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Abstract
Canavan disease (CD) is a neurodegenerative disease, caused by a deficiency in the enzyme
aspartoacylase (ASPA). This enzyme has been localized to oligodendrocytes; however, it is still
undefined how ASPA deficiency affects oligodendrocyte development. In normal mice the pattern
of ASPA expression coincides with oligodendrocyte maturation. Therefore, postnatal
oligodendrocyte maturation was analyzed in ASPA-deficient mice (CD mice). Early in development,
CD mice brains showed decreased expression of neural cell markers that was later compensated. In
addition, the levels of myelin proteins were decreased along with abnormal myelination in CD mice
compared to wild-type (WT). These defects were associated with increased global levels of acetylated
histone H3, decreased chromatin compaction and increased GFAP protein, a marker for astrogliosis.
Together, these findings strongly suggest that, early in postnatal development, ASPA deficiency
affects oligodendrocyte maturation and myelination.
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Introduction
Canavan disease (CD) is a devastating neurodegenerative disease, characterized by
developmental delays and mental retardation (Matalon et al., 1995). CD patients display
degeneration of the white matter, demyelination and, as shown by histological analysis, a
spongy brain appearance. These effects are caused by a recessive mutation in the aspartoacylase
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(ASPA)-encoding gene (Adachi et al., 1973; Matalon et al., 1988; de Coo et al., 1991). ASPA
is an enzyme reported to be involved in the hydrolysis of N-acetyl-aspartate (NAA) into acetate
and aspartate (Kaul et al., 1991; Moffett et al., 2007). CD is therefore characterized by a
dramatic increase in NAA levels and a decrease in the products acetate and aspartate
(Hagenfeldt et al., 1987; Bluml, 1999; Kumar et al., 2006). Early observations suggested an
association of CD with oligodendrocytes due to loss of white matter as a result of the absence
of functional ASPA (Kaul et al., 1991). ASPA mRNA was localized to the white matter of
postnatal rats (Kirmani et al., 2003) and mice (Kumar et al., 2009), in oligodendrocytes
(Baslow, 1999; Bhakoo and Pearce, 2000; Bhakoo et al., 2001; Kirmani et al., 2003; Klugmann
et al., 2003; Madhavarao et al., 2004), and also in purified myelin (Wang et al., 2007), thereby
suggesting the potential involvement of ASPA in oligodendrocyte development. Furthermore,
numerous studies have implicated the role of hydrolyzed NAA in supplying acetyl groups for
lipid synthesis, an important component of myelin (D’Adamo et al., 1968; Burri et al., 1991;
Miller, 1996; Chakraborty et al., 2001). It is believed that NAA plays an important role and
serves as a type of neuronal support in myelin formation (Chakraborty and Ledeen, 2003;
Wang et al., 2009). In addition, a decrease in the synthesis of myelin-associated lipids and
reduced acetate levels have been reported during myelination in CD mice (Madhavarao et al.,
2005), suggestive of altered lipid synthesis (Ledeen et al., 2006; Namboodiri et al., 2006), and
of a significant role of ASPA in oligodendrocyte maturation. Besides the role in myelin
formation and function, acetylation also modulates the function of nucleosomal histones,
chromatin components that have been shown to play a critical role in the expression of genes
important for oligodendrocyte maturation (Liu and Casaccia, 2010). Based on these premises,
we hypothesized that ASPA could play a critical role in oligodendrocyte development and
contribute to CD pathophysiology.

Since CD is a childhood disease, a study of oligodendrocytes and their development during
the early stages of disease pathogenesis is crucial to better understand the underlying
mechanisms of disease progression.

In the present study, in order to better understand the role of ASPA in oligodendrocyte
maturation we investigated early postnatal development in a mouse model of CD, which carries
a mutation in the ASPA gene causing a defect in enzyme activity (Matalon et al., 2000).

Materials and methods
Animals

Animals were obtained from R. Matalon (Galveston, TX) and housed at UCLA, in a controlled
facility, with a temperature of 37 °C, under a light/dark cycle and food ad libitum. Mouse
genotypes were confirmed by tail clipping and PCR using the following primers: ASPA (F-
TTTTAACGCTTAATTTTCTCAACA, R-TTGGTTAAGTTTTGCACAGACC), and ASPA
F with IRES (R-AGGAACTGCTTCCTTCACGA), yielding a fragment of 257 bp for
ASPA+/+ and 457 bp for ASPA−/− mice, respectively. ASPA+/− mice showed both fragments.
DNA was isolated using Genscript TissueDirect Multiplex System (Genscript Corporation,
Piscataway, NJ) and amplified using the GeneAmp PCR Reagent Kit (Applied Biosystems,
Foster City, CA). Mice were sacrificed at different ages (P1, 7, 15, 20, 30, and 60), and 3–4
wild-type (WT) or CD mice were used for each time point, and were analyzed in 3–4
independent experiments. The studies were performed in accordance with the NIH guidelines
for the Care and Use of Laboratory Animals, and approved by the UCLA Chancellor’s Animal
Research Committee.
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Immunohistochemistry
Animals were anesthetized and perfused intracardially with 4% paraformaldehyde (PFA) in
1× PBS. The brain was removed, post-fixed overnight in 4% PFA at 4 °C, cryopreserved in
15% sucrose and embedded in Tissue Tek OCT compound. Frozen sections were cut at 12
μm. When sections were used, they were blocked in carrier solution (1% bovine serum albumin
+0.3% Triton-X100 in PBS) containing 20% normal goat serum (NGS) for 1 h, followed by
an overnight incubation with primary antibody at 4 °C in carrier solution containing 5% NGS.
Sections were incubated with the appropriate secondary antibodies conjugated to Cy3 (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA) or Alexa Fluor® 488 (Molecular Probes,
Eugene, OR) and then mounted in Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA). Immunostained sections were analyzed using a Zeiss
Axioskop 2 florescence microscope with a Hamamatsu ORCA digital camera, a Zeiss LSM510
META confocal microscope, or an Olympus IX81 microscope equipped with a motorized z-
stage and a Hamamatsu ORCA-ER CCD camera. For quantification, three sections per mouse,
three mice per group were evaluated. Primary antibodies used were rabbit anti-α-internexin,
mouse anti-proteolipid protein (PLP) and rabbit anti-Sox2 (Millipore, Temecula, CA), rabbit
anti-doublecortin and rabbit anti-caspase-3, which recognizes the activated form of this protein
(Cell Signaling, Danvers, MA), rabbit anti-glial fibrillary acidic protein (GFAP) and rabbit
anti-myelin basic protein (MBP) (DakoCytomation, Glastrup, Denmark, UK). Cell counts for
Sox2 and caspase-3 were performed in blind fashion. Five fields per section in three
consecutive sections per animal were counted. Three mice per group were analyzed. Sox2 was
analyzed in the subventricular area at the caudal region of the ventricle and caspase 3 in the
corpus callosum. The brain structures were analyzed using hematoxylin and eosin (H&E)
staining and visualized using Axiovision software on a Zeiss Axioskop CCD camera. Total
cell counts were performed in a region that included the white matter and the deeper layers of
the cerebral cortex, as depicted by the outlined region in Fig. 2A.

Western blot
The cerebral cortex (CX) and white matter (WM) from wild-type and CD mice were rapidly
dissected and homogenized in lysis buffer containing 50 mM Tris–HCl, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EGTA, 1% NP-40, 1 mM sodium vanadate, 1 mM AEBSF,
10 μg/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin, and 4 μM sodium fluoride, and
Western blotting analyses were performed as previously reported (Ghiani and Gallo, 2001;
Ghiani et al., 2010). Protein concentrations were determined using the Pierce BCA™ Protein
Assay kit (Rockford, IL). Twenty-five to 35 micrograms of total proteins were loaded onto a
4–20% Tris–glycine gel (Invitrogen, Carlsbad, CA). Equal protein loading was verified by
Ponceau S solution (Sigma, Saint Louis, MI) reversible staining of the blots. Protein bands
were detected by chemiluminescence using the Amersham ECL kit (GE Healthcare,
Piscataway, NJ) with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling,
Danvers, MA). Relative intensities of the protein bands were quantified by scanning
densitometry using the NIH Image Software (Image J, http://rsb.info.nih.gov/ij/). α-Tubulin
was used as reference standard. The following primary antibodies were used: rabbit polyclonal
anti-GFAP and rabbit polyclonal anti-MBP (DakoCytomation, Glastrup, Denmark, UK),
mouse monoclonal anti-2′,3′-cyclic nucleotide 3′-phosphodiesterace (CNPase) and rabbit
polyclonal anti-acetyl-histone 3 (Millipore, Temecula, CA), rabbit polyclonal anti-histone H3
(Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-αIII tubulin (Covance,
Berkeley, CA) and mouse monoclonal anti-α-tubulin (Sigma, Saint Louis, MI).

Real-time RT-PCR
Total RNA was extracted from different mouse brain areas (cerebral cortex, cerebellum,
hippocampus, white matter), by using TRIzol Reagent (Invitrogen, Carlsbad, CA) as previously
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reported (Ghiani et al., 2006). Six-hundred nanograms of total RNA was reverse transcribed
using the iScript cDNA Synthesis Kit (BIO-RAD Laboratories, Hercules, CA). Real-time PCR
was set up using the iQ SYBR® Green Supermix (BIO-RAD Laboratories, Hercules, CA), for
50 cycles, with a 30s denaturation step at 95 °C, 15s annealing step at 60 °C or 62 °C, and a
20s extension step at 72 °C. Amplification specificity was assessed by melting curve and
standard curves made from serial dilutions of control RNA were used for quantification.
Differences between groups were assessed by comparing ratios of our gene of interest to the
gene of reference glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Primers used for real-time PCR were: ASPA (F-CATTGAGCATCCTTCACTCAAA, R-
TGAGGCTGAGGACCAACTTC), nuclear factor 1 A-type (NFIA) (F-
AAAGGCAAGATGCGGAGAATT, R-TGACGAGGTCCAACCTCCAT), platelet-derived
growth factor receptor α (PDGFαR) (F-TCTCACTGAGATCACCACCGA, R-
CGCTGTCTTCTTCCTTAGCC), CNPase (F-AACCAATGGCAGCTGTCG, R-
TCAGGAACCAGCCAAAGTAAA), PLP (F-CCCACCCCTCTCCGCTAGTT, R-
CAGGAAAAAAAGCACCATTGTG), myelin-associated glycoprotein (MAG) (F-
GGTGTTGAGGGAGGCAGTTG, R-CGTTGTCTGCTAGGCAAGCA), ceramide-
galactosyltransferase (CGT) (F-TGCCAACGTATCCTTCTTCC, R-
CATTGTCCCATGTCAAGCAC) and GAPDH (F-ACTCCACTCACGGCAAATTC, R-
TCTCCATGGTGGTGAAGACA).

Electron microscopy
WT and CD mice at P17, P30, 3 months and 6 months were anesthetized and perfused
intracardially with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer
pH 7.4, for 15 min at a pressure of 120 mm mercury. The brains were removed and a 1–3 mm
thick section which included the corpus callosum and part of the cerebral cortex was cut. The
sections were left in fixative overnight at 4 °C then washed in 0.1 M cacodylate buffer,
dehydrated with graded ethanols and infiltrated with polybed/ethanol mixtures. A final
infiltration step of pure Polybed 812 (Polysciences, Inc., Warrington, PA) was left overnight
and subsequently oriented and embedded and left at 60 °C overnight. Sections (0.5 μm) of the
specimen block were cut on a Leica Ultracut UCT microtome, stained with 1% toluidine blue
in 1% sodium borate in water and the corpus callosum was then identified by light microscopy
and areas were selected for ultra thin sectioning. Ultrathin sections (100 nm) were collected
on copper grids, stained with 5% uranyl acetate in water, 0.4% lead citrate in 0.4% sodium
hydroxide. The samples were viewed at 80 kV on a Zeiss EM910 electron microscope.

Oligodendrocyte light versus dark chromatin cell counts was performed on toluidine blue
stained sections of the corpus callosum, in a blind fashion. Five fields per section, 3 sections
per animal, and a minimum of 2 animals per group were evaluated.

Statistical analysis
Statistical analysis was performed using Prism 5 (GraphPad Software, San Diego, CA), by
one-way ANOVA followed by Bonferrroni’s multiple comparison test or Student’s t test if
only two experimental groups were compared.

Results
In the brain, neural cells develop in a highly coordinated and signal-dependent fashion. This
development occurs in waves, with neurons maturing first followed by astrocytes and finally,
oligodendrocytes (Qian et al., 2000; Sauvageot and Stiles, 2002). Since CD is a childhood
disease, we examined the effects of ASPA deficiency on neural cells early in postnatal
development.
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First we analyzed the levels of ASPA expression, using real-time PCR, in the cerebral cortex
and white matter of WT mice to evaluate and confirm a relationship with oligodendrocyte
development. While little to no expression was seen at P1 and P7, higher ASPA expression
coincided with the developmental pattern of myelin formation showing a peak between P20
and P30. Similar expression patterns were also seen in the hippocampus and the cerebellum
(Fig. 1A). Gene expression levels of ASPA increased as oligodendrocytes developed and
matured into a myelinating phenotype (Fig. 1B).

To understand whether ASPA deficiency affected the histoarchitecture of the brain, H&E
staining was performed on brain sections of CD and WT mice from P1 until P60 (Fig. 2A). A
significant increase (42%) in total cell number was detected in a region spanning from the
white matter to the deeper layers of the cerebral cortex of the CD brain at P1, compared to
controls (Figs. 2B and C). By P7 and P15, there was a noticeable disruption in the pattern of
cell organization in CD brains. The most striking difference between CD and WT mice,
however, was detected between P20 and P60, when the white matter areas of CD mice began
to show an age-dependent vacuolation (Fig. 2A). Similar effects were noticed in other brain
areas, such as the hippocampus and cerebellum (data not shown). With vast cytoarchitectural
defects seen in CD mouse brains, which show abnormal cellular organization, we then wanted
to analyze the effect of ASPA deficiency on early stages of neural cell development. Normal
development of the central nervous system (CNS) and brain function is highly dependent on
various transcription factors. NFIA is a transcription factor expressed in both neurons and glia
cells. A lack of development of the corpus callosum due to malformation of the midline glial
structures was observed in NFIA KO mice (das Neves et al., 1999;Shu et al., 2003;Plachez et
al., 2008), suggesting a role for this transcription factor in normal brain development. Hence,
we analyzed the expression of NFIA in the cerebral cortex of CD and WT mice by real-time
PCR. The expression levels of NFIA showed a significant increase at P1 in CD mice compared
to WT (Fig. 3A), while no significant differences were observed with increasing age,
suggesting a possible mechanism of over compensation for the deleterious effects seen at later
stages of development.

A cell count of Sox2, an early neural progenitor marker down-regulated by histone
deacetylation during oligodendrocyte development (Shen et al., 2008), showed a significant
decrease at P7, followed by an increase in CD mice between P15 and P30 and slightly at P60
(Figs. 3B and C). These data indicate that differentiation appears to proceed normally in CD
mice until P7, but then fails and progenitor cells are present at later time points in CD mice,
when neural progenitor cells are typically mostly absent.

The development of oligodendrocytes is dependent on various cell extrinsic and intrinsic
signals; hence, in view of the proposed involvement of ASPA in oligodendrocyte maturation,
the effect of ASPA deficiency on oligodendrocyte development was examined in an attempt
to establish how early such an effect is discernable. Oligodendrocyte lineage progression from
progenitors to myelinating cells in the mammalian CNS has been well characterized and
markers specific for the different stages have been identified (Holz et al., 1996; Sauvageot and
Stiles, 2002; Cahoy et al., 2008; Neman and deVellis, 2008). To build a developmental profile
and gain a better understanding of the effect(s) of the disease on oligodendrocyte lineage
progression in the CD mouse brain, some of these markers were analyzed by real-time PCR.
PDGFαR, a marker for oligodendrocyte progenitors, showed no significant differences
between WT and CD mice in both cerebral cortex (Fig. 4A) and white matter (data not shown),
by real-time PCR. On the other hand, CNPase (Fig. 4B), a marker for immature and mature
oligodendrocytes, PLP and MAG (Figs. 4C and D), both markers for mature myelinating
oligodendrocytes, displayed decreased mRNA levels in CD mice cerebral cortex starting at
P15, compared to WT. This decrease was statistically significant at P15, 20 and 30 for CNPase,
at P15, 20, 30 and 60 for PLP and P30 for MAG (Figs. 4B–D). Similar decreases were seen in
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the white matter (data not shown). CGT, an enzyme, which plays a role in myelin compaction
and lipid synthesis, displayed a significant decrease at P20 in the CD cerebral cortex, with an
overall trend to decrease, compared to WT (Fig. 4E). These findings demonstrate that a
deficiency in the ASPA enzyme has a detrimental effect on immature, mature and myelinating
oligodendrocytes, but also affects enzymes important in myelination.

The expression of oligodendrocyte genes appeared to be clearly altered in CD mice brains,
thus, an ensuing effect is expected to be observed on their maturation. Acetylated histone 3
(Ac-H3) levels are inversely correlated with histone deacetylase (HDAC) activity and studies
by the Casaccia-Bonnefil group (Marin-Husstege et al., 2002) have shown that HDACs 1 and
2 play a central role in oligodendrocyte development. For this reason, we asked whether loss
of an enzyme affecting acetate metabolites, would also affect the levels of Ac-H3 in CD brains.
In contrast to what was observed in WT animals and previously shown (Shen et al., 2008), the
CD mice revealed increased, rather than decreased histone acetylation over time, with
significant differences detected at P60 (Fig. 5A). The biochemical changes in post-translational
modification of nucleosomal histones are best correlated with the appearance of dispersed
chromatin in the nuclei. Indeed, electron microscopy (EM) revealed decreased chromatin
compaction in the oligodendrocyte nuclei by P17 and up to 6 months in CD mice, compared
to WT (Fig. 5B). Earlier reports had classified chromatin in oligodendrocytes as dark, medium
and light, depending on the degree of compaction, with the most actively dividing cells being
characterized by a light appearance of nuclei chromatin and mature oligodendrocytes by a
darker chromatin (Mori and Leblond, 1970; Peters et al., 1991). Thus, the relatively low degree
of chromatin compaction detected in the CD mice, is a likely indication of perturbed
development and persistence of a “progenitor-like” state. This less compacted chromatin state,
together with the above mentioned increase of Sox2 expression detected by P15, is suggestive
of altered maturation and maintenance of the oligodendrocyte in an immature state in CD mice
during late postnatal development and adulthood. An increase in the number of
oligodendrocyte cells displaying non-compacted (light) chromatin and a decrease in cells with
compacted (dark) chromatin was found in the corpus callosum of CD mice at all ages analyzed
(Fig. 5C). These data reveal that oligodendrocyte gene expression and maturation are greatly
affected by the absence of functional ASPA, however, a question still to answer is: are these
cells capable of myelination? Therefore, we next investigated the levels of myelin proteins,
CNPase and MBP, a major component of myelin, by Western blot. Decreased CNPase
transcript levels in CD brains were seen as early as P15, with significant differences observed
at P30 and P60. Decreased MBP transcripts were detected by P15, with significant decreases
at P20, 30, and 60 (Fig. 6A). At the protein level, decreased MBP could be noted in CD mice
as early as P15, with no differences observed at earlier time points, including P1 and P7 (Fig.
6B). The myelin marker PLP also exhibited a decreased immunoreactivity in CD mice
(Supplemental Fig. 1A and B). Decreased expression of myelin gene and proteins in CD mice
at P30 was also associated with a decrease in the numbers of GST-π positive cells (data not
shown), which labels mature oligodendrocytes (Cammer and Zhang, 1992; Tamura et al.,
2007). Because of the profound effects on myelin proteins detected in CD brains, we expected
altered patterns of myelin formation. Electron microscopy analysis revealed that while in the
normal brain (Fig. 6C, left panels), oligodendrocytes formed concentric myelin layers around
the axons, CD brains displayed abnormally non-compact and non-concentric myelin. These
findings show that CD mice exhibit severe deficits, which are all likely contributors to the
pathological changes observed in this disease.

Next we analyzed the extent of cell death due to all the deficits observed in CD mice. A
significantly greater number of cells positive for activated caspase-3, an apoptotic cell marker,
were found in CD mice between P15 and P30, while no differences were observed at P1, P7
and P60 (Fig. 7). Double immunostaining with CNPase revealed that the majority of the
caspase-3 positive cells were also CNPase positive, signifying that fewer oligodendrocytes
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survive when acetylation disrupts the proper maturation process and myelin maintenance (data
not shown).

Finally, we detected by Western blot a significant level of astrogliosis in CD mouse brains.
The increase in GFAP was seen in CD cerebral cortex and periventricular areas as early as P15
(Figs. 8A and B), increased with age and was statistically significant at P60 (Fig. 8A). This
observation was further confirmed by immunostaining. As shown in panel B of Fig. 8, the
increase in GFAP in CD mice was seen by P15 and was still detectable at P60, although the
staining at P60 appeared disrupted.

Discussion
Canavan disease is a devastating neurodegenerative disease characterized by a deficiency in
the ASPA enzyme due to mutations, which vary among patients (Matalon et al., 1988). The
lack of this enzyme leads to an accumulation of NAA and a decrease in the products acetate
and aspartate derived from NAA hydrolysis, thereby affecting the acetylation state of proteins
inside the cell and the synthesis of myelin-related lipids (Mehta and Namboodiri, 1995). The
maturation of oligodendrocytes, the myelinating cells of the CNS, occurs mostly postnatally
(Sauvageot and Stiles, 2002) and it has been correlated with the levels of acetylation on
nucleosomal histones (Liu and Casaccia, 2010) that modulates gene expression and affects
development. The effects of ASPA deficiency on neural cells during early postnatal
development have not been analyzed. Understanding how early the cellular effects are observed
may help us gain a better understanding of the disease and how it progresses in development.
Consequently, since this is a disease with a childhood onset, a study which will shed light on
the effects that take place early postnatally on neural cells in CD is very timely.

The scope of our work was to analyze the effects that a deficiency in ASPA enzyme activity
has on early postnatal neural cell development, with a particular focus on oligodendrocytes, in
order to gain a better knowledge of early pathophysiology of CD as well as disease progression.
Oligodendrocyte development and myelination were studied at different postnatal ages in a
mouse model which carries a mutation that affects ASPA enzyme activity (Matalon et al.,
2000). Earlier reports in the tremor rat, another model for CD, suggested a possible correlation
between ASPA expression and oligodendrocyte development (Bhakoo et al., 2001; Kirmani
et al., 2003). In agreement with a possible role for ASPA in oligodendrocyte maturation, here
we show that ASPA gene expression levels peak during myelination (P20–30) in different
brain regions in WT animals. Particularly, the different regions examined displayed variations
in the levels of ASPA expression, with the cerebral cortex showing the lowest. The discrepancy
in the levels of ASPA among the examined regions may be due to a variety of reasons, such
as the different stages of development or it could be determined by the differences in the
quantity of oligodendrocytes that populate these areas. Although the cerebral cortex showed
the lowest ASPA levels, we decided to focus on this region because CD individuals display
vast spongy degeneration in the cerebral cortex and it is also undergoing massive
developmental changes at these time points.

The expression levels of the transcription factor, NFIA were increased at P1 in CD cerebral
cortex, while the neural progenitor cell marker, Sox2, was elevated late in postnatal
development at P20 and P30 in CD cerebral cortex compared to WT. At the same ages, CD
brains showed a noticeable decrease in the expression levels of CNPase and of the myelin genes
MBP, MAG, and CGT. These effects were accompanied by a significant decline in CNPase
and MBP protein levels in CD cerebral cortex, and lower MBP and PLP immunoreactivity in
CD compared to WT mice. Most importantly, as shown by EM, CD brains displayed less
myelin as well as the formation of uncompacted non-concentric myelin. In an attempt to further
clarify how ASPA deficiency affects oligodendrocyte maturation and myelination, we
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analyzed Ac-H3 levels, since it is well established that they are inversely correlated with HDAC
activity and HDACs play a vital role in oligodendrocyte development and maturation (Marin-
Husstege et al., 2002; He et al., 2007). The presence of increased Ac-H3 levels in CD mouse
cerebral cortex suggested that oligodendrocyte maturation is hindered and fewer mature
oligodendrocytes are present, compared to WT. This finding was further confirmed by the
presence of a high percentage of oligodendrocyte cell nuclei with more dispersed chromatin,
an indication of progenitor-like cells (Peters et al., 1991). Neuronal signaling also plays a
pivotal role in oligodendrocyte maturation and myelination (Chen et al., 2010), hence, we
analyzed markers for immature neurons in WT and CD mice and found that both doublecortin
and α-internexin displayed an atypical expression pattern at P1 and P7, however, protein levels
for β-III tubulin, another neuronal marker, showed no differences (Menezes and Luskin,
1994; Menezes et al., 1995) (Supplemental Fig. 2). These results show that neurons are formed,
although appear to display an altered distribution in the CD cerebral cortex, suggesting that
both oligodendrocytes and neurons are affected by ASPA deficiency. It could be speculated
that ASPA deficiency affects oligodendrocyte maturation directly leading to fewer mature cells
but also indirectly as a consequence of its effects on neurons. For this reason, at later postnatal
stages when myelination begins, the neurons are not able to fully support oligodendrocytes and
guide myelination in CD brains. The dysregulation of neuronal signaling is likely to play a role
in CD pathophysiology, a finding that calls for further investigation.

Our findings show that the development of oligodendrocytes was hindered by ASPA deficiency
as early as P15. Furthermore, we can infer that the temporal window between P15 and P20
appears to be a critical period for disease progression, as it is characterized by the most
significant differences in oligodendrocyte and myelin gene expression between CD and WT
mice. Studies have shown that the synthesis and metabolism of NAA play a role in myelination
and that increased or decreased levels of this metabolite are associated with myelin
abnormalities (Ledeen et al., 2006; Satrustegui et al., 2007). NAA derived acetate has been
directly implicated in myelin lipid synthesis (Chakraborty and Ledeen, 2003). Although
degeneration and myelin abnormalities are observed in CD mice brains, acetate diffuses from
other areas of the brain and body (Ballard, 1972), thus, the partial myelination seen in this
mouse model is not surprising, and suggest that lack of NAA derived acetate is unlikely to be
the sole cause in CD pathophysiology. Overall, the effect on myelin in CD mice was quite
extensive, and even though several cells remained in a progenitor-like state, other cells
differentiated, but formed abnormal, non-compact myelin which also may contribute to disease
pathology.

Many of the studies in CD animal models were performed at later stages of postnatal
development (Madhavarao et al., 2005; Traka et al., 2008; Kumar et al., 2009). Here we show
that development is already impaired early postnatally and our model also exhibited increased
vacuolation and myelin abnormalities. Our findings are supported by previous studies in
another model for CD, the tremor rat, which exhibits a spontaneous mutation (Madhavarao et
al., 2005; Namboodiri et al., 2006; Wang et al., 2009). Hypomyelination, vacuolation with
spongy degeneration and loss of oligodendrocytes were reported in the tremor rat model
(Kondo et al., 1991; Francis et al., 2006) together with decreased lipid synthesis, suggesting
that the latter could subsequently impact myelin formation (Namboodiri et al., 2006; Wang et
al., 2009). In addition, our lab has shown that adult CD mice display an increased presence of
progenitor cells (Kumar et al., 2009), indicating that the increase in progenitor cells seen at an
early age, persists into adulthood.

Recently, another mouse model for CD was described (ENU-induced Nur7 mouse mutant),
and displays a much milder phenotype (Traka et al., 2008), in contrast to the CD mouse used
in this paper, which demonstrates a more severe pathology. The nur7 mouse does not show the
dramatic decrease in myelin proteins we describe and the white matter seems less impacted,
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as the nur7 mouse appears to be normal. These are two intrinsically different models, carrying
different types of mutations, which resembles the human counterpart. In humans, CD has been
shown to have a number of different mutations (Surendran et al., 2003a and depending on
where the mutation is located, the severity of disease ranges from mild to severe (Traeger and
Rapin, 1998; Surendran et al., 2003b). Therefore, these two mouse models can represent a mild
and severe form of CD, which can both be studied to understand and identify the mechanisms
underlying disease progression and gain a better comprehension of how different mutations
contribute to a difference in disease pathology and its severity.

To our knowledge, this is one of the first reports to describe early postnatal defects in
oligodendrocyte maturation caused by a deficiency in ASPA. In conclusion, we characterized
the effect of ASPA deficiency on early postnatal developmental events and began to unravel
the cellular and molecular mechanisms that contribute to CD pathophysiology. Our findings
suggest that a deficiency in the ASPA enzyme affects oligodendrocyte maturation and
myelination and are the first to report a defect in neuronal patterning and therefore, a possible
role for these cells in triggering hypomyelination in CD. The effect of ASPA deficiency on
neural cell development described in this report will enable researchers to further investigate
different aspects of disease progression and develop new interventions, focused on the early
events in neural cell pathology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ASPA gene expression is developmentally regulated in WT mice. ASPA expression in WT
mice was measured by real-time PCR in different brain areas. A modest expression is seen
early in postnatal (P) development, while later ages show increased expression of ASPA, which
peaks between P20 and P30. Bar graph represents the mean±SEM of 3 independent samples.
B) Schematic showing the temporal relationship between oligodendrocyte maturation and
ASPA gene expression. Figure modified from Neman and deVellis, 2008. Two markers
involved in early (PDGFαR) and late (MBP) oligodendrocyte development show that the level
of ASPA expression increases as oligodendrocytes become more mature and myelinate.
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Fig. 2.
Cerebral cortex cytoarchitecture is disrupted in CD mice. A) Increased cell number is observed
by H&E staining in the white matter and cerebral cortex of P1 CD mice. At later ages, a decrease
in compaction along with a disorganized cell distribution and vacuolation is observed adjacent
to the white matter. Less distinction between the cerebral cortex and white matter areas is seen
in CD mice. B) Zoom in (×2.5) of the outlined region on P1 demonstrates an increase of cells
in CD mice. C) Cell count of total cell number showing an increase in CD mice at P1. Cell
counting was performed in an area that spanned from the white matter to the deeper layers of
the cerebral cortex. Graph represents the mean±SEM of 3 independent animals/group.
(*P<0.05, one-way ANOVA followed by Student’s t test). Scale bar=50 um, all the images
shown in the different panels were acquired at the same magnification. Abbreviations: CX,
cerebral cortex; WM, white matter; V, ventricle.
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Fig. 3.
ASPA-deficient mice display an abnormal expression of neural cell markers in the cerebral
cortex. A) Real-time PCR for NFIA, CD mice exhibited a significant increase in NFIA
expression levels at P1, whereas later ages showed a tendency to decrease compared to WT.
B) Cells counts for Sox2 positive cells decreased at P7 and increased at P15 and 20. Bar graph
are the mean±SEM of 3 animals/group. (*P<0.05; **P<0.01, one-way ANOVA followed by
Bonferroni’s multiple comparison test; WT=empty columns, CD=filled columns). C) Staining
showing a significant increase in Sox2 (green) positive cells at P15, 20 and 30 (arrows). Nuclei
were counterstained with To-Pro-3(red). Scale bar=10 μm. Higher magnification of a positive
cell is seen in the panels on the right. Scale bar=5 μm. All the images shown in the different
panels were acquired at the same magnification.
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Fig. 4.
Dysregulation of oligodendrocyte gene expression in CD mouse cerebral cortex. Gene
expression levels for oligodendrocyte-specific genes were measured by real-time PCR at
different postnatal ages. A) Expression of PDGFαR is not significantly different in WT and
CD mice. The levels of B) CNP, C) PLP, D) MAG and E) CGT expression levels are
significantly decreased in CD mice as early as P15, compared to WT mice. Bar graphs are the
mean±SEM of 3–4 animals/group. (*P<0.05; **P<0.01; ***P<0.001, one-way ANOVA
followed by Bonferroni’s multiple comparison test).
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Fig. 5.
A decrease in chromatin compaction in CD mice reveals a defect in oligodendrocyte
maturation. A) Representative Western blot showing that protein levels of acetylated histone
3 are increased in CD compared to WT brains by P15. No differences were observed in H3 or
α-tubulin protein levels. Bar graph represents the ratio of acetylated histone 3 to histone 3, and
is the mean±SEM of 3–4 animals/group. A significant increase is observed at P60 (*P<0.05,
one-way ANOVA followed by Bonferroni’s multiple comparison test). B) Electron
microscopy. Decreased chromatin compaction is seen as early as P17 in CD mice brains (*),
WT are representative of dark chromatin and CD of light chromatin. Scale bar=1 μm. All the
images were acquired using the same magnification. C) Cell counts for compact (dark) and
non-compact (light) chromatin in oligodendrocytes. Bar graphs are the mean±SEM of 2
animals/group. (*P<0.05; **P<0.01; ***P<0.001, one-way ANOVA followed by
Bonferroni’s multiple comparison test).
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Fig. 6.
CD mice display decreased myelin protein levels and a disrupted pattern of myelination. A)
Decreased CNP and MBP protein levels are seen beginning at P15. Bar graphs are the mean
±SEM of 3–4 animals/group. (*P<0.05; **P<0.01, one-way ANOVA followed by
Bonferroni’s multiple comparison test. B) Decreased immunostaining with MBP can be seen
in the white matter in CD mice (white arrows). Scale bar=50 μm. C) Electron microscopy.
Non-concentric myelin forming around axons is seen as early as P17, as well as the formation
of myelin in non-axonal areas, or within previously formed myelin (black arrows). Scale
bar=0.5 μm, all the images were acquired using the same magnification. Abbreviations: CX,
cerebral cortex; WM, white matter.
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Fig. 7.
CD mice exhibit and increase in cell death. Cell counts for caspase-3 positive cells confirm an
increase at P15, P20 and P30. Bar graph is the mean±SEM of 3 animals/group. (*P<0.05;
***P<0.001, one-way ANOVA followed by Bonferroni’s multiple comparison test;
WT=empty columns, CD=filled columns).
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Fig. 8.
CD mice show increased expression of GFAP. A) GFAP protein levels are significantly
increased in the cerebral cortex at P30 and P60. Bar graphs are the mean±SEM of 3–4 animals/
group. (*P<0.05, one-way ANOVA followed by Bonferroni’s multiple comparison test). B)
Hypertrophic astrocytes and increased GFAP (green) immunoreactivity is seen in CD mouse
brains. Nuclei are counterstained with DAPI (blue). Scale bar=50 μm. The panels on the right
show a zoom in (×2) of outlined region illustrating GFAP and DAPI. All the images were
acquired using the same magnification. Abbreviations: CX, cerebral cortex; V, ventricle.
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