.46 ± 0.48 CBs in control mice vs. 1.42 ± 0.07 in pcd
animals, mean ± SDM, p < 0.01, n = 150 mitral cells for control mice
and 100 mitral cells for pcd mice).
The distribution of splicing factors of pre-mRNAs was
analyzed with a monoclonal antibody specific for the U2 snRNP
protein BW (U2BW, Habets et al., 1989), a marker of splicing
snRNPs (Ferreira et al., 1994). Staining for U2BW and with
propidium iodide in control mitral cells revealed a predominantly
diffuse nucleoplasmic distribution of the splicing factors, except in
the nucleolus (Figs. 8G–I), a pattern similar to that found in very
active transcriptional neurons from other centers of the nervous
system (Pena et al., 2001). In contrast, in the mitral cells of the pcd/
pcd mice splicing factors were reorganized in large irregular
nuclear speckles, which stood out over the weak and diffuse
nucleoplasmic signal (Figs. 8J–L). In conclusion, the reorganization of CBs and nuclear speckles observed in the mitral cells of
pcd/pcd mice is consistent with a dysfunction of the nuclear RNA
processing associated with the predegenerative changes observed
in this neuronal population.
Discussion

fibrillar component (Fig. 7A). By contrast, the mitral cell nucleoli
of the pcd/pcd mice exhibited different levels of nucleolar
segregation, with condensation of the fibrillar components and a
migration of these towards the nucleolar periphery (Figs. 7B–D).
These changes were accompanied by a disorganization of fibrillar
centers, which tended to disappear, and by the formation of
prominent masses of condensed perinucleolar heterochromatin
(Figs. 7B–D). Nucleolar segregation was confirmed by immunofluorescence analysis of the nucleolar protein fibrillarin, a specific
marker of the dense fibrillar component (Raska et al., 2004).
Fibrillarin was homogenously distributed throughout the nucleolus
in control neurons and segregated in a few masses of higher
staining intensity in the nucleoli of the pcd/pcd mutant mice (Fig.
7, inserts). Taken together, these alterations reflect a dysfunction of
transcription of ribosomal genes and represent a nucleolar
hallmark of predegenerative changes in the mitral cells of the
pcd/pcd mice.

Our results in the mitral cells of the pcd/pcd mice indicate that
this mutation induces the formation of DNA damage/repair foci,
the inhibition of global transcription, epigenetic silencing of
chromatin domains, reorganization of the nuclear compartments
involved in RNA processing, and modifications in the cytoplasmic
translation machinery. These cellular events occurred in the
absence of cytological signs of cell death and reflect a predegenerative stage in mitral cells.
Different studies have been carried out in pcd mice to analyze
certain cellular characteristics of degenerating cells (Landis and
Mullen, 1978; Blanks et al., 1982; O’Gorman, 1985; Kyuhou et al.,
2005). However, it is unclear which cellular and molecular
phenomena lead from the loss of Nna1 expression to neuronal
degeneration. In the present study we show that the pcd mutation
induces or at least does not prevent an accumulation of foci of
DNA damage in mitral cells, presumably due to the lack of Nna1
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Fig. 5. Transcriptional repression and heterochromatinization in pcd/pcd mitral cells. Confocal microscopy images from squash preparations of mitral cells from
P70 control and pcd/pcd mice. (A–F) Co-staining for histone H4 trimethylated at K20 (H4-3Me) and nucleic acids with PI in control (A–C) and pcd/pcd (D–F)
mitral cells. A few perinucleolar aggregates and foci of H4-3Me, a marker of transcriptional repressed heterochromatin, can be observed in control mitral cells (B,
and green staining in C) while larger perinucleolar masses and nuclear foci of H4-3Me are stained in pcd/pcd mitral cells (E, and green staining in F).
Perinucleolar heterochromatin expressing H4-3Me is also stained with PI (A and D). (G–I) 5′-FU incorporation in combination with immunostaining for H43Me in a pcd/pcd mitral cell reveals the presence of transcription foci around H4-3Me-positive nuclear aggregates but not within them. (J–O) Small and weakly
stained nuclear foci of HP1α, a marker of pericentromeric heterochromatin, appear in control mitral cells (K, and green staining in L), while these foci are larger
and strongly stained in pcd/pcd mitral cells (N, and green staining in O). Note that Hp1α staining excludes nucleoli and perinucleolar heterochromatin (red in L
and O). Scale bar: 5 μm.

expression. The great vulnerability of mitral cells to DNA injury
correlates with their high metabolic and bioelectric activity
(Friedman and Strowbridge, 2000; Lowe, 2003; Djurisic et al.,
2004; Granados-Fuentes et al., 2004;), which requires a predominant “open” active chromatin (euchromatin) configuration (present
results). This results in an enhanced accessibility to DNA damage
agents.
The DNA damage response in mitral cells is characterized by
the formation of nuclear foci containing typical components of the

DNA damage/repair signaling pathway, such as pATM, phosphorylated H2AX (γ-H2AX), and 53BP1. It is well known that
upon the induction of DNA damage the inactive kinase ATM is
activated by auto-phosphorylation, after which it associates with
DNA adjacent to the breaks to phosphorylate H2AX, a histone
variant present within chromatin (Fernández-Capetillo et al., 2004;
Jin et al., 2005). H2AX phosphorylation appears to be one of the
earliest responses to DNA damage (Fernández-Capetillo et al.,
2004). It promotes efficient repair by recruiting DNA repair/
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in the pcd/pcd mice, as well as the nuclear concentration of the
active caspase-3 in the most of the remaining neurons, suggests
that, upon the initial attempt of DNA repair (predegenerative
phase), the severity of the DNA lesion or a defective DNA
damage/repair pathway would prevent cellular recovery, resulting
in neurodegeneration and neuronal cell death by apoptosis. This is
consistent with the degeneration of pcd Purkinje cells, which also
involves apoptotic mechanisms (Kyuhou et al., 2005).
Recently, Kyuhou et al. (2005) have suggested that endoplasmic reticulum stress is involved in the degeneration of Purkinje
cells in pcd/pcd mice. This could be related to our results since
endoplasmic reticulum stress molecules have been linked to the
DNA damage response (Zhai et al., 2005). It is unknown, however,
at which precise level the mechanism of DNA damage/repair is
affected by the lack of Nna1. Despite this, the central region of

Fig. 6. Ultrastructural changes in pcd/pcd mitral cells. Electron microscopy
images from the nucleus and cytoplasm of a control (A and C, respectively)
and a pcd/pcd mitral cell (B and D, respectively). (A, B) Note that control
mitral cells exhibit a predominantly dispersed chromatin with few masses of
condensed heterochromatin and a typical reticulated nucleolus (A), while the
number of heterochromatin masses (arrows) is notably increased in the pcd/
pcd mitral cells and these present a segregated nucleolus (B). (C, D) At
cytoplasmic level, stacks of rough endoplasmic reticulum (RER) can be
observed in the control mitral cell (C), while they are lost and replaced by
free ribosomes in pcd/pcd mitral cell (D). Scale bar: 3 μm.

signaling factors, including the DNA-damage-checkpoint effector
53BP1, detected here and in other studies (Celeste et al., 2002) in
nuclear foci by immunofluorescence. Under physiological conditions, spontaneous DNA damage is immediately repaired through
non-homologous end-joining or homologous recombination (Cahill et al., 2006). In fact, the mitral cells of control mice studied
here did not exhibit nuclear foci of γ-H2AX, but were diffusely
stained with pATM and 53BP1 (Figs. 3G–I, M–O), indicating the
presence of baseline levels of sensor molecules of DNA damage.
The formation and accumulation of γ-H2AX nuclear foci in the
mitral cells of the pcd/pcd mutants, accompanied by the
progressive loss of this neuronal population, seems to reflect the
inability of this neuronal population to trigger an effective
reparative response to DNA damage induced by the pcd mutation.
However, the aggregation of repair proteins within γ-H2AX
nuclear foci supports an initial survival response to DNA damage.
Indeed, although numerous mitral cells exhibit γ-H2AX foci at
P70, only a few TUNEL-positive cells were found in the mitral cell
layer, suggesting that DNA damage is not immediately related to
apoptotic DNA fragmentation, at least in this early predegenerative
phase. Furthermore, the severe loss of mitral cells detected at P90

Fig. 7. Segregation of nucleoli in pcd/pcd mitral cells. Electron microscopy
images from nucleolus from control (A) and pcd/pcd mitral cells (B–D).
Inserts show the dense fibrillar component of different nucleoli immunostained for fibrillarin. (A) The control mitral cell exhibits a round and
reticulated nucleolus with numerous fibrillar centers (asterisks) and a
reticulated organization of the dense fibrillar and granular components. Ch
represents perinucleolar chromatin. (B–D) Different patterns of segregation
of the dense fibrillar (F) and granular (G) components of the nucleolus in
mitral cells of pcd/pcd mice. Note the disorganization and loss of fibrillar
centers and the presence of prominent masses of heterochromatin (Ch)
attached to the segregated nucleoli. (a–d, inserts) Immunostaining for
fibrillarin, a marker of the dense fibrillar component, reveals the typical
distribution of this component throughout the nucleolus in a control neuron
(a), and the segregation of this component in a few intensely stained masses
at the nucleolar periphery in mitral cells of pcd/pcd mice (b–d). Note the
clear correlation between the ultrastructural distribution of the dense fibrillar
component (F, in panels B–D) and the distribution pattern of fibrillarin in
parts b–d. Scale bar of panels A–D: 1 μm.
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Fig. 8. Reorganization of Cajal bodies and nuclear speckles in pcd/pcd mitral cells. Confocal microscopy images from squash preparations of mitral cells from
P70 control (A–C and G–I) and P70 pcd/pcd mice (D–F and J–L). (A–C) The control mitral cell shows a mature Cajal body (intensely stained circle in panels
A–C) double immunostained for coilin (A, and yellow in panel C) and SMN (B, and yellow in panel C). SMN is also found in the cytoplasm and nuclear envelop
of control mitral cells. (D–F) Coilin (D, and yellow in panel F) and SMN (E, and yellow in panel F) colocalize around the nucleolus in pcd/pcd mitral cells,
forming a perinucleolar cap. (G–I) Immunodetection of the U2B″ protein reveals a diffuse distribution of snRNP splicing factors in the nucleus of control mitral
cells (H, and green in panel I). (J–L) Splicing factors are located in large nuclear speckles in the nucleus of the pcd/pcd mitral cell (K, and green in panel L). Note
that nucleoli, which appear counterstained with PI (G and J), are free of U2B″ immunolabeling (I and L). Scale bar: 5 μm.

Nna1 shares structural similarities with a protein involved in
chromatin remodeling called SNF2H (Harris et al., 2000; Poot et
al., 2005), and Nna1 has also been involved in the control of
transcription factors (Harris et al., 2000), suggesting a possible role
of Nna1 in chromatin modifications and downregulation of factors
of the signaling/repair pathway after DNA damage.
It is noteworthy that the formation of DNA damage/repair foci
in the mitral cells of pcd/pcd mice was accompanied by an overall
downregulation of transcription. Additional support for a downregulation of transcription comes from the microarrays data,
showing the repression of a large number of genes in the OB of the
pcd/pcd mice in comparison with their expression levels in the OBs
of the control mice. We believe that the downregulation of
transcription in mitral cells is a cellular stress response for genome
protection to DNA damage. This view is consistent with previous
experimental studies indicating that most non-stress genes are
arrested during the stress response in cultured cell lines (Jolly and
Morimoto, 1999).

Regarding chromatin modifications, our results in mitral cells
show that the pcd mutation induces the formation of numerous
nuclear aggregates of histone-H4-K20-3Me that correspond to
transcriptionally inactive chromatin domains (Schotta et al., 2004).
This observation supports the participation of an epigenetic
downregulation of transcription mediated by the methylation of
nucleosomal histones. Thus, recent reports indicate that trimethylation of the histone H4 at K20 serves as a repressive epigenetic
mark in gene-silencing mechanisms (Sarg et al., 2004; Schotta et
al., 2004). The existence of epigenetic gene silencing in mitral cells
of the pcd/pcd mice is also consistent with our ultrastructural
observation of abundant and prominent masses of heterochromatin,
a structural modification in higher order chromatin folding
associated with gene repression (Maison and Almouzni, 2004).
In parallel with chromatin modifications, the pcd mutation
caused the segregation of nucleolar components and disorganization of fibrillar centers in mitral cells, two structural modifications
associated with a severe dysfunction of nucleolar transcription
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(Puvion-Dutilleul et al., 1992; Gébrane-Younès et al., 2005). In
fact, these alterations are specifically induced in cultured cell lines
following the inhibition of nucleolar transcription with actinomycin D (Fakan, 1986; Puvion-Dutilleul et al., 1992), or with
adriamycin in sensory ganglia on neurons (Pena et al., 2000). As
expected, the alteration of ribosome biogenesis was associated with
a disorganization of the rough endoplasmic reticulum, a structural
modification previously reported in Purkinje cells of pcd/pcd mice
(Landis and Mullen, 1978) that reflects a defective translational
machinery.
In addition to changes in the nuclear compartments involved in
transcription, our results demonstrate a reorganization of Cajal
bodies and nuclear speckles of splicing factors, two compartments
related to the processing of nuclear RNAs (for a review, see Gall,
2000; Lamond and Spector, 2003). Since transcription and RNA
processing are highly coordinated processes (Proudfoot et al.,
2002), a decrease in the production of pre-mRNAs in the mitral
cells of the pcd/pcd mice may lead to a rearrangement of the RNA
processing machinery. Thus, the reduction in the number of Cajal
bodies and the relocalization of coilin around the nucleolus
detected during the predegenerative phase of mitral cells is
consistent with the experimental evidence that Cajal bodies are
transcription-dependent nucleolar organelles (Lafarga et al., 1998;
Pena et al., 2001; Cioce and Lamond, 2005). Regarding the nuclear
speckles of snRNP splicing factors, our results demonstrate a
reorganization of these components in larger and more prominent
speckles (Fig. 8). It is now generally accepted that nuclear speckles
are sites of the preassembly and storage of splicing factors that are
dynamically recruited to active sites of transcription (Lamond and
Spector, 2003). The reorganization of splicing factors in large
speckles may result from an accumulation of splicing factors in
storage compartments when transcription is downregulated in
response to DNA damage. A similar redistribution of splicing
factors has been reported following the inhibition of transcription
in trigeminal ganglia neurons (Navascués et al., 2004).
To conclude, the degeneration of mitral cells in pcd/pcd mice
implies an accumulation of DNA-damage foci. This effect involves
a cascade of nuclear processes, including downregulation of
transcription, heterochromatinization, and a reorganization of
nuclear speckles and CBs, all of them indicating a dysfunction
of gene expression and pre-mRNA processing. Moreover, these
changes are linked to a disorganization of the nucleolus and rough
endoplasmic reticulum, two basic cellular components for
ribosome biogenesis and protein synthesis. Interestingly, these
alterations appeared in mitral cells with a relatively well-preserved
global morphology, with no subcellular evidence of neurodegeneration, and probably represent the earliest structural manifestation
of predegenerative changes in the mitral cells of the pcd/pcd mice.
Our data also highlight the dynamic behavior of the nuclear
compartments and their importance as sensitive markers of
neuronal alterations of gene expression and RNA processing
associated with neurodegenerative disorders.

sections from our archive from 50, 70 and 90-day-old homozygous pcd1J/
pcd1J and +/+ from the same background and with the same characteristics
were employed to confirm the time variation in the density of mitral cells
and as additional controls. The animals were kept, handled and sacrificed in
accordance with the Council of the European Communities (directive 86/
609/EEC) and current Spanish legislation (RD 1201/2005; BOE 252. Oct.
21, 2005).
Mouse genotyping
C57BL/6J male mice heterozygous for the pcd1J mutated gene were
obtained from Jackson Laboratories and were mated with DBA/2J females
that did not have the pcd mutation. The pcd1J allele was secluded with the
genetic background of the C57BL/6J strain while the normal allele was
associated with the genetic background of the DBA/2J strain. This
differential segregation of both pcd and normal alleles allowed the control
and heterozygous mice to be differentiated for expanding the colony and
genetically typifying the experimental animals from the same litters. PCR
was performed using the primers proposed for the markers D13Mit250 and
D13Mit283 in the web resource of Jackson laboratories: mouse genome
informatics (for further information see: http://www.informatics.jax.org/
searches/probe.cgi?38700 and http://www.informatics.jax.org/searches/
probe.cgi?41581). PCR products of microsatellite regions D13Mit250 and
D13Mit283, which have different sizes in both the C57BL/6J and DBA/2J
strains, were resolved by electrophoresis in a 3% agarose gel.
Tissue preparation
Animals were anesthetized with a mixture (3/4) of ketamine hydrochloride (Ketolar, Parke-Davis, Barcelona, Spain) and tiacine hydrochloride (Rompún, Bayer, Leverkussen, Germany, 1 ml of the mixture/kg
b.w.), and then perfused intracardially with 0.9% NaCl, followed by 5 ml/
g b.w. of 4% paraformaldehyde. After perfusion, the brains were dissected
out, divided into two blocks through a coronal plane at −2.40 mm
Bregma level using a coronal mouse brain matrix (Electron Microscopy
Sciences, Pennsylvania, USA), and post-fixed with the same fixative for
2 h. The brains were then rinsed for 2 h with 0.1 M phosphate buffer, pH
7.4 (PB). Brain blocks were immersed in 30% (w/v) sucrose until they
sank. After cryoprotection, 40-μm-thick coronal sections were obtained
with a freezing-sliding microtome (Leica Frigomobil, Jung SM 2000,
Nussloch, Germany). The sections were collected in six series in PB and
then stored at −20°C in a freezing mixture made up of 30% glycerol and
30% polyethylene glycol in PB.
Mitral cell densities were estimated in sections from P50, P70, and P90
control and mutant mice. The sections were rinsed three times in 0.1 M
phosphate-buffered saline, pH 7.4 (PBS), and then incubated at room
temperature in the dark for 30 min in 1: 2000 PI (Sigma) in PBS. Then,
tissues were rinsed in the dark three times in PBS. Finally, the slices were
mounted with coverslips using a freshly prepared antifading medium, as
previously reported (Valero et al., 2005).
The number of mitral cells per millimeter present throughout the length
of the MCL of a particular coronal section was measured using a Leica TCS
SP spectral confocal microscope (Leica Mannheim, Germany) and Leica
confocal software. The slices were selected so that they would be similar to
the 3.80 mm Bregma level shown in the atlas of the brain of the C57BL/6
mouse (Patrick et al., 2000).
Terminal deoxynucleotidyl transferase-mediated fluorescein dUTP nick-end
labeling (TUNEL) staining

Experimental methods
Animal models
Ten 70-day-old homozygous pcd1J/pcd1J and ten +/+ littermate male
mice were used for the mitral cell degeneration analysis. Two 70-day-old
homozygous pcd1J/pcd1J and two homozygous +/+ littermate male mice
were employed for RNA extraction and microarray analysis. In addition,

An in situ cell death detection kit (Roche Diagnostics, Penzberg,
Germany) was employed to detect apoptotic bodies. Tissues sections were
postfixed with 4% paraformaldehyde in PB for 20 min. After rinsing the
sections (PBS 3 × 10 min), they were treated with ethanol/acetic acid (2:1)
at −20°C for 5 min. Then, tissues were rinsed in PBS (3 × 10 min) and
permeabilized at room temperature for 15 min with 0.2% Triton X-100 and
0.1% sodium citrate diluted in distilled water. Finally, tissues were
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incubated at 37°C with the TUNEL reaction mixture containing terminal
deoxynucleotidyl transferase and nucleotide mixture for 2 h. Cells were
counterstained with 1: 2000 PI and the sections were mounted.
Run-on transcription assay
Active transcription sites were labeled by the incorporation of 5Vfluorouridine (5-FU, Sigma) into nascent RNA as previously reported
(Casafont et al., 2006). Under anesthesia with 2,2,2-tribromoethanol
(25 mg/100 g b.w., Aldrich), control and pcd mutant mice were treated
with a single intraperitoneal injection (5 μl/g b.w.) of 0.4 M 5-FU dissolved
in saline (0.9% NaCl). The mice were sacrificed 30 min after the injection.
The animals were fixed by perfusion with 3.7% paraformaldehyde in
HPEM buffer (PIPES 130 mM, HEPES 60 mM, MgCl2 6H2O 4 mM,
EGTA 20 mM, pH 6.9) containing 0.5% Triton X-100 for 10 min. Small
tissue blocks containing the MCL were dissected from 300-μm vibratome
sections of the olfactory bulbs and washed in HPEM buffer containing
0.5% Triton X-100 for 10 min. Mechanical neuronal dissociation was
performed as previously described (Pena et al., 2001). Briefly, each tissue
fragment was transferred to a drop of PBS on a siliconized slide. Then, a
coverslip was applied to the top of the slide and the tissue fragment was
squashed vigorously tapping the coverslip with a histological needle in
order to dissociate neuronal perikarya. The preparation was then frozen in
dry ice, and the coverslip removed with a razor blade. Using this procedure,
most mitral cells remained adhered to the slide. Cell samples were
processed in 96% ethanol at 4°C for 10 min, which increases the adhesion
of cells to the slide, and sequentially rehydrated in 70% ethanol, 50%
ethanol, and PBS. Then, the samples were sequentially treated with
proteinase K (0.25 μg/ml in 1 M TRIS buffer, pH 8) for 2–4 min at 25°C,
0.1 M glycine (Sigma) in PBS containing 1% bovine serum albumin (BSA)
for 30 min, and 0.01% Tween 20 in PBS for 5 min. The incorporation of the
5-FU into nascent RNA was detected with a mouse monoclonal anti-BrdU
antibody (Table 1), diluted 1:50 in PBS (1 h at 37°C). Then, the samples
were washed with 0.01% Tween 20 in PBS, incubated for 45 min with
1:150 anti-FITC-conjugated secondary antibody (Jackson, USA), washed in
PBS and mounted with Vectashield antifading medium (Vector, USA).
Some samples were counterstained with propidium iodide, a fluorescent
cytochemical procedure for the detection of nucleic acids, or processed for
double labeling with immunofluorescence.

Table 1
Primary antibodies

Immunofluorescence and confocal microscopy
For conventional immunofluorescence, the samples of dissociated
mitral cells fixed with 3.7% paraformaldehyde in PBS were sequentially
treated with 0.5% Triton X-100 in PBS for 15 min, 0.1 M glycine in PBS
containing 1% BSA for 30 min, and 0.01% Tween 20 in PBS for 5 min. The
samples were incubated for 1 h with the primary antibody containing 1%
BSA at room temperature, washed with 0.01% Tween 20 in PBS, incubated
for 45 min in the specific secondary antibody (1:150) conjugated with FITC
or Texas-Red (Jackson, USA), washed in PBS, and mounted. The primary
antibodies used are listed in Table 1. Samples were examined with a laser
confocal microscope (Zeiss LSM 510) using a 63X plan-apochromatic
objective (1.4 NA), and argon ion (488 nm) and HeNe (543 nm) lasers.
Electron microscopy
For conventional ultrastructural examination of mitral cells, five control
and five pcd mutant mice were perfused with 3% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4. Tissue fragments were removed from 300-μm
coronal sections of the olfactory bulb, rinsed in 0.1 M phosphate buffer,
post-fixed in 2% osmium tetroxide diluted in double-strength buffer (made
of 3.5% dextrose in 0.2 M phosphate buffer, pH 7.4), dehydrated in
acetone, and embedded in Araldite (Durcupan, Fluka, Switzerland).
Ultrathin sections stained with uranyl acetate and lead citrate were
examined with a Philips EM-208 electron microscope.
RNA isolation and amplification
Four mice (two control and two pcd animals) were sacrificed by
cervical dislocation and their olfactory bulbs dissected out and stored at
−80°C in RNAlater (Ambion, Austin, TX). Total RNA was isolated using
TRIzol (Life Technologies, Grand Island, NY) followed by RNeasy Mini
kit (Qiagen, Valencia, CA) purification and RNase-free DNase I digestion,
following the manufacturer's instructions. The integrity of the RNA was
verified by electrophoresis and its concentration was measured. Doublestranded cDNA was synthesized from 4 mg of total RNA using the
Superscript System for cDNA synthesis (Life Technologies). In vitro
transcription was carried out using the T7 Megascript in vitro transcription
kit (Ambion). The quality of the amplified RNA produced was checked by
electrophoresis and its concentration was measured.
Microarray hybridization and analysis

Primary antibody

Reference

Primary
antibody
dilution

Rabbit anti-53BP1

NB 100-304, Novus
Biologicals, USA
600-401-400, Rockland, USA
Clone BU-33, Sigma, USA
R and D systems
204.3, Bhoman et al. (1995)
72B9, Reimer et al. (1987)
Transduction Labs., USA
Chemicon Int., USA
Upstate, USA
Chemicon Int., USA
Roche, Germany
H5, Warren et al. (1992)
Transduction Labs., USA
Habets et al. (1989)

1:200

Rabbit anti-ATM pS1981
Mouse anti-BrdU
Rabbit anti-active caspase 3
Rabbit anti-coilin
Mouse anti-fibrillarin
Mouse anti-γ-H2AX
Rabbit anti–H4 acetylated
Rabbit anti–H4-K20-3Me
Mouse anti-HP1α
Mouse anti-pan-Histone
Mouse anti-pol II
Mouse anti-SMN
Mouse anti-U2B″

293

1:100
1:100
1:500
1:75
1:10
1:300
1:100
1:100
1:500
1:100
1:100
1:500
1:150

53BP1: 53-binding protein-1, BrdU: bromodeoxyuridine, γ-H2AX: the
phosphorylated form of the histone variant H2AX, H4: histone H4, H4-K203Me: tri-methylated histone H4, HP1α: heterochromatin protein-1 alpha,
ATM pS1981: phosphorylated ataxia telangiectasia mutated protein (pATM),
SMN: survival of motoneurons protein, pol II: phosphorylated polymerase II.

5 mg of amplified RNA from control mouse samples was directly
labeled with cyanine 3-conjugated dUTP (Cy3-dUTP), whereas 5 mg of
amplified RNA from pcd homozygous mutant mouse samples was labeled
with cyanine 5-conjugated dUTP (Cy5-dUTP). For microarray studies, the
CNIO (Centro Nacional de Investigaciones Oncológicas, Madrid, Spain)
ratonChip was used and hybridizations were performed as previously
described (Tracey et al., 2002). The slides were washed and then scanned
using a Scanarray 500 XL (GSI Lumonics Kanata, ON, Canada) and
images were analyzed with the GenePix 4.0 Pro Software (Axon
Instruments, Union City, CA).
The Cy3:Cy5 ratios were normalized to the median ratio value of all the
spots in the array. After normalization, spots with intensities for both
channels (sum of medians) less than that of the local background were
discarded. All ratio values were log-transformed (base 2). Inconsistent
duplicates were discarded; all consistent duplicate spots on the ratonChip
and genes were averaged, and genes with less than 70% of the data
available were excluded from the analysis.
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