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ABSTRACT
Purkinje Cell Degeneration (PCD) mice harbor a nna1 gene
mutation which leads to an early and rapid degeneration of
Purkinje cells (PC) between the third and fourth week of
age. This mutation also underlies the death of mitral cells
(MC) in the olfactory bulb (OB), but this process is slower
and longer than in PC. No clear interpretations supporting
the marked differences in these neurodegenerative processes exist. Growing evidence suggests that either beneficial or detrimental effects of gliosis in damaged regions
would underlie these divergences. Here, we examined the
gliosis occurring during PC and MC death in the PCD
mouse. Our results demonstrated different glial reactions
in both affected regions. PC disappearance stimulated a
severe gliosis characterized by strong morphological
changes, enhanced glial proliferation, as well as the release
of pro-inflammatory mediators. By contrast, MC degeneration seems to promote a more attenuated glial response in
the PCD OB compared with that of the cerebellum. Strikingly, cerebellar oligodendrocytes died by apoptosis in the
PCD, whereas bulbar ones were not affected. Interestingly,
the level of nna1 mRNA under normal conditions was
higher in the cerebellum than in the OB, probably related
to a faster neurodegeneration and stronger glial reaction in
its absence. The glial responses may thus influence the
neurodegenerative course in the cerebellum and OB of the
mutant mouse brain, providing harmful and beneficial
microenvironments, respectively. V 2012 Wiley Periodicals, Inc.

progressive degeneration of specific neuronal populations, including the mitral cells (MC) of the olfactory
bulb (OB; Greer and Shepherd, 1982; Valero et al.,
2006), photoreceptors in the retina (LaVail et al., 1982),
a discrete subpopulation of thalamic neurons (O’Gorman
and Sidman, 1985), and the Purkinje cells (PC) of the
cerebellum (Baltan
as et al., 2011a,b; Landis and Mullen,
1978; Mullen et al., 1976). Interestingly, these neurodegenerative events occur at different and well-defined
periods of time in those regions. MC degeneration takes
place between the second and the fourth month of age
(Greer and Shepherd, 1982; Valero et al., 2006). Thalamic neurons die between postnatal day 50 (P50) and
P70 (O’Gorman, 1985; O’Gorman and Sidman, 1985),
whereas photoreceptors undergo a slow degenerative
process, extending over a period of one year (LaVail et
al., 1982). Finally, the degeneration of PC is the earliest
and the fastest, taking place between the third and the
fourth postnatal week (Fern
andez-Gonz
alez et al., 2002;
Landis and Mullen, 1978; Mullen et al., 1976) and leading to a cerebellum virtually devoid of PC at P50
(Landis and Mullen, 1978). This loss causes ataxia, the
characteristic phenotypic hallmark of the PCD mutant
mice (Baltan
as et al., 2011b; Landis and Mullen, 1978;
Mullen et al., 1976).
During a neurodegenerative process, damaged neurons release many different types of signaling molecules
(Garden and M€
oller, 2006; Milligan and Watkins, 2009).
All together activate glial populations, mainly microglia
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INTRODUCTION
The Purkinje cell degeneration (PCD) mutant mouse
holds an autosomal and recessive mutation in the nna1
gene (Fern
andez-Gonz
alez et al., 2002; Harris et al.,
2000; Wang and Morgan, 2007). There are several pcd
mutations that differentially affect the expression of the
nna1 gene, pcd1J being the one most widely studied
(Wang and Morgan, 2007). This mutation prompts the
lack of expression of nna1 and leads to a selective and
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DIFFERENTIAL GLIOSIS IN THE PCD MICE

and astrocytes (Biber et al., 2007; Graeber and Streit,
2010; Milligan and Watkins, 2009; Sofroniew and
Vinters, 2010) that trigger an inflammatory response in
the injured region (Garden and M€
oller, 2006). Although
both astrocytes and microglia have different roles in normal brain physiology, it is well known that their actions
are related after a brain insult (Milligan and Watkins,
2009). In fact, under pathological conditions such as ischemia, infections or neurodegenerative diseases, both
types of glial cells are rapidly activated, causing a ‘‘reactive gliosis’’. This process is initially characterized by cell
proliferation, modification of their cytoarchitecture, and
migration to the injured regions (Biber et al., 2007; Garden and M€
oller, 2006). Once in the affected zone, these
cells release a wide range of inflammatory mediators and,
in some cases, microglial cells act as phagocytes, removing cell debris from damaged neurons (Kreutzberg, 1996;
Streit, 2002). However, this immunological response may
sometimes be double-edged (Wyss-Coray and Mucke,
2002). Although glial activation is thought to confer neuroprotection to injured brain regions, an exacerbated reactive gliosis could produce neurotoxic effects rather than
a neuroprotective environment, increasing brain damage
(Garden and M€
oller, 2006; Milligan and Watkins, 2009;
Tacconi, 1998). In fact, the potential contribution, beneficial or detrimental, of reactive glia to a particular type of
brain injury must be considered in each case of mechanical, chemical, infectious or genetic damage.
Many studies have focused on the biological pathways
that lead to the death of PC and MC in the PCD mutant
mouse: accumulation of DNA damage and progressive
gene silencing, endoplasmic reticulum stress, activation
of chaperones, alterations in the proteasome pathway
and the nuclear architecture, induction of caspase-mediated apoptosis, autophagy and alterations in the expression of immediate-early genes have been reported as the
mechanisms underlying the death of both types of neurons in the PCD mouse (Baltan
as et al., 2011a,b; Berezniuk et al., 2010; Chakrabarti et al., 2009, 2010; Greer
and Shepherd, 1982; Kyuhou et al., 2006; Landis and
Mullen, 1978; Li et al., 2010; Valero et al., 2006; Wang
and Morgan, 2007). However, no studies addressing the
evolution of the glial populations of PCD mice have been
developed. The PCD mutant mouse seems to be an
excellent animal model to analyze glial response,
because neurodegeneration occurs in different scenarios
of the same animals at different ages and with different
degenerative time-courses. The purpose of this study is
to analyze the evolution of astrocytes, microglia and oligodendrocytes in the affected regions, cerebellum and
OB, with different techniques that should provide us
with information about the course of these glial populations along the neurodegenerative process.

MATERIAL AND METHODS
Animal Genotyping
C57BL/6J male mice heterozygous for the pcd1J mutation were purchased from Jackson Laboratories (Bar
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Harbor, USA) and bred at the Animal Facilities of the
University of Salamanca. They were mated with DBA/2J
females without the 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 segregation of both pcd and wild alleles allowed us to differentiate control (1/1), mutant (pcd/pcd) and heterozygous
(1/pcd) mice. To check the genotype, DNA from the tails
of the mice was extracted and PCR was performed as
previously described (Valero et al., 2006). The animals
were kept, handled and sacrificed in accordance with
current European and Spanish legislation, and the Bioethical Committee of the University of Salamanca
approved the experiments.

Bromodeoxyuridine Administration
The proliferative rates of microglial cells and oligodendrocyte precursors were studied in the cerebellum of
control animals of 20 days of postnatal age (P20 control)
and with P15, P20, and P25 PCD mice (n 5 3 for each
experimental group), and in the OB of P90 control and
P50 and P90 PCD mice (n 5 3 per group). The animals
were injected intraperitoneally with 30 lg/g b.w. of bromodeoxyuridine (BrdU) and 3 lg/g b.w. of 5-fluoride-20 deoxyuridine (FdU) dissolved in 0.1 M phosphate-buffered saline, pH 7.4 (PBS). The solution was administered 30 min before the animals were sacrificed. This
single injection was employed to label active replication
sites within S-phase cells (Nakayasu and Berezney,
1989; Valero et al., 2005).

Microarray Analysis
To check gene expression changes in PCD mice, the
gene expression profiles of control and PCD mice were
compared. P20 control (n 5 3) and P20 PCD (n 5 3)
mice were used. They were decapitated and the vermis
of the cerebellum was rapidly dissected. Total RNA from
the vermis was extracted with TRIzol, and purified
using RNeasy mini-kit (QIAGEN 74104, Valencia, USA)
and RNase-free DNase I digestion. The integrity and
pureness of the RNA were determined using the Agilent
2100 Bioanalyzer (Agilent Technologies, Las Rozas,
Spain). The messengers (mRNA) were retrotranscripted
to obtain cDNA using a commercial kit from Gibco/BRL
(Superscript Choice System for cDNA synthesis, Invitrogen, Barcelona, Spain). Then, the cDNA was placed
under in vitro transcription in the presence of biotin-labeled nucleotides to generate cRNA using the IVT kit
(Affymetrix, Charleroi, Belgium). cRNAs were degraded
by alkaline digestion and used for hybridizations with
commercial chips, but only after having been subjected
to a second quality control with a biochips Affymetrix
test (TestArray 3). The hybridizations were made with
the GeneChip Mouse Genome 430 2.0 Array from Affymetrix.
GLIA
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TABLE 1. Primary Antibodies
Primary antibody
Rat anti-BrdU
Mouse anti-calbindin
Rabbit anti-calbindin
Mouse Anti-GAPDH
Mouse anti-GFAP
Rabbit anti-b1 guanylate cyclase
Rabbit anti-Iba 1
Rabbit anti-MMP9
Rabbit anti-NG2
Rat anti-NO-L-Cystein
Rabbit anti-Olig2
Mouse anti p38 MAPK (pT180/pY182)
Rabbit anti-p-STAT3 (Tyr705)

Reference

Antibody Dilution

Accurate, USA (OBT0030CX)
Swant, Bellinzona, Switzerland (CB300)
Swant (CB38)
Ambion, Cambridgeshire , UK (AM4300)
Chemicon, Temecula, USA (MAB360)
Cayman Chemical Co, Estonia (#160897)
Wako, Neuss, Germany (019–19741)
Abcam, Cambridge, UK, (ab38898)
Chemicon (AB5320)
Advanced Targeting Systems, San Diego, USA (AB-T113)
Chemicon (AB9610)
BD Transduction Labs, New Jersey, USA (612281)
Cell Signaling, Beverly, USA (#9145)

1: 5,000
1: 2,000
1: 10,000
1: 3,000
1: 1,000
1: 1,000
1: 1,000
1: 1,000
1: 600
1: 2,000
1: 1,000
1: 1,000
1: 1,000

Real-Time PCR
nna1 gene expression was measured by real-time
PCR. mRNA was extracted from both the vermis of the
cerebellum and the OB of P10, P15, P20, P25, P50, P60,
P70, and P80 control male mice (n 5 3 for each group)
and retrotranscripted to cDNA as described above. Realtime PCR reactions were performed in a 25-lL mixture
containing 10 ng of the cDNA samples, 12.5 lL of Mastermix (contain SYBR Green Supermix; Promega, Madison, USA), 0.4 lL of each primer, and 10.7 lL of MiliQH2O in a thermocycler (7000 Sequence Detection System; Applied Biosystems, Madrid, Spain) using the following PCR parameters: 50°C for 2 min, 95°C for 10
min followed by 40 cycles at 95°C for 15 s and 60°C for
1 min. The fluorescence threshold (Ct) was calculated
with the system software (Applied Biosystems). The absence of nonspecific products was resolved by both the
analysis of the melting-point curves and by electrophoresis in a 3% agarose gel. GAPDH served as an internal
standard of mRNA expression.
It has been reported that the nna1 gene encodes two
different transcripts (Fern
andez-Gonz
alez et al., 2002).
We therefore used two pairs of primers to investigate
nna1 gene expression. The first pair (referred as
nna1Tr1) amplifies a specific sequence of the largest
transcript (1218 aa transcript). The second one (referred
as nna1Tot) recognizes both transcripts of the gene. The
primer sequences were: nna1Tr1 forward: 50 TGTCTGTGTGGAGGTGGGTA-30 , nna1Tr1 reverse:50 GGGCGGTCAGTTATCTT
CAG-30 ; nna1TrTot forward: 50 -CCCCATTGTAGTT
CCCACAG-30 , nna1TrTot reverse: 50 -CTTCCTTGGCT
TCCTCTCCT-30 ; GAPDH forward:50 -GCCTATGTGGCC
TCCAAGGA-30 , GAPDH reverse: 50 -GTGTTGGGTGC
CCCTAGTTG-30 . mRNA isolated from the cerebellum of
P20 PCD mice was used as a negative control.

Western-Blot Analysis
Protein lysates from the vermis of the cerebellum P20
control (n 5 3), P20 PCD (n 5 3), and P25 PCD mice (n
5 3), and from the OB of P70 control, P60 PCD, P70
PCD, and P90 PCD (n 5 3 for each group) were
obtained by homogenizing, using the gentleMACS DissoGLIA

ciator (Miltenyi Biotec, Bergisch Gladbach, Germany) in
lysis buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na3VO4, 1 lg/mL leupeptin, 0.01% of 100
mM PMSF, 0.005% (v/v) of NaF 1 M and 0.04% of CompleteTM (protease inhibitor cocktail Tablets; Roche Diagnostics, Penzberg, Germany) in distilled water. Final
protein concentrations were determined with the Bradford assay. The same amount of total protein from each
sample (30 lg/lane) was added to a 10% or 12.5% (v/v)
acrylamide gel, and was resolved by SDS-PAGE, and
transferred to PVDF membranes. Nonspecific binding
was blocked by preincubating the membranes with 5%
nonfat milk for 45 min at room temperature. The membranes were incubated with anti-GFAP, anti-guanylate
cyclase, anti-Iba1, anti-MMP-9, anti-NO-L-Cysteine,
anti-Olig2, anti-phospho-Stat3, and anti-phospho-p38
MAPK antibodies (Table 1) overnight at 4°C. Then, the
membranes were rinsed (3 3 5 min) in 0.5% PBS-Tween,
and the corresponding HRP-conjugated secondary antibodies (Amersham Biosciences, Barcelona, Spain)
diluted 1:5,000 in PBS-Tween were applied for 1 h at
room temperature. After washing with 0.5% PBS-Tween,
the membranes were incubated for 1 min with the commercial enhanced chemiluminescence kit (ECL; Amersham Biosciences). GAPDH served as a loading control
of total protein.

Tissue Preparation
After anesthesia with a 3:4 mixture of xylazine
(Rompum, Bayer, Kiel, Germany) and ketamine hydrochloride (Imalgene, Lyon, France), the mice were perfused with heparinized saline for 1 min followed, by a
fixative solution containing 4% paraformaldehyde and
0.2% saturated picric acid in 0.1 M phosphate buffer
(PB), pH 7.4, for 15 min. After perfusion, the vermis of
the cerebellum as well as the OBs were dissected out
and postfixed in the same solution for 2 h at room temperature. Then, the blocks were washed in PB and cryoprotected with 30% sucrose in PB, until they sank.
Thirty-lm-thick sagittal sections from the vermis and
coronal sections from the OB were cut using a freezingsliding microtome (Leica Frigomobil, Jung SM 2000,
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Nussloch, Germany). Slices were collected in PB and
stored at 220°C in a freezing mixture containing 30%
glycerol and 30% polyethylene glycol in PB, until use.
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or calretinin to discriminate the different neural populations that could be affected in the PCD cerebellum.

Electron Microscopy
Immunofluorescence
Cryo-cut sagittal sections from the vermis of control
and mutant mice of P15, P20, P25, and P30 days of age
and coronal sections from the OB of both experimental
groups of P50, P60, P70, P75, P80, P90 days (n 5 3 for
each experimental group) were treated with 1% NaBH4
in PB for 20 min as previously described (WeruagaPrieto et al., 1996), rinsed in PB (3 3 10 min), and incubated for 1 h in blocking serum containing 5% goat serum and 0.1% Triton X-100 in PB. Primary antibodies
(Table 1) were added to the same solution overnight at
4°C. Secondary antibodies (1:500; Jackson Laboratories)
were then applied for 2 h at room temperature. In addition, a double immunostaining method was also performed. In this case, primary antibodies were applied
jointly overnight at 4°C. Following this, secondary antibodies, conjugated with their corresponding fluorochromes, were also incubated together at room temperature for 2 h. Then, the sections were washed in PBS,
mounted on gelatin-coated slides, and coverslipped with
an antifade solution. The resulting material was examined with a confocal microscope (Leica TCS SP2, Nussloch, Germany).
To detect the BrdU expression, sections were treated
with 2M HCl at 37°C for 1 h and were then consecutively washed with 0.1 M borate buffer, pH 8.5, (3 3 10
min) and PBS (3 3 5 min) at room temperature. Finally,
sections were rinsed with PBS (3 3 5 min) and rat
monoclonal anti-BrdU antibody (Table 1) was applied for
3 days on a rotating table at 4°C. Sections were then
incubated with Cy2-conjugated anti-rat secondary antibody (1:500; Jackson laboratories) for 2 h at room temperature and finally mounted with antifade solution.

Terminal Deoxynucleotidyl Transferase-Mediated
Fluorescein dUTP Nick-End Labeling
(TUNEL) Staining
An in situ cell death detection kit (Roche Diagnostics,
Penzberg, Germany) was employed to search for apoptotic bodies. Tissue sections from the vermis and the OB
were postfixed with 4% paraformaldehyde in PB for 20
min. After rinsing with PBS (3 3 10 min), the sections
were treated with ethanol/acetic acid (2:1) for 5 min at
room temperature. Then, sections were rinsed in PBS (3
3 10 min) and permeabilized with 0.2% Triton X-100
and 0.1% sodium citrate diluted in distilled water at
room temperature for 15 min. Finally, tissues were incubated for 2 h at 37 °C with the TUNEL reaction mixture
containing terminal deoxynucleotidyl transferase and
the nucleotide mixture. The TUNEL assay was combined with immunohistochemistry for GFAP, Iba1, Olig2

To check the ultrastructure of MC during their degeneration in PCD mice, we harvested original samples
employed by Valero et al. (2006). In addition, three control (P20) and three PCD (P20) mice were used to analyze the ultrastructure of PC during the neurodegenerative processes. Mice were perfused with 3% glutaraldehyde and 1% paraformaldehyde in 0.12 M PB, pH 7.4.
The cerebellum was isolated and 500-lm-thick sagittal
sections were obtained using a vibratome (Microm HM
650V, Thermo Scientific, Waltham, USA). Then, they
were rinsed in PB, post-fixed in 2% osmium tetroxide,
diluted in double-strength buffer (containing 3.5% dextrose in 0.2 M PB, pH 7.4), dehydrated in acetone, and
embedded in Araldite (Durcupan ACM, Fluka, Switzerland). Ultrathin sections stained with uranyl acetate
and lead citrate were examined with a Philips EM-208
electron microscope operated at 60 kV.

Quantitative Analyses
For microarray analysis, the signal level was calculated using the Robust Microarray Analysis algorithm
(Irizarry et al., 2003), whereas differential expression
was calculated using the significance analysis of microarrays, which includes an estimation of the error by
means of the false discovery rate. For the real-time
PCR, statistical analysis was performed as previously
described (Ptaffl, 2001) using the SPSS software (v. 14.0,
Chicago, USA). Values are expressed as means 6 SD.
Statistical analyses were carried out using the Student
t-test to compare both experimental groups, once homoscedasticity (quality of samples with normal distribution
and equal variances) had been checked. Significant differences were considered at P < 0.05.
Quantification of western-blots (n 5 3 for each animal
group) was performed by densitometry analysis using
the ImageJ 1.45 software. The results were normalized
with respect to GAPDH.
Cerebellar and OB sections were chosen from control
and mutant animals to estimate the density of Olig2positive cells. The sections were chosen considering anatomical landmarks. In the case of the cerebellum, the
quantification was performed on equivalent sagittal sections of the vermis (where all cerebellar lobules were
clearly seen; n 5 5 per animal). Regarding the OB analyses, images from anatomically comparable bulbar sections (n 5 5 per animal) were selected (Baltan
as et al.,
2011c). Since the nna1 mutation causes a reduction in
the volume of both the cerebellum and the OB (Landis
and Mullen, 1978; Valero et al., 2006), the shrinkage
effect due to size reduction was considered and the densities were corrected in all comparisons by previous volume measurements. The data are expressed with
GLIA
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Fig. 1. Mitral cell loss in PCD mutant mice. A–D: Confocal images
of coronal sections of the OB of P90 control (A) and P60 (B), P70 (C),
and P90 (D) mutant mice stained with propidium iodide (PI). In control
mice, the somata of MC constitute a monolayer in the OB (A). Note the

progressive loss of these projecting neurons as degeneration advances
(B–D). EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer. Scale bar: (A–D) 5 100 lm.

respect to ‘‘corrected’’ conditions. The quantification of
cells and volume measurements was carried out in confocal images processed with the Leica confocal (v2.61)
and ImageJ 1.44 software (Scion Corporation, Bethesda,
USA). The values are also expressed as means6SD and
the same statistical analyses were carried out. Significant differences were considered at P < 0.05.

layer of MC somata, with large euchromatic nuclei and
well-defined nucleoli (Fig. 1A). The degenerative process
of the MC in the PCD took place later on and was
slower than that of the PC, occurring between the second and the fourth month of age (Fig. 1B–D). In
mutants, the disappearance of MC was detected at P60
(Fig. 1B) and advanced progressively, these neurons
being virtually absent at P90 (Fig. 1C,D).

RESULTS
Purkinje Cell and Mitral Cell Loss in PCD
Mutant Mice
The histology of the cerebellar vermis and the OB of
both the control and PCD mice were examined. The
time-course of PC death in the PCD mice was studied by
immunolabeling with calbindin D-28k (CB; a molecular
marker of PCs) in sagittal sections of the vermis. In control animals, CB specifically stained PC bodies as well
as their axons and dendrites (Supp. Info. Fig. 1A). At
P15, similar immunostaining patterns were observed in
both control and PCD mice, although scattered PC
exhibited alterations in their cytoarchitecture, such as
axonal swellings (Supp. Info. Fig. 1D). PC loss started
from P20 in the mutant animals and progressed rapidly,
resulting in a massive neuronal loss by P25 (Supp. Info.
Fig. 1D,E,J). In the OB, the loss of MC was examined in
coronal bulbar sections using propidium iodide cytochemical staining for nucleic acids (Fig. 1A–D). In control mice, this staining revealed the characteristic monoGLIA

Differential Glial Cell Reaction in the Cerebellum
and the OB of PCD Mutant Mice
Differential microglial activation
The distribution pattern and the morphology of cerebellar microglia were examined using an antibody
against Iba1 (a calcium-binding protein specifically
expressed in microglia). In control mice, resting microglia was homogenously distributed throughout all cerebellar layers, although mainly located in the granule
cell layer (GCL) and white matter (Fig. 2A). The morphological features characterizing these cells were a
small cell body and numerous thin, branched processes
(Fig. 2E). By contrast, in the PCD mice the microglia
displayed severe morphological changes, including hypertrophy of cell bodies and a progressive shortening
and thickening of their processes, which had spine-like
projections (Fig. 2F–H). In addition, modifications in the
normal distribution of these cells were observed. These

DIFFERENTIAL GLIOSIS IN THE PCD MICE
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Fig. 2. Purkinje cell degeneration induces microglia activation. A–
D: Confocal images of cerebellar sagittal sections of P20 control (A) and
P15 (B), P20 (C), and P25 (D) mutant mice immunolabeled for Iba1. In
control animals, resting microglial cells are dispersed throughout all
cerebellar layers, although they are mainly located in both the GCL
and the WM (A). These cells have small cell bodies with numerous
thin, extended neurites (E). At early stages of degeneration (P15), the
distribution pattern of microglia is similar to that of control mice (B).
However, several of them begin to display a slight increase in their

soma size, as well as a swelling and shortening of the neurites (F). At
P20, hypertrophied reactive glial cells mainly migrate to both the PCL
and ML (C). These cells show a notable increment in the cell body size,
exhibiting noticeably thicker ramifications (G). At advanced stages of
degeneration (P25), glial cells became to constitute a monolayer in the
PCL (D). These glial cells exhibit a higher degree of hypertrophy, with
scarce neurite ramifications (H). Scale bars: (A–D) 5 50 lm; (E–H) 5 5
lm. ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell
layer.

variations were particularly evident from P20 onwards
(Fig. 2C,D), when reactive microglial cells were mainly
confined to the molecular layer (ML) and PC layer (PCL;
Fig. 2B–D and Supp. Info. Fig. 1). Interestingly, microglial cell bodies were almost exclusively located in the
virtual PCL at advanced stages of PC degeneration and
loss (Fig. 2D).
Since, depending on the degree of brain injury, newly
generated reactive glial cells can be detected (Biber
et al., 2007; Garden and M€
oller, 2006), we prompt to analyze whether the cerebellum of PCD mice showed a
proliferation of reactive microglia. To do this, double
staining for Iba1 and BrdU incorporation into DNA was
performed (Fig. 3). Our results demonstrated that no
cerebellar microglial cells were proliferating in the control mice (Fig. 3A,D). By contrast, we identified a moder-

ate percentage of proliferating microglial cells in the
P20 PCD animals (33.56 6 2.91%, M 6 SD, n 5 3; Fig.
3B,D). Furthermore, as PC degeneration advanced
(P25), most proliferative cells detected in the cerebellum
of the mutants were identified as microglia (89.84 6
3.10%, n 5 3; Fig. 3C,D). These results agreed with the
progressive increase in Iba1 protein levels detected by
Western-blot in the vermis of both P20 and P25 mutants
(Fig. 4A).
We next examined the fine structure and organization
of activated microglial cells in the PCL. Two hallmarks
of glial activation were present in reactive microglial
cell bodies: a marked hypertrophy and the phagocytosis
of degenerated PCs (Fig. 5). Thus, some reactive microglial cells appeared closely associated with degenerating
PCs (Fig. 5C,D) or even engulfing them (Fig. 5E).
GLIA
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Fig. 4. GFAP and Iba1 are overexpressed in the cerebellum and the
olfactory bulb of PCD mice. A: Western blot analysis of GFAP and Iba1
in protein extracts from wild type (n 5 3) and PCD mouse cerebellar
vermis (n 5 3). Densitometry analyses demonstrated that both proteins
are upregulated in the PCD cerebellum. B: Western blot analysis of
GFAP and Iba1 in protein extracts from control (n 5 3) and P60, P70,
and P90 PCD mouse OB (n 5 3). Densitometry analyses demonstrated
that both proteins are upregulated in both the PCD cerebellum and olfactory bulb. Note that the increase of both proteins is more marked in
the cerebellum (A) compared with that in the OB (B). The GAPDH
expression band was used as a protein loading control.

Fig. 3. The glial reaction elicits microglia proliferation in the PCD
cerebellum. Double immunolabeling for Iba1 (red) and BrdU (green) in
control (A) and PCD mice (B, C). A: In control mice, no microglial cells
are proliferating (A, D). Note that as PC death proceeds, most of the
cerebellar proliferative cells are microglia (B–D). Scale bar: (A–C) 5 10
lm. The results are presented as mean (n 5 3) 6 SD. ***P < 0.001.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Furthermore, most activated microglia showed hypertrophied cell bodies with numerous mitochondria, abundant
lysosomes and well-developed rough endoplasmic reticulum, reflecting their high metabolic and protein synthesis activity (Fig. 5C,D).
Additionally, the microarray hybridization assays confirmed the up-regulation of a broad range of genes
involved in microglia activation. To facilitate a detailed
analysis of the data, the differentially overexpressed
genes detected in PCD cerebella were tabulated according to their functional involvement during the glial
response. Thus, up-regulated genes are preferentially
involved in pro-inflammatory- or lipopolysaccharideGLIA

mediated microglial activation, microglial migration and
proliferation, phagocytosis, and antigen presentation
(Table 2). In this regard, microarray (Fold: 11.94; P
value 5 0.002), Western blot and immunohistochemical
analyses revealed overexpression of the soluble guanylate cyclase, which catalyzes the formation of cGMP (a
secondary messenger involved in glial activation via the
NO/cGMP signaling pathway (Baltrons et al., 2008;
Dibaj et al., 2010; Supp. Info. Fig. 2), and is upregulated during gliosis. Additionally, Western-blot analysis demonstrated a higher rate of nitrosylated proteins,
a known consequence of glial activation (Wyss-Coray
and Mucke, 2002), in the PCD cerebellum as compared
with controls (Supp. Info. Fig. 2A).
Once the response of microglia during PC degeneration had been characterized, we then examined the reaction of this glial element to the degeneration of the MC
in the OB of PCD mice. Likewise, the response of microglia was studied from P50, prior to the onset of MC
degeneration, to P90, when most of MC had disappeared
in the PCD mice (Valero et al., 2006). In control mice,
Iba1-immunohistochemistry revealed resting microglial
cells distributed throughout all bulbar layers (Fig. 6A).
In P50 PCD mice, reactive microglia was homogenously
distributed throughout all bulbar layers (Fig. 6B). Interestingly, as degeneration of MC proceeded at P70 and
P90, the microgliosis in the PCD OB was not increased
compared with that observed at P50 (Fig. 6C,D). These
results were in agreement with Western-blot analysis,
which revealed an increase in Iba1-expression in
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Fig. 5. Ultrastructural analysis of reactive microglia. A,B: Light microscopy images of semithin sagittal cerebellar sections of P20 PCD
mice stained with toluidine blue. Note microglial cells engulfing
affected PC (arrows). C–E: Electron micrographs of P20 PCD mouse
cerebellum. Reactive microglia cells engulfing damaged PC can be

observed. Note the well-developed rough endoplasmic reticulum and
the numerous mitochondria in the microglial cell soma as well as the
heavy damage to the PC, characterized by cytoplasm swelling and
chromatin disruption. Scale bars: (A–B) 5 50 lm; (C–E) 5 5 lm.

the mutant OB as compared with the controls; this
overexpression was maintained throughout the period of
MC neurodegeneration (Fig. 4B). Activation of the bulbar microglia exhibited morphological changes similar to
those observed in the PCD cerebellar microglia, includ-

ing cell body hypertrophy and a thickening and shortening of their branches (Fig. 6E-H). However, it should be
noted that less bulbar microglia showed this reactive
phenotype in comparison to cerebellar microglia. Both
confocal and electron microscopy examinations revealed
GLIA
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TABLE 2. Genes Involved in the Microglia Activation Showing Changes in Expression in the Cerebellum of PCD Mice
Gene
Microglia activation by ATP
purinergic receptor P2X, ligand-gated ion channel, 7 (P2xr7)
Microglia Activation by lipopolysaccharide
Lipopolysaccharide binding protein (lbp)
Mitogen-activated protein kinase 1 (Mapk1; also known as Erk)
Mitogen-activated protein kinase 14 (Mapk14; also known as p38)
Myeloid differentiation primary response gene 88 (MyD88)
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2
Single immunoglobulin and toll-interleukin 1 receptor (TIR) domain
Microglial activation by pro-inflammatory mediators
Chemokine (C-C motif) ligand 21a (Ccl21a)
Chemokine (C-C motif) ligand 12 (Ccl12)
Chemokine (C-C motif) ligand 3 (Ccl3)
Chemokine (C-X-C motif) ligand 11 (Cxcl11)
Interleukin 1 receptor accessory protein-like 1 (Il1rapl1)
Interleukin 1 (Il1)
Interleukin 6 (Il6)
Interleukin 10 receptor, beta (Il10rb)
Interleukin 1 receptor antagonist (Il-1ra)
Interferon alpha responsive gene (Ifrg15)
Interferon inducible GTPase 2
Interferon regulatory factor 8
Interferon-related developmental regulator 2
Interferon gamma induced GTPase
Cell migration
Endothelial cell growth factor 1 (platelet-derived) (Ecgf1)
Endotelial differentiation, sphingolipid G-protein-coupled receptor, 3 (edg3)
Integrin beta 2
Cell proliferation
Colony stimulating factor 1 (macrophage)
Colony stimulating factor 2 receptor, alpha, low-affinity (granulocyte-macrophage)
Phagocytosis
CD36
RAR-related orphan receptor alpha (Rora)
Receptor tyrosine kinase-like orphan receptor 1 (Ror1)
Antigenic presentation
CD200 receptor 1 (Cd200r1)
CD80
C1q domain containing 2 (C1qdc2)
Stomatin (Stom)
Thrombospondin 1 (Thbs1)

that the morphological changes undergone were less
severe in comparison with those detected in the cerebellum of the PCD mice (Fig. 6 and Supp. Info. Fig. 3). No
preferential migration or repositioning of the reactive
microglia in the OB was observed either. Finally, the
enhancement of Iba1-expression in the PCD OB was lower
than that detected in the mutant cerebellum (Fig. 4).
To ascertain the proliferative rate of bulbar microglia in
the PCD mice, two different phases of neurodegeneration
were selected: an early (P50) and an advanced (P90) phase
of neuronal death. In control mice, about 20% of the proliferative bulbar cells (BrdU-positive) were Iba1-immunoreactive, and they were mainly located in the olfactory
nerve layer (Fig. 7A,E). In the PCD mice, a significant
increase in the proliferative rate of microglia was detected
at P50 in all bulbar layers, in agreement (with the microgliosis observed at this age (Fig. 7B,E). Interestingly, the
proliferative rate of microglia did not increase as MC
degeneration proceeded (P90; Fig. 7C,E).

Differential astroglial activation
The responses of astrocytes in both the cerebellum
and the OB of the PCD mutant mice were analyzed by
means of the expression of GFAP (glial fibrillary acidic
GLIA

Fold

P value

1 2.10

0.020

1 1.58
1 1.82
1 1.87
1 1.40
11.30
1 1.98

0.030
0.013
0.017
0.046
0.006
0.020

1 2.1
1 15.1
1 47.0
1 2.6
1 1.92
1 1.57
1 1.48
1 1.45
11.52
1 1.93
1 9.02
1 3.73
1 2.27
1 5.96

0.022
0.006
0.045
0.046
0.025
0.037
0.001
0.01
0.043
0.001
0.025
0.037
0.025
0.008

1 2.91
1 1.5
1 2.05

0.035
0.037
0.030

1 1.85
1 1.94

0.025
0.045

1 1.41
1 1.87
1 1.30

0.020
0.020
0.045

2.73
7.30
1.45
1.49
1.49

0.030
0.030
0.025
0.045
0.008

1
1
1
1
1

protein), typical marker of astrocytes, which is up-regulated in activated astrocytes after brain insult (Sofroniew and Vinters, 2010). Accordingly, the expression pattern of GFAP-positive astrocytes was examined by
immunohistochemistry. In the cerebella of control mice,
the typical appearance of GFAP-positive Bergmann glia
was framed as long, parallel, equally distributed fibers
crossing the whole of the ML, with moderately expanded
endfeet lining up along the pial surface. Bergman glia
cell bodies displayed low GFAP- immunoreactivity, but
were still clearly distinguishable from the stellated cell
bodies of the GFAP-positive astrocytes of the granule
cell layer (GCL; Fig. 8A–C). In P15 PCD mice, GFAP-immunoreactivity was slightly increased as compared to
controls, in particular in the outer zone of the ML,
where new immunoreactive cell bodies appeared intermingled with the existing Bergman fibers (Fig. 8D–F).
These astrocytes showed thicker processes than the resting astrocytes (Fig. 8D–F).
The up-regulation of GFAP expression was more noticeable in the cerebella of P20 mutant mice (Fig. 8G–I).
The astrocytic processes were hypertrophied, particularly in the P25 mutant mice, while the spatial architecture of Bergman fibers appeared disorganized and with
different degrees of GFAP immunostaining (Fig. 8J–L).
These results agree with the increase in GFAP protein
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Fig. 6. Mitral cell degeneration induces microglia activation. A–D:
Confocal images of coronal sections of P70 control (A) and P50 (B), P70
(C), and P90 (D) mutant mice immunostained for Iba1. In control mice,
resting microglia is homogenously distributed throughout all bulbar
layers (A). These cells display a small cell body with numerous thin,
extended neurites (E). At the beginning of degeneration (P60), an

increase in glial cells was detected in all bulbar layers, mainly in the
GL and the EPL (B). Note that the distribution pattern of reactive glia
is not modified as MC degeneration advances (C–D). Reactive microglia
exhibits changes in the cell body size together with a swelling and
shortening of their ramifications (F–H). Scale bars: (A–D) 5 100 lm;
(E–H) 5 5 lm.

levels observed with Western blotting at P20 and P25 in
mutant mice in comparison with controls (Fig. 4A).
Accordingly, several genes outstandingly involved in
astrogliosis appeared overexpressed in the cerebella of
the PCD mice (Table 3 and Supp. Info. Fig. 4).
The response of astrocytes was also evaluated during
MC degeneration (Fig. 9). In control mice, the GFAPpositive astrocytes were mainly located in the GL and
the inframitral layers of the OB (Fig. 9A). Interestingly,
GFAP overexpression was already detected at an early

phase (P50) of MC degeneration, being especially evident in cell processes located at the interface between
GL and olfactory nerve layer. These GFAP-positive cells
were probably hypertrophied glial ensheathing cells activated in response to MC degeneration, as previously
described (Monnier et al., 1999). Western-blot analysis
confirmed the up-regulation of GFAP in the mutant OB
(Fig. 4B), the increase persisting as MC degeneration
proceeded (Fig. 4B). The activation of GFAP-positive
cells in the OB of PCD mice was concomitant with the
GLIA
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distributed throughout all bulbar layers during MC
death.

Cerebellar oligodendrocytes but not bulbar ones
die by apoptosis in PCD mice

Fig. 7. Mitral cell death causes microglia proliferation. A–D: Double
immunolabeling for Iba1 (red) and BrdU (green) in control (A) and
PCD mice (B–D) reveals an increment of the proliferative rate of microglia in PCD mice. Quantitative analysis revealed the significant
increase in bulbar microglia proliferation in PCD animals compared
with controls (E). Interestingly, as MC degeneration advanced the proliferative rate of microglia did not increase (E). Scale bar 5 10 lm. The
results are presented as mean (n 5 3 per group) 6 SD. **P < 0.01.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

microglial reaction (Fig. 9D–F). Interestingly, astrocyte
activation in the OB was very similar at all ages studied
(Fig. 9G–L), thus differing from the response observed
in the PCD cerebellum. In correlation with the microglia
response in the OB, mutant mice astrocytes did not preferentially migrate to the MCL, but were homogenously
GLIA

Immunohistochemistry for Olig2 was employed to analyze the distribution pattern of oligodendrocytes in the
cerebellar cortex and OB. In the cerebellar cortex of the
control mice, these cells were mainly located in both the
white matter and the GCL, although few scattered oligodendrocytes were also detected in the ML (Fig. 10A).
This immunohistochemical analysis pointed to a reduction in Olig2-positive cells in PCD mice, particularly
during the late phases of PC degeneration (Fig. 10C,D).
Thus, quantitative estimation of Olig2-positive cell density revealed no differences between control and PCD
mice at P15 (control: 793 6 23 cells/mm2; PCD: 754 6
41 cells/mm2) but this cell density was significantly
lower in PCD mice at P25 as compared to age-matched
controls (Fig. 10C,D; P25 control: 850 6 11 cells/mm2;
P25 PCD: 410 6 23 cells/mm2; M 6 SD; P < 0.01; n 5 3
for each group). This reduction was consistent with the
decrease in both Olig2 gene expression (Olig2: Fold5
22.02; P value5 0.022) and its protein levels as demonstrated by Western-blot (Fig. 10E).
We next combined the TUNEL assay together with
immunofluorescence for Olig2 to link the reduction in
the density of oligodendrocytes to the apoptotic events of
these cells. TUNEL- and Olig2-positive cells were not
detected in control mice (data not shown), but they were
observed in the GCL and white matter of pcd mice cerebella, demonstrating the existence of oligodendrocyte apoptosis during PC degeneration (Supp. Info. Fig. 5A–C).
In addition, immunohistochemical analysis revealed that
TUNEL-positive cells were neither microglia nor astrocytes nor unipolar brush cells (other type of cerebellar
interneurons located in the GCL; data not shown).
Because Olig2 stained both mature and precursors oligodendrocytes (preOL; Kuhlmann et al., 2008), we performed a co-staining for Olig2 and BrdU to specifically
investigate the preOL population (Fig. 11A). In control
mice, most proliferative cells in the cerebellum were
preOL. It should be noted that other proliferative cells
(single BrdU-positive cells) were observed at the pial
surface, which probably corresponded to dividing meningeal cells, as previously described (Mecha et al., 2010).
By combining a specific marker for preOL, the NG2 proteoglycan, with the BrdU detection (data not shown), we
confirmed that most BrdU-positive cells were preOL.
The immunofluorescence for Olig2 had better resolution
than that for NG2, and hence the number of BrdU- and
Olig2-positive cells was quantified to estimate the percentage of preOL present in both the control and PCD
vermis. In the control mice, most of the proliferative cerebellar cells were oligodendrocytes (Fig. 11B). At P20,
the percentage of preOL in the PCD mice was significantly reduced (about 50%) as compared to controls (Fig.
11B), this reduction being even more dramatic (about
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Fig. 8. Purkinje cell degeneration induces astrocyte activation in
the cerebellum. A–D: Confocal images of cerebellar sagittal sections of
P20 control (A–C) and P15 (D–F), P20 (G–I), and P25 (J–L) mutant
mice co-stained for GFAP (green) and Iba1 (red). In control animals,
GFAP-positive astrocytes are distributed throughout all cerebellar
layers, the homogeneous labeling of the Bergmann glia palisade fibers
being noticeable (A). During early phases of PC degeneration (P15),
GFAP is particularly strongly overexpressed in the astrocytes located in

the outermost ML (D). At P20, the reactive astrocytes are mainly
located in the ML and PCL, the palisade fibers showing a more discrete
appearance (G). At P25, note that activated astrocytes are aligned in
the PCL (J). Note that astrocyte reaction is concomitant with microglia
activation (C, F, I, L). ML, molecular layer; PCL; Purkinje cell layer;
GCL, granule cell layer. Scale bar 5 50 lm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

80%) at P25 (Fig. 11B). These results were in agreement
with the decrease in the density of cerebellar oligodendrocytes described above, and with the reduction in the
gene expression level of Cspg4 (the gene that encodes
the NG2; Cspg4: Fold5 21.62; P value 5 0.025)
detected in the microarray analysis. In conclusion, the
population of preOL was severely affected in the cerebellum along PC degeneration.

Cerebellar oligodendrocytes died during PC degeneration and therefore such susceptibility was also checked
for oligodendrocytes in the OB of PCD mice during the
period of MC neurodegeneration (Fig. 12). In control
mice, Olig2-immunostaining revealed oligodendrocytes
homogenously distributed throughout all bulbar layers
(Fig. 12A). An apparent increase in the density of bulbar
oligodendrocytes was observed in the PCD mice as MC
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TABLE 3. Genes Involved in Astrocyte Activation Showing Changes in
Expression in the Cerebellum of the PCD Mice
Gene
Astrocyte activation
Fibronectin 1 (Fn1)
Cathepsin L (Ctsl)
Matrix metalloproteinase 9 (MMP-9)
Mitogen-activated protein kinase 14
Neurofibromatosis 1 (Nf1)
Nuclear factor of activated T-cells, cytoplasmic,
calcineurin-dependent 2 (Nfatc2)
Prostaglandin E receptor 2 (subtype EP2)
Signal transducer and activator of
transcription 3 (Stat3)
Transforming growth factor alpha (TGF-a)

Fold

P value

12.22
13.63
11.82
11.92
13.08
12.15

0.030
0.045
0.037
0.025
0.002
0.004

12.42
12.01

0.008
0.013

11.50

0.030

degeneration advanced (Fig. 12B–F). However, after the
‘‘shrinkage correction,’’ quantitative analysis demonstrated no significant changes at any age studied. In
fact, the Western-blot for Olig2 did not reveal differences
in protein levels in OB between the control and PCD
mice at P90 (not shown). Moreover, the combination of
TUNEL assay with Olig2 immunohistochemistry did not
reveal any colocalization, supporting the notion that oligodendrocytes did not undergo apoptosis in the OB of
PCD mice. Finally, the percentage of bulbar preOL did
not vary significantly during the degeneration of the MC
as compared with controls (control: 51,35 6 6,36%; P50
PCD: 45,7 6 7,70%; P90 PCD: 44,68 6 3,52%; M 6 SD).
Taken together, our results indicate that bulbar oligodendrocytes, both mature and precursors are not specifically affected in the OB of PCD mice.
Differential nna1 Gene Expression in the
Cerebellum and the OB
The expression level of this gene was examined both
in the cerebellum and the OB of control mice at ages
covering the time window for the degeneration of both
neuronal types occurring in the PCD mutants (from P10
to P25 and from P50 to P80). This expression was normalized with respect to the expression of a housekeeping
gene, GAPDH.
In the control cerebella, nna1 gene transcription was
significantly increased between P15 and P25, in comparison with the other ages studied (Fig. 13). By contrast, in
the OB, no changes in nna1 expression were detected at
any age analyzed (Fig. 13). It should be noted that between
P15 and P25 nna1 gene expression was 5-fold higher in
the cerebellum than in the OB (##P < 0.01), but in the rest
of the stages studied (from P50 to P80) no differences were
observed in nna1 expression between these two nerve centers (Fig. 13). In addition, at P20 in the cerebellum the
sequence amplifying all nna1 transcripts (TrTot) was significantly higher (*P < 0.05) compared with that recognizing only the larger nna1 transcripts (Tr1).
DISCUSSION
The degeneration of PC and MC in PCD mutant mice
stimulates both microglial and astroglial activation since
GLIA

it occurs following neurodegenerative events (Graeber
and Streit, 2010; Sofroniew and Vinters, 2010). What is
noteworthy, however, is that both glial types respond differentially to two distinct neurodegenerative scenarios
originated by the same mutation.
The glial response is characterized by a well-known
sequence of events including: (i) the release of a set of
inflammatory molecules, (ii) cell proliferation, (iii) cell
body hypertrophy, (iv) migration toward the injured tissue, and (v) activation of the phagocyte machinery (in
the case of microglia), among others (Sofroniew and
Vinters, 2010). Depending on the extent of the brain
damage, the degrees of gliosis can be markedly different,
ranging from moderate to severe (Graeber and Streit,
2010; Sofroniew and Vinters, 2010). In the moderate
state, the reactive glia confers neuroprotection to the
damaged region and inhibits its own toxicity by releasing anti-inflammatory mediators (Milligan and Watkins,
2009). The severe reaction leads to an imbalance
between pro-inflammatory- and anti-inflammatoryreleased mediators: more noxious inputs remain, thus
increasing the already existing degenerative environment. Some authors have colloquially referred to this
dual activity as a ‘‘double-edged sword’’ (Wyss-Coray and
Mucke, 2002), but the mechanisms eliciting each
response remains to be elucidated.
On the basis of the present results, it is speculative to
determine which of the glial reactions are generated by
the neurodegeneration occurring in the cerebellum and
the OB of this animal model. However, our evidence suggests that PC degeneration seems to trigger a severe
gliosis in PCD mice. By contrast, MC death could generate an anti-inflammatory state of the bulbar glia. This
may be directly related to the different time-courses in
which each neuronal type is degenerating due to the
nna1 mutation, which in turn can be caused by the different nna1 requirements. Subsequently, the different
time-courses of PC and MC death could also be a consequence, at least in part, of the singular protective/degenerative environments generated by the local glia in each
region.

Different Glial Reactions in the Cerebellum and
OB of PCD Mice
Some molecules such as IL-4 mainly act during the
balanced glial reaction whereas other interleukins, such
as IL-6, are mainly released in severe glial reactions
(Correa-Cerro and Mandell, 2007; Milligan and Watkins,
2009). Our microarray analysis clearly demonstrated the
up-regulation of many genes that encode pro-inflammatory proteins rather than anti-inflammatory ones in the
cerebella of PCD mice (Tables 2 and 3). Interestingly, in
these cerebella an exaggerated cAMP accumulation has
been reported, reflecting a severe-type gliosis (Ghetti et
al., 1981). It is known that the synthesis of nitric oxide
(NO) by the inducible form of NO synthase (iNOS)
mainly occurs under pro-inflammatory conditions, and
that it has pathological consequences such as the
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Fig. 9. Mitral cell degeneration induces astrocyte reaction. A–L:
Confocal images of bulbar coronal sections of P20 control (A–C) and
P15 (D–F), P20 (G–I), and P25 (J–L) mutant mice co-stained for GFAP
(green) and Iba1 (red). In control animals, astrocytes are distributed
throughout all cerebellar layers, although they are mainly confined to
the GL and the inframitral layers (A). At P50, the astrocyte reaction is
evident in all bulbar layers (D). Note that the astrocyte distribution
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does not vary as MC degeneration proceeded (G–J). The astrocyte reaction is concomitant with the microglia activation (B, E, H, K). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer;
IPL, internal plexiform layer; GCL, granule cell layer. Scale bar: (A–L)
5 50 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 10. Cerebellar oligodendrocytes disappear in PCD mice. A–D:
Confocal images of cerebellar sagittal sections of P20 control (A) and
P15 (B), P20 (C), and P25 (D) mutant mice labeled for Olig2. A: In control mice, oligodendrocytes are mainly confined to both the WM and the
GCL. Scattered oligodendrocytes can also be observed in the ML. Note
the progressive reduction in the density of Olig2-reactive cells in the
cerebellum of PCD mice as PC degeneration advances (B–D). E: Immu-

noblot for Olig2 in P20 control and PCD mouse vermis samples. Densitometry analysis was performed, and it revealed the reduction in the
amount of Olig2 protein in the PCD samples compared with the control
one. The results are presented as mean (n 5 3 per group). GAPDH was
used as loading control Scale bar: (A–D) 5 50 lm. ML, molecular layer;
PCL, Purkinje cell layer; GCL, granule cell layer; WM, white matter.

Fig. 11. The proliferation of the precursors of oligodendrocytes is
decreased in the cerebellum of PCD mice. A: Confocal image of a sagittal section of P20 control mice double-labeled for Olig2 (red) and BrdU
(green). B: In control mice, quantification shows that a high percentage
of proliferative cerebellar cells are oligodendrocytes. As PC degenera-

tion proceeds, the percentage of preOL decreases progressively and dramatically (B). The results are presented as mean (n 5 3 per group) 6
SD. ***P < 0.001. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Fig. 12. Bulbar oligodendrocytes are not affected in PCD mice. A–F:
Confocal images of bulbar coronal sections of P70 control (A) and P50
(B), P60 (C), and P70 (D), P75 (E), and P90 (F) mutant mice stained for
Olig2. In both control and mutant animals, oligodendrocytes are homogenously distributed throughout all bulbar layers. As mitral cell degen-

formation of reactive oxygen species (Milligan and Watkins, 2009). A previous work reported the up-regulation
of the gene encoding this enzyme in the cerebella of
PCD mice (Kyuhou et al., 2006). As a consequence, an
S-nitrosylation of proteins (Gu et al., 2002; Sternlicht
and Werb, 2001) or/and an increment in cGMP levels
(Marcoli et al., 2006) may be induced. The up-regulation
of guanylate cyclase as well as the nitrosylation of proteins was confirmed in the PCD cerebella. These outcomes are directly correlated with the increased activity
of the iNOS enzyme (Kyuhou et al., 2006), which triggers the negative effect of the NO synthesized by this
enzyme. By contrast, the re-analysis of the microarray
data obtained from the OB of PCD mice (Valero et al.,
2006) has not revealed an up-regulation of the main
genes encoding pro-inflammatory mediators such as IL1, IL-6, MMP-9 or iNOS (original data not shown). Furthermore, guanylate cyclase was not overexpressed in
the PCD OB, as occurred in the cerebellum (Supp. Info.
Fig. 6), and no accumulation of bulbar nitrosylated proteins was detected (data not shown).
Ours results in the PCD cerebellum demonstrated a
strong increase in the proliferative rate of cerebellar
microglial cells as PC degeneration proceeded. This
increase seems to reflect the severity of the inflammatory response in the mutant cerebella. In agreement
with this view, the proliferative rate of PCD microglia in
the OB, where the proinflammatory mediators are not
up-regulated, was markedly lower than that of the cerebellum, and it did not increase as MC degeneration
advanced.
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eration proceeds, the density of oligodendrocyte seems to increase. Note
however, the severe reduction in the volume of the mutant OB. GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer;
IPL, internal plexiform layer; GCL, granule cell layer. Scale bar: (A–F)
5 50 lm.

Fig. 13. The nna1 gene is differentially expressed in the cerebellum
and the OB mRNA expression level of nna1Tr1 and nna1TrTot in both
the cerebellar vermis and the OB of control mice at ages of P10, P15,
P20, P25, P50, P60, P70, P80. Both nna1transcripts are significantly
up-regulated from P15 to P25 in the vermis as compared with the rest
of the ages analyzed. Note that at P20 the primers that amplified the
shared sequence of the two nna1 transcripts are more expressed than
that which amplified the larger one. By contrast, from P50 onwards the
expression level of both nna1 transcripts is lower and remains unaltered in the cerebellum. In the OB of control mice, the expression level
of nna1 transcripts does not vary at any age studied. From P15 to P25
the expression level of nna1 is higher in the cerebellum compared with
the OB.

Another sign enlightening the degree of gliosis is the
shape and distribution of reactive glial cells in the damaged region (Forstreuter et al., 2002; Sofroniew and
Vinters, 2010; Ullrich et al., 2001). In the cerebella of
PCD mice, microglia and astroglia seem to undergo an
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anisomorphic reaction/gliosis and their glial processes
progressively demarcated the PCL as PC degeneration
proceeded. In this regard, it is well known that the
Stat3 protein, a protein overexpressed in PCD cerebella,
is a critical regulator in glial scar formation (Herrmann
et al., 2008). In contrast, both reactive astrocytes and
microglia were homogenously distributed throughout all
bulbar layers of the PCD mice.

Cerebellar But Not Bulbar Oligodendrocytes
Die in PCD Mice
preOL are specifically affected by uncontrolled glial
activation (Bradl and Lassmann, 2010; McTigue and Tripathi, 2008). Here, we demonstrate for the first time the
death of cerebellar oligodendrocytes and the decrease in
preOL in PCD mice, while bulbar oligodendrocytes are
not affected. Only the PC and granule cells transcribe
the nna1 gene in the cerebellum and by the MC in the
OB (Fern
andez-Gonz
alez et al., 2002); consequently, the
oligodendrocyte death demonstrated here cannot be
directly imputed to the loss of nna1 expression. Different brain insults resulting in axon demyelination lead to
oligodendrocyte death (Marignier et al., 2010; Wang et
al., 2010). It should be noted that as mutant PC died,
numerous myelinated axons disappeared. However,
although axonal swelling was detected in early degenerating PC, both double immunohistochemistry for calbindin and MBP (Myelin Basic Protein; data not shown)
and electron microscopy analysis demonstrated that PCs
exhibiting morphological alterations, including axonal
torpedoes, had a preserved myelin sheath, even when
partial oligodendrocyte death already existed. In this
regard, MC axons in the OB also disappeared, but oligodendrocyte populations were not affected. Therefore, a
demyelination mechanism does not seem to be the primary cause of cerebellar oligodendrocyte death in PCD
mice.

Differential nna1 Expression in the
Cerebellum and the Olfactory Bulb
PC and MC share the expression of the nna1 gene
(Fern
andez-Gonz
alez et al., 2002). Our work is the first
to examine the transcriptional rate of this gene in both
the cerebellum and the OB in control mice, in particular
in the time-windows in which the PC and MC die in
PCD mice. The values of nna1 expression were similar
in the cerebellum and the OB along time, but not
between P15 and P25, when nna1 showed a 4-fold
higher expression in the cerebellum as compared with
the OB. The authors of recent works have proposed that
nna1 encodes an enzyme involved in the stabilization of
microtubules (Kalinina et al., 2007; Rodrıguez de la
Vega et al., 2007; Rogowski et al., 2010), which begins
around P15 (Cambray-Deakin and Burgone, 1987).
Therefore, the strong up-regulation of the nna1 gene in
the cerebellum between P15 and P25 correlates with the
GLIA

proposed role for this gene, and it is coincident with the
onset of PC degeneration in PCD mice (Landis and
Mullen, 1978). It should be noted that in the cerebellum
both PC and granule cells transcribe the nna1 gene
(Fern
andez-Gonz
alez et al., 2002). Thus, the peak of
nna1 expression detected between P15 and P25 could
also be due to nna1 transcription not only by the PC but
also by the abundant population of maturing granule
cells.
nna1 gene expression in the OB remained invariable
from P10 onwards (at least to P80), being significantly
lower than that observed in the cerebellum, from P15 to
P25. Unfortunately, there is no evidence about the timewindow when the stabilization of microtubules occurs in
MC. The expression of five nna1-homologues in the
mouse brain has been reported (Kalinina et al., 2007;
Rodrıguez de la Vega et al., 2007; Rogowski et al., 2010).
These authors suggest that one or more of them could
partially restore the Nna1 function in the MC of
mutants, thus delaying MC death. However, to date,
there is no evidence supporting this idea.
In light of the above, lack of the nna1 gene seems to
affect PC and MC differently, triggering a dramatic neurodegenerative process in the former. As a consequence,
a severe gliosis is brought about, leading to a neurotoxic
rather than a neuroprotective effect in the cerebellum.
This harmful environment probably accelerates PC
death and further affects the oligodendrocyte population.
However, based on our present results, we cannot state
conclusively whether the glial reactions are purely dependent on the intensity of neurodegeneration or
whether they might drive the progression of neurodegeneration. Our previous quantitative analysis performed in the OB (Valero et al., 2006) and cerebellum
(Baltan
as et al., 2011b) showed that the density of mitral cells dying at P70 (Valero et al., 2006) was almost
the same as the density of PC death observed at P20 in
the cerebellum (Baltan
as et al., 2011b). Thus, the intensity of neurodegeneration observed at P20 in the cerebellum could be compared with that detected at P70 in
the OB. However, our results reveal major differences in
the glial activation patterns between the cerebellum and
the OB. Accordingly, glial activation seems to be not
only purely reactive and dependent on the intensity of
neurodegeneration- but also seems to participate
actively in its progression. In this regard, microglial
cells have been demonstrated to be involved in developmental PC death (Marın-Teva et al., 2004). Taken together, these results are in agreement with a previous
work in which the administration of minocycline, an inhibitor of glial activation (Kyuhou et al., 2006), resulted
in a decrease in PC death, as well as an improvement of
motor coordination in PCD mice (Kyuhou et al., 2006).
Thus, a reduction of the pro-inflammatory state due to a
blockade of NO synthesis could reduce the existing neurotoxic environment in the cerebellum. By contrast,
nna1 deficiency could trigger a balanced gliosis in the
OB, thereby providing a neuroprotective environment
rather than a neurotoxic one. This delays MC death and
has no effect on bulbar oligodendrocytes.

DIFFERENTIAL GLIOSIS IN THE PCD MICE

This explanation could help clarify why different neuronal types, located in different brain structures but
affected by the same mutation exhibit markedly different degeneration time-courses, eliciting differential glial
responses. The potential roles of activated glial cells and
their consequences in the damaged regions must be
considered in neurodegenerative models and related
pathologies.
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Supporting Information Figure 1. Reactive microglia are mainly confined to the Purkinje cell layer in
PCD animals (A-L) Confocal images of sagittal sections of P20 control (A-C) and P15 (D-F), P20 (G-I), and
P25 (J-L) mutant mice double labeled for calbindin D28k (green) and Iba1 (red). Note that as the
degenerative process of PC advances, the microglia occupies the places where the PC were formerly
located in the PCL. Scale bar = 50 µm.

Supporting Information Figure 2. The PCD cerebellum displays an overexpression of both nitrosylated
proteins and the guanylate cyclase enzyme. (A) Western-blot analysis for protein lysates of both P20
control and PCD mouse vermis. Note that the proteins of the PCD mice are more nitrosylated than in the
control mice. (B-C) Confocal images of a sagittal section of the vermis of P20 control and PCD mice
immunostained for soluble guanylate cyclase. Note that the PC of the mutant mice overexpress this
enzyme (arrowheads). Densitometry analysis was performed, and it revealed the reduction in the amount
of guanylate cyclase protein in the PCD sample compared with the control one. For statistical analysis, the
numbers of samples were 3 for each genotype. GAPDH was used as loading control. Scale bars: (A-B) =
100 µm.

Supporting Information Figure 3. Ultrastructural analysis of bulbar microglia. Electron micrographs of
olfactory bulb microglial cells from a PCD mouse at P90. (A) A non-reactive microglial cell in a
degenerative neuropile with numerous myelinated nerve fibers in different stages of degeneration. The cell
shows a large nucleus with a peripheral layer of heterochromatin and a narrow band of perinuclear
cytoplasm poor in organelles. (B) Detail of a moderately reactive microglial cell with large heterochromatin
clumps and an extensive cytoplasm that includes numerous free polyribosomes, isolated cisterns of rough
endoplasmic reticulum, several mitochondria and dense bodies identified as lysosomes. Note the
presence, in the proximity of the microglial cell, of myelinated nerve fibers with myelin aberrations and
axonal degeneration, the latter characterized by the high electron density of the axoplasm. Scale bar: 2µm.

Supporting Information Figure 4. MMP-9, phospho-p38 MAPK and phospho-Stat3 are overexpressed in
the vermis of PCD mice. Immunoblots for both MMP-9 and the phosphorylated forms of both p38 MAPK
and Stat3 reveal an increase in the amount of these proteins in the vermis of P20 mutant mice as
compared with controls ones. For statistical analysis, the numbers of samples were 3 for each genotype.
GAPDH served as loading control.

Supporting Information Figure 5. Apoptotic cerebellar oligodendrocytes are found in PCD mice. (A-C)
Double staining for TUNEL (A) and Olig2 (B) reveals cerebellar oligodendrocytes of PCD mice dying by
apoptosis. Scale bar: (A-C) = 20 µm.

Supporting Information Figure 6. The guanylate cyclase enzyme is not overexpressed in the PCD OB.
(A-B) Confocal images of coronal sections of P80 control (C) and PCD mice (D) immunolabeled for the
guanylate cyclase enzyme. In control mice, this enzyme is mainly expressed in the juxtaglomerular
neurons of the OB. The distribution pattern of the guanylate cyclase is virtually the same in the mutants
OB (B). Note the evident reduction of the bulbar area in the PCD mouse sections. Scale bar = 50 µm.

