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Madrid, Spain, ?Laboratory of Comparative Neurobiology, Instituto Cavanilles de Biodiversidad y Biologia Evolutiva,
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Background: Alexander disease (AxD) is a rare disease caused by mutations in the
gene encoding glial fibrillary acidic protein (GFAP). The disease is characterized by pres-
ence of GFAP aggregates in the cytoplasm of astrocytes and loss of myelin.

Objectives: Determine the effect of AxD-related mutations on adult neurogenesis.

Methods: We transfected different types of mutant GFAP into neurospheres using the
nucleofection technique.

Results: We find that mutations may cause coexpression of GFAP and NG2 in neuro-
sphere cultures, which would inhibit the differentiation of precursors into oligodendro-
cytes and thus explain the myelin loss occurring in the disease. Transfection produces
cells that differentiate into new cells marked simultaneously by GFAP and NG2 and
whose percentage increased over days of differentiation. Increased expression of GFAP
is due to a protein with an anomalous structure that forms aggregates throughout the
cytoplasm of new cells. These cells display down-expression of vimentin and nestin.
Up-expression of cathepsin D and caspase-3 in the first days of differentiation suggest
that apoptosis as a lysosomal response may be at work. HSP27, a protein found in
Rosenthal bodies, is expressed less at the beginning of the process although its pres-
ence increases in later stages.

Conclusion: Our findings seem to suggest that the mechanism of development of
AxD may not be due to a function gain due to increase of GFAP, but to failure in the
differentiation process may occur at the stage in which precursor cells transform into
oligodendrocytes, and that possibility may provide the best explanation for the clinical
and radiological images described in AxD.

Keywords: Alexander disease, glial fibrillary acidic protein, NG2, neurospheres, oligodendrocyte precursors,
cathepsin, caspase-3, HSP27
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INTRODUCTION

Alexander disease (AxD), first described in 1949 by Alexander
(1), is a rare and fatal CNS disease of genetic origin that is caused
by a heterozygous mutation in the glial fibrillary acidic protein
(GFAP) gene (2-4). Its pathological characteristic is the pres-
ence of inclusion bodies named Rosenthal fibers (5) that contain
aggregated GFAP and small heat shock proteins, mainly o--
crystallin and HSP27 (6, 7); additionally, some have suggested
that Rosenthal fibers could also include such other proteins as
vimentin, p62, or plectin (8). Clinical presentation depends on
age of onset, and the most frequent is the infantile form consist-
ing of motor impairment, cognitive decline, bulbar signs, and
seizures (9-11). Although its mechanism is unknown, studies
of cell lines and animal models had been suggested that AxD
could activate stress response pathways within astrocytes due
to increased expression of WT or mutant GFAP (12-17) that
would potentially reduce proteasomal activity in cells (18) and
due to oxidative stress potentially producing an antioxidant
response mediated by the transcription factor Nrf2 (19, 20)
However, although these models are able to replicate the astro-
cytic changes occurring in the disease, including formation
of Rosenthal fibers, they have failed to reproduce myelin loss
(21,22). While AxD has historically been described as a disorder
of myelin formation, with loss of myelin and oligodendrocytes
appearing as demyelinated areas in MRI studies (23), the full
mechanism underlying AxD is not yet well understood (24, 25).
For that, other authors had proposed other possibilities (26).
Thus, Olabarria et al. (27) have suggested that inflammatory
mechanism may mediate in AxD, and Kanski et al. have shown
that histone acetylation in astrocytes is an important regulator
of transcription as well as alternative splicing of GFAP and have
hypothesized that it could be a mechanism that could explain
the disease (28).

In recent years, neurogenesis in adult mammals, including
humans, has been described in the subgranular zone of the hip-
pocampal dentate gyrus and in the subventricular zone (SVZ)
(29-31). During development, oligodendrocyte precursor cells
are generated in the ventricular area and subsequently migrate
to the surrounding parenchyma while proliferating and acquir-
ing such oligodendrocyte markers as NG2 and O4. In adults, oli-
godendrocytes are generated by different progenitors depending
on the site (32-34); these progenitors include non-differentiated
cells such as those present in the SVZ (35-37), especially in the
context of demyelinating disorders (38). We postulate that AxD
may affect adult differentiation since children are initially healthy
and the disease appears later, with mutations acting upon the
stage in which cells express NG2 prior to differentiation (39, 40),
at this later stage, cells express mRNA-GFAP (41), but they do
not normally produce GFAP, since it would have been expressed
before the onset of the differentiation process.

Since pathology studies in AxD show neuronal, astrocytic,
and myelinic changes, we have considered the possibility that
GFAP mutations could act upon progenitor cells. To explore this
possibility, we have analyzed the changes resulting from trans-
fection of mutant GFAP during the neurosphere differentiation
process.

MATERIALS AND METHODS

Animals

Two-month-old CD1 Swiss male mice obtained from Charles
Rives Laboratory (Barcelona, Spain) were used in this study
(n = 12; weight = 30 g). All experiments were carried out in
accordance with guidelines for animal experimentation under
Spanish law (RD 1201/2005) and European directives (86/609/
EEQC).

Plasmids: Procurement, Site-Directed

Mutagenesis, and Purification

We selected a representative set of hGFAP mutations to study
their effects, choosing high-incidence mutations affecting differ-
ent protein domains. pcDNA 3.1 plasmid (Invitrogen) was used
for eukaryotic expression assays. It contains the CMV promoter,
which confers ubiquitous expression. Neurospheres were trans-
fected with the pcDNA3.1 empty vector (the transfection control),
hGFAP_WT (the wild type), hGFAPR88C, and constructs
provided by Dr. Michael Brenner (NINDS, NIH, MD, USA):
hGFAPR79H, hGFAPR239H and hGFAPR416W. Site-directed
mutagenesis was performed to generate the hGFAPR88C
construct. Complementary primers (see below) containing the
C262T mutation were used for PCR amplification of the pcDNA3.1
plasmid. For this process, we used Pfu Turbopolymerase
(Stratagene) according to the manufacturer’s instructions.

hGFAPC262TF: 5'CATCGAGAAGGTTTGCTTCCTGGA
ACA 3.

hGFAPC262TR: 5'CTGTTCCAGGAAGCAAACCTTCTC-
GATG 3.

Constructs were amplified in E. coli and subsequently tested
by analyzing their restriction patterns and using DNA sequenc-
ing. Afterward, each construct was purified using the Midiprep®
system (Qiagen).

Adult SVZ Neurosphere Primary Culture

Neural stem cells were isolated from the microdissected SVZs of
two-month-old CD1 male mice. Animals were killed by cervi-
cal dislocation, and their brains promptly removed. SVZs were
dissected as previously described by Morshead et al. (42) and
incubated in a 0.9 mg/ml papain solution (Worthington Ref.
LS-003119) for 40 min at 37°C. Papain solution was then removed
by centrifugation and inactivated by adding a control medium,
consisting of DMEM/F12 (Gibco) supplemented with glucose
(Panreac; Ref. 141341-1210), NaHCO; (Gibco; Ref. 25030-024),
1 M HEPES (Gibco; Ref. 15630-049), L-glutamine (Gibco; Ref.
25030-024), antibiotic—antimycotic (Gibco; Ref. 15240-062), and
hormone mix [apo-Transferrin (Sigma; Ref. T-2252), insulin
(Sigma; Ref. I-2767), putrescine (Sigma; Ref. P-7505), proges-
terone (Sigma; Ref. P-8783), and sodium selenite (Sigma; Ref.
S-9133)]. SVZs were mechanically disaggregated and filtered
through a 70 um cell strainer. Cells were plated and cultured in
complete medium [control medium supplemented with 10 ng/ml
of FGFb (Sigma; Ref. F0291) and 20 ng/ml of murine EGF (Gibco;
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Ref. 53003-018)]. The culture was incubated at 37°C in a 5% CO,
atmosphere.

Primary neurospheres (passage 0; P0) forming in the first
week of cell culture were collected, enzymatically dissociated and
replated onto uncoated 6-well dishes at a density of 10,000 cells/
cm?. Following this method, neurospheres were subsequently
passaged every 7 days.

Transfection

Neurospheres were transfected 5 days in vitro after passage 6-7
by means of nucleofection technology (Amaxa Nucleofector II,
Lonza), using program A-33 and following the manufacturer’s
instructions. Each 75 cm? flask was transfected using 4 pg of
plasmic DNA and cultured with complete medium. To estimate
transfection efficiency, we used the pMAX-GFP plasmid sup-
plied in the Mouse Neural Stem Cell Amaxa Nucleofector®
kit (Lonza).

For differentiation experiments, 36-48 h after nucleofection,
neurospheres were seeded on poly-D-lysine (Sigma) coated
coverslips in differentiation media, where growth factors were
withdrawn and 1.5% FBS was added. Samples were analyzed at
days 3 and 7 under differentiation conditions.

Immunocytochemistry

Cells from neurosphere differentiation cultures were fixed in 4%
PFA with a 30% sucrose solution for 30 min at 37°C. For immu-
nocytochemistry, cultures were preincubated for 1 h in blocking
solution (10% goat serum, 0.1% Triton X-100, BSA), followed
by overnight incubation with the appropriate primary antibody
at 4°C. The following primary antibodies were used: mouse anti-
hGFAP (1:500, Sternberger Monoclonal), chicken anti-vimentin
(1:200, Millipore), rabbit anti-NG2 (1:200, Millipore), mouse
anti-Olig2 (1:200, Millipore), chicken anti-Tujl (1:200, Milli-
pore), rabbit anti-active caspase-3 (1:200, Abcam), rabbit anti-
HSP27 (1:200, Abcam), and rabbit anti-cathepsin (1:200, Abcam).
The corresponding secondary antibodies were incubated for 2 h
(Alexa-Fluor 405, 488, 555, or 647 goat anti-mouse, chicken or

rabbit; 1:500; Invitrogen), followed by incubation with DAPI
(1:1,000, Sigma) for 10 min and rinsing before being mounted
on glass slides with Fluorsave (Calbiochem). Analyses were per-
formed with a Nikon 80i fluorescence microscope at 40X or 63X
magnification.

Statistical Analysis

For statistical analysis, up to four coverslips from two independ-
ent experiments were counted for each condition using the
Nikon 80i microscope at magnifications of 40X or 63X. More
than 150 transfected cells were counted per coverslip. We per-
formed a statistical analysis to determine the percentage of each
phenotype present in transfections of each plasmid. Data were
analyzed using one-way analysis of variance followed by a
Tukey Multiple Comparisons test. All values are presented as
mean =+ SE. Statistical significance was set at p < 0.05.

RESULTS

GFAP Mutations Result in Up-Expression
of GFAP

Transfection produced cells that differentiate into new cells
marked simultaneously by GFAP and NG2 and displaying GFAP
abnormalities. GFAP appeared as a protein with an anomalous
structure that formed clots and aggregates and was distributed
throughout the cytoplasm of the new cells; this finding was not
observed in non-transfected cells (Figure S1 in Supplementary
Material). Figure 1 shows a significant decrease in Olig2 and
TuJ1 and a significant rise in GFAP expression in cells transfected
with mutant proteins compared to the hGFAP_WT and empty
plasmid groups; this suggests that mutations may interfere with
neurosphere differentiation into oligodendrocytes and neurons.
These changes occurred with all studied mutant forms. The
reduction in oligodendrocyte and neuron markers was more
prominent than the increase in GFAP, and it may therefore play
a prominent role in the abnormal differentiation process caused
by mutations.

TUJ1
100 —x

0

60

%

40

2

(Olig2) and neurons (Tuj1). These data are statistically significant (o < 0.05).

FIGURE 1| Altered cell differentiation. Changes in cell differentiation are apparent at 7 days after transfection. Percentages of cells undergoing differentiation were
similar between cultures transfected with the wild-type hGFAP protein and those observed under normal conditions. Cultures containing different transfected glial
fibrillary acidic protein (GFAP) mutations exhibited higher percentages of GFAP-expressing cells as well as lower percentages of differentiated oligodendrocytes

OLIG2

] BASAL

] hGFAP_WT
B3 nGFAP_R79H
[ hGFAP_R88H
E& hGFAP_R239H
EE hGFAP_R416W
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FIGURE 2 | Continued

FIGURE 2 | Continued

Alterations in NG2 expression. Confocal microscopy images of neurospheres
undergoing differentiation (3 days). Cultures transfected with mutant glial
fibrillary acidic protein (GFAP) exhibited increased expression of NG2; the
protein was anomalous and formed precipitates in the cell membrane

[(C), arrows], compared to observations in neurospheres transfected with
GFAPwt (B) or neurospheres under normal conditions (A). Bar = 20 pym.

Significant Increases in Cells Expressing
NG2 during Differentiation Were Found in
the Mutant Protein Transfection Group

We analyzed expression of the progenitor cell markers vimentin,
nestin, and NG2 and observed significantly higher NG2 expres-
sion at day 3 of differentiation in neurospheres transfected with
mutant GFAP, compared to those transfected with hGFAP_W'T or
empty plasmid (Figure 2). However, no differences in expression
were found for vimentin and nestin. Figure S2 in Supplementary
Material shows that the NG2/Vim ratio is significantly greater for
transfected AxD mutations than for transfected hGFAP_WT or
empty plasmid neurospheres at day 3; this also occurred with the
NG2/GFAP ratio. In contrast, the PAX3 to GFAP marker expres-
sion ratio did not differ (Figure S3 in Supplementary Material).
Researchers observed high numbers of NG2+/GFAP+, but not
NES+ or Vim+ cells. Percentages of GFAP+ and NG2+ cells
increased with additional days of differentiation (data not shown).
The expression of GFAP that appears after transfection and in the
differentiation is more than four times that found in WT but is
variable depending on which is the mutation transfected (date
not shown). The relationship between the expression of GFAP
and NG2 is also variable depending on the severity of each muta-
tion (data not shown).

Increased Caspase-3 Expression Was

Observed during Differentiation

We analyzed caspase-3 expression at days 3 and 7 of differen-
tiation and observed that transfection of the mutant protein
elicited significantly augmented expression of caspase-3. This
was not apparent with transfections of hGFAP_WT or empty
plasmid (Figure 3). Increases in caspase-3 were significantly
greater (p < 0.05) in VIM+ and NG2+ cells compared to those
in the hGFAP_WT group, but no significant differences were
observed for Pax6+ cells (Figure S4 in Supplementary Material).
Caspase-3 was colocated with VIM+ and NG2+ cells and to a
lesser extent with Pax6/VIM cells. Caspase-3 levels were also
significantly higher on days 3 and 7 of differentiation in Olig+
cells transfected with mutant GFAP than in the hGFAP WT
group (Figure 4).

Expression of Cathepsin D and HSP27

Rose during Differentiation

We analyzed cathepsin D expression at day 3 of differentiation
and observed that transfection of the mutant protein resulted
in a significant increase in expression of this protein, which
was not observed with transfection of hGFAP_WT (Figure 5).
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CASPASE 3 EXPRESSION
3 DAY DIFFERENTIATION

%

and presence of mutant proteins ("o < 0.05).

CASPASE 3 EXPRESSION
7 DAY DIFFERENTIATION

FIGURE 3 | Graphs of caspase-3 expression after transfection. Cultures transfected with mutant glial fibrillary acidic protein (GFAP) protein displayed significant
increases in expression of caspase-3, a marker for cell death by apoptosis, at 3 and 7 days. The level of caspase-3 was at least three times higher than those
measured in the normal culture and in the culture with the WT protein. There is a direct correlation between cell death, expressed as percentage of caspase-3,

[ BASAL

] hGFaP_wr
B3 hGFAP_R79H
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%

stages of cell differentiation.

Cells Olig2/Casp3+

FIGURE 4 | Graphs of caspase-3 expression in the oligodendroglial lineage. Increased cell death was observed in cells transfected with mutant glial fibrillary acidic
protein (GFAP) at days 3 and 7. The increase in cell death was more marked on day 3 in cells expressing Olig2, an oligodendrocyte marker (o < 0.05). On day 7,
the percentage of cell death was lower, but the difference was still statistically significant ("o < 0.05). This indicates that cell death occurs more frequently in early

] hGFAP_WT
E3 hGFAP_R79H
[ hGFAP_R88H
& hGFAP_R239H
& hcFAP_R416W

* P<0.05 Graphic show Mean + SEM

Increased cathepsin D expression indicates a lysosomal response;
cathepsins have been implicated in the cell’s defense mechanisms
against anomalous proteins that may contribute to cell damage
(40). We also detected significantly higher levels of HSP27
expression than in cells transfected with hGFAP_W'T or empty
plasmid (Figure 6), suggesting that the mutation augmented
the expression of small heat shock proteins, as has already been
described in AxD.

DISCUSSION

Our study provides evidence that AXD may be able to affect myelin
production since mutations act on oligodendrocyte differentia-
tion. Our data indicate that GFAP-NG2 cells, those expressing
both NG2 and GFAP, are more numerous in the mutation group
than in the WT cell line.

Astrocytes play an important role in central nervous system
function whether under normal or pathological conditions. Adult
astrogliogenesis occurs in neurodegenerative disorders and

relies on changes in GFAP expression. Increased levels of GFAP
expression are associated with more severe reactive gliosis in
avariety of neuropathological conditions and in gliomas (43, 44);
cell pathology studies may reveal inclusion bodies—Rosenthal
fibers (5)—containing ubiquitinated GFAP aggregates; these
inclusion bodies have been observed in syringomyelia, multi-
ple sclerosis (45), and certain subtypes of glioma as well as in
AxD. Myelin loss is a characteristic diagnostic finding in AxD.
Extensive cerebral white matter changes with frontal predomi-
nance with usual involvement of the basal ganglia, and thalamus
is typical of radiological images in AxD; it is very intense in cases
of great survival capacity (46). These imaging results are very
suggestive of AxD and are not seen in other conditions related
with Rosenthal bodies as some forms of gliomas. The past few
years have advanced our understanding of the impact of GFAP
levels on the disease (47), but the cause of demyelination remains
unclear.

Glial fibrillary acidic protein has an anomalous structure,
and it is distributed as cytoplasmic inclusions and aggregates.
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FIGURE 5 | Expression of cathepsin. (A-D) Neurosphere transfected with hGFAP_WT protein. Expression of cathepsin is very low (B); glial fibrillary acidic protein
(GFAP) markers are observed in fine, well-organized cells (A). (E-H) Neurosphere transfected with mutant hGFAP, showing expression of filamentous GFAP

(E). Expression of cathepsin in this case appears as markings on small vesicles resembling lysosomes distributed throughout the neurosphere. Nuclei are
apparent in panels (C,G); panels (D,H) show the sum of all channels. Bar = 50 pm.

hGFAP expression (arrows). Bar = 50 pm.

FIGURE 6 | Expression of HSP27 Anti-HSP27/glial fibrillary acidic protein (GFAP) immunocytochemistry study of transfected neurospheres after 3 days of
differentiation. (A-D) Neurosphere transfected with the hGFAP_WT protein, showing faint marking for HSP27 protein and expression of filamentous GFAP.
(E-H) Neurosphere transfected with mutant hGFAP, revealing high expression of HSP27 protein in the form of filamentous aggregates that colocate with

Failure of non-differentiated cells to transform into adult oli-
godendrocytes would explain loss of myelin in this disease.
Incomplete differentiation into oligodendrocytes is probably
what perpetuates high levels of NG2 expression; this situation
arises as a means of compensating for the absence of necessary
oligodendrocytes, since higher numbers of NG2 cells will dif-
ferentiate into oligodendrocytes in the context of a demyelinat-
ing process than under normal conditions. If GFAP-NG2 cells

are unable to produce oligodendrocytes, this could explain
why their numbers rise as differentiation into other lineages
decreases (38) These findings have been reported by previous
studies performed with other non-differentiated cell lines (48).
During differentiation, cells expressing both NG2 and GFAP
proteins show diminished expression of vimentin and nestin.
These data are concordant with those of Hsiao et al. (49), who
observed that transfection of the mutant protein R232C in cells
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with increased vimentin expression does not elicit the cell-level
consequences appearing in AxD because GFAP aggregates
may be decreased by vimentin (50). Taking into account that
GFAP-null mice are essentially normal, and other intermediate
filaments, such as vimentin, can replace most GFAP functions
(51), Vim+ cells may be more resistant to increased GFAP
expression.

Different studies using cell and animal models (12, 14, 15,
52-54) have been designed to demonstrate the mechanism by
which cell damage takes place so as to identify potential therapeu-
ticagents (55, 56). As mutant GFAP forms aggregates, it sequesters
HSP27 and a-f-crystallin proteins and becomes phosphorylated
and ubiquinated, generating Rosenthal bodies and initiating cel-
lular damage autophagy will probably provide the final pathway
to cell death (57). It was postulated that impediments to GFAP
degradation could create an imbalance between soluble and insolu-
ble proteins (58) and lead to accumulations of such other proteins
as a-P-crystallin and plectin (59). Upregulation of a-p-crystallin
could also constitute a defense mechanism against cell damage
(60). However, during the differentiation process in our study,
we observed an increase in the expression of caspase-3. Another
recent suggestion is that a C-terminal end of the molecules in the
mutant protein could activate caspase-3 (61) that participates in
the proteolysis of GFAP assembly (62, 63). This activation mecha-
nism might be more frequent in cells with NG2+ or Olig2+ mark-
ers according to our data, which suggest that some cells would
be more likely than NG2— cells to disappear after initiating the
differentiation process.

Our data also show that the presence of small heat shock
proteins in the cytoplasm is not an initial mechanism. HSP27 was
up-expressed at all days of differentiation. These data, coinciding
with those in the literature, indicate that small heat shock pro-
teins, mainly a-f-crystallin, could protect against proteasomal
alteration caused by GFAP aggregation (18, 61). We also found
increased expression of cathepsin D, indicating that GFAP aggre-
gates may produce a lysosomal response as others have suggested
before (57, 64).

The alteration of the GFAP splicing and the variation of the
different protein isoforms have been related to alterations of the
white matter (65, 66). An patient with the disease with a muta-
tion in the GFAP gene and a mutation in the HDAC6 gene was
associated with a more severe phenotype of the disease and with
reduced activity of HDAC6 (67).

In conclusion, our findings seem to suggest that difficulties in
the differentiation are to be found in the process in which precur-
sor cells transform into oligodendrocytes and would explain that
all findings described in AxD can not be exclusively explained by
a mechanism of gain of function by the increase of the expression
of GFAP. And so, epigenetic (28), inflammatory (27), or post-
translational changes may be also associated (26).
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FIGURE S1 | Confocal microscopy images showing expression of glial fibrillary
acidic protein (GFAP) after transfection. (A) Cells transfected with wild-type
protein (hGFAP_WT); (B) cells transfected with mutant form hGFAPR88C. After
transfection, cells exhibit disorganization of the astrocyte cytoskeleton; GFAP
protein aggregates are visible in the cytoskeleton [(B), arrow]. Bar = 20 pm.

FIGURE S2 | Coexpression of NG2/VIM in cell differentiation. At day 3 of cell
differentiation, there was an increase in the expression of markers of glial
progenitor cells in neurospheres transfected with mutant glial fibrillary acidic
protein (GFAP). This increase in vimentin (VIM) in cells transfected with a mutation
may serve to compensate for the functional alteration in the mutant protein. The
increase in expression was statistically significant (o < 0.05).

FIGURE S3 | Coexpression of PAX/glial fibrillary acidic protein (GFAP) in cell
differentiation. At day 3, there were no changes or differences between
transfected and non-transfected cultures for the PAX6 marker, which must be
present for new neurons to be generated by astrocytes.

FIGURE S4 | Cell death by apoptosis in glial and oligodendroglial progenitor cells.
Based on the expression of caspase-3, cell death increased in cells transfected
with mutant glial fibrillary acidic protein (GFAP), especially those positive for NG2
or VIM; these markers are closely associated with glial differentiation (astrocytes
and oligodendrocytes). Analysis of the expression of neural progenitor
transcription factor PAX6 in cells transfected with mutant protein revealed no
differences between the transfected wild-type group and the normal group.

are associated with Alexander disease. Nat Genet (2001) 27:277-86. doi:10.1038/
85837

3. LiR, Johnson AB, Salomons G, Goldman JE, Naidu S, Quinlan R, et al. Glial
fibrillary acidic proteins mutations in infantile, juvenil, and adult forms of
Alexander’s disease. Ann Neurol (2005) 53:310-26. doi:10.1002/ana.20406

4. Li R, Johnson AB, Salomons GS, van der Knaap MS, Rodriguez D,
Boespflug-Tamguy O, et al. Propensity for pattern inheritance of de novo

Frontiers in Neurology | www.frontiersin.org

June 2017 | Volume 8 | Article 255


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
http://www.ayudajuanma.es
http://journal.frontiersin.org/article/10.3389/fneur.2017.00255/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fneur.2017.00255/full#supplementary-material
https://doi.org/10.1093/brain/72.3.373
https://doi.org/10.1038/
85837
https://doi.org/10.1038/
85837
https://doi.org/10.1002/ana.20406

Gomez-Pinedo et al.

AXD Alters Oligodendrogenesis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

mutations in Alexander’s disease. Hum Genet (2006) 119:137-44. doi:10.1007/
s00439-005-0116-7

Wippold FJ II, Perry A, Lennerz J. Neuropathology for the neuroradiologist:
Rosenthal fibers. AJNR Am ] Neurorradiol (2006) 27:958-61.

Tomokane N, Iwaki T, Tateishi ], Awaki A, Goldman JE. Rosenthal fibers share
epitopes with alpha-B-crystallin, glial fibrillary acid protein and ubiquitin, but
not vimentin: immunoelectron microscopy with colloidal gold. Am J Pathol
(1991) 138:875-85.

Head MW, Corbin E, Goldman JE. Overexpression and abnormal modifica-
tion of the stress proteins alpha-B-crystallin and HSP27 in Alexander disease.
Am ] Pathol (1993) 143:1743-53.

Zatloukal K, Stumptner C, Fuchsbichler A, Heid H, Schnoelzer M,
Kenner L, et al. p62 is a common component of cytoplasmic inclusions in
protein aggregation diseases. Am ] Pathol (2002) 160:255-63. doi:10.1016/
$0002-9440(10)64369-6

Russo LS, Aron A, Anderson PJ. Alexander’s disease. A report and reappraisal.
Neurology (1976) 26:607-14. doi:10.1212/WNL.26.7.607

Neal JW, Cave EM, Singhrao SK, Cole G, Wallace SL. Alexander’s disease
in infancy and childhood: a report of two cases. Acta Neuropathol (1992)
84:322-7. doi:10.1007/BF00227826

Deprez M, D’'Hooghe M, Misson JP, de Leval I, Ceuterick C, Reznik M,
et al. Infantile and juvenile presentation of Alexander’s disease: a report of
two cases. Acta Neurol Scand (1999) 99:158-65. doi:10.1111/j.1600-0404.1999.
tb07338.x

Cho W, Messing A. Properties of astrocytes cultured from GFAP over-express-
ing and GFAP mutant mice. Exp Cell Res (2009) 315:1260-72. doi:10.1016/j.
yexcr.2008.12.012

Hagemann TL, Gaeta SA, Smith MA, Johnson DA, Johnson JA, Messing A.
Gene expression analysis in mice with elevated glial fibrillary acidic protein
and Rosenthal fibers reveals a stress response followed by glial activation
and neuronal dysfunction. Hum Mol Genet (2005) 14:2443-58. doi:10.1093/
hmg/ddi248

Liem RK, Messing A. Dysfunctions of neuronal and glial intermediate
filaments in disease. ] Clin Invest (2009) 119:1814-24. doi:10.1172/JCI38003
Der Perng M, Su M, Fang Wen S, Li R, Gibbon T, Prescott AR, et al.
The Alexander disease-causing glial fibrillary acid protein mutant, R416W,
accumulates into Rosenthal fibers by a pathway that involves filament aggre-
gation and the association of alpha-B crystallin and HSP27. Am ] Hum Gen
(2006) 79:197-213. doi:10.1086/504411

Yang Z, Wang KWK. Glial fibrillary acid protein: from intermediate filament
assembly and gliosis to neurobiomarker. Trends Neurosci (2015) 38:364-74.
doi:10.1016/j.tins.2015.04.003

Cotrina ML, Chen M, Han X, Iliff ], Ren Z, Sun W, et al. Effects of traumatic
brain injury on reactive astrogliosis and seizures in mouse models of Alexander
disease. Brain Res (2014) 1582:211-9. doi:10.1016/j.brainres.2014.07.029
Tang G, Perng MD, Wilk S, Quinlan R, Goldman JE. Oligomers of mutant
glial fibrillary acidic protein (GFAP) inhibit the proteasome system in Alex-
ander disease astrocytes, and the small heat shock protein alphaB-crystallin
reverses the inhibition. J Biol Chem (2010) 285:10527-37. doi:10.1074/jbc.
M109.067975

Hagemann TL, Jobe EM, Messing A. Genetic ablation of Nrf2/antioxidant
response pathway in Alexander disease mice reduces hippocampal gliosis
but does not impact survival. PLoS One (2012) 7:¢37304. doi:10.1371/journal.
pone.0037304

LaPash Daniels CM, Austin EV, Rockney DE, Jacka EM, Hagemann TL,
Johnson DA, et al. Beneficial effects of Nrf2 overexpression in a mouse
model of Alexander disease. J Neurosci (2012) 32:10507-15. doi:10.1523/
JNEUROSCI.1494-12.2012

Hagemann TL, Connor JK, Messing A. Alexander disease-associated glial
fibrillary acidic protein mutations in mice induce Rosenthal fiber formation
and a white matter stress response. ] Neurosci (2006) 26:11162-73. doi:10.1523/
JNEUROSCI.3260-06.2006

Messing A, Mark WH, Galles K, Galbreath EJ, Goldman JE, Brenner M.
Fatal encephalopathy with astrocyte inclusions in GFAP transgenic mice.
Am J Pathol (1998) 152:391-8.

van der Knaap MS, Naidu S, Breiter SN, Blaser S, Stroink H, Springer S,
et al. Alexander disease: diagnosis with MR imaging. Am J Neuroradiol (2001)
22:541-52.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

MignotC,Boespflug-TanguyO, Gelot A, Dautigny A, Pham-Dinh D,RodriguezD.
Alexander disease: putative mechanisms of an astrocytic encephalopathy.
Cell Mol Life Sci (2004) 61:369-85. doi:10.1007/s00018-003-3143-3

Kondo T, Funayama M, Miyake M, Tsukita K, Era T, Osaka H, et al. Modeling
Alexander disease with patient iPSCs reveals cellular and molecular pathol-
ogy of astrocytes. Acta Neuropathol Commun (2016) 4:69. doi:10.1186/
540478-016-0366-8

Gomez-Pinedo U, Duran-Moreno M, Sirerol-Piquer S, Matias-Guiu J.
Myelin changes in Alexander disease. Neurologia (2017). doi:10.1016/j.
nrl.2017.01.019

Olabarria M, Putilina M, Riemer EC, Goldman JE. Astrocyte pathology
in Alexander disease causes a marked inflammatory environment. Acta
Neuropathol (2015) 130:469-86. doi:10.1007/s00401-015-1469-1

Kanski R, Sneeboer MA, van Bodegraven EJ, Sluijs JA, Kropff W, Vermunt MW,
et al. Histone acetylation in astrocytes suppresses GFAP and stimulates a
reorganization of the intermediate filament network. J Cell Sci (2014) 127:
4368-80. doi:10.1242/jcs.145912

Seri B, Garcia-Verdugo JM, Collado-Morente L, McEwen BS, Alvarez-Buylla A.
Cell types, lineage, and architecture of the germinal zone in the adult dentate
gyrus. ] Comp Neurol (2004) 478:359-78. doi:10.1002/cne.20288
Quinones-Hinojosa A, Sanai N, Soriano-Navarro M, Gonzalez-Perez O,
Mirzadeh Z, Gil-Perotin S, et al. Cellular composition and cytoarchitecture
of the adult human subventricular zone: a niche of neural stem cells. ] Comp
Neurol (2006) 494:415-34. doi:10.1002/cne.20798

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C,
Peterson DA, et al. Neurogenesis in the adult human hippocampus. Nat Med
(1998) 4:1313-7. doi:10.1038/3305

Parnavelas JG. Glial cell lineages in the rat cerebral cortex. Exp Neurol (1999)
156:418-29. doi:10.1006/exnr.1999.7044

Marshall CA, Goldman JE. Subpallial dIx2-expressing cells give rise to astro-
cytes and oligodendrocytes in the cerebral cortex and white matter. J Neurosci
(2002) 22:9821-30.

Marshall CA, Suzuki SO, Goldman JE. Gliogenic and neurogenic progenitors
of the subventricular zone: who are they, where did they come from, and where
are they going? Glia (2003) 43:52-61. doi:10.1002/glia.10213

Panagiotakos G, Alshamy G, Chan B, Abrams R, Greenberg E, Saxena A,
et al. Long-term impact of radiation on the stem cell and oligodendrocyte
precursors in the brain. PLoS One (2007) 2:¢588. doi:10.1371/journal.pone.
0000588

Levison SW, Goldman JE. Both oligodendrocytes and astrocytes develop
from progenitors in the subventricular zone of postnatal rat forebrain. Neuron
(1993) 10:201-12. d0i:10.1016/0896-6273(93)90311-E

Menn B, Garcia-Verdugo JM, Yaschine C, Gonzalez-Perez O, Rowitch D,
Alvarez-Buylla A. Origin of oligodendrocytes in the subventricular zone
of the adult brain. ] Neurosci (2006) 26:7907-18. doi:10.1523/JNEUROSCI.
1299-06.2006

Bu J, Banki A, Wu Q, Nishiyama A. Increased NG2(+) glial cell proliferation
and oligodendrocyte generation in the hypomyelinating mutant shiverer. Glia
(2004) 48:51-63. doi:10.1002/glia.20055

Raff MC, Miller RH, Noble M. A glial progenitor cell that develops in vitro
into an astrocyte or an oligodendrocyte depending on culture medium. Nature
(1983) 303:390-6. doi:10.1038/303390a0

Nishiyama A, Watanabe M, Yang Z, Bu J. Identity, distribution, and devel-
opment of oligodendrocytes: NG2-expressing glial cells. ] Neurocytol (2002)
31:437-55. doi:10.1023/A:1025783412651

Zhou M, Schools GP, Kimelberg HK. GFAP mRNA positive glia acutely isolated
from rat hippocampus predominantly show complex current patterns. Brain
Res Mol Brain Res (2000) 76:121-31. doi:10.1016/S0169-328X(99)00341-1
Morshead CM, Reynolds BA, Craig CG, McBurney MW, Staines WA,
Morassutti D, et al. Neural stem cells in the adult mammalian forebrain: a
relatively quiescent subpopulation of subependymal cells. Neuron (1994)
13:1071-82.

Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia (2005)
50:427-34. doi:10.1002/glia.20207

Prestegarden L, Svendsen A, Wang J, Sleire L, Skaftnesmo KO, Bjerkvig R,
et al. Glioma cell populations grouped by different cell type markers drive
brain tumor growth. Cancer Res (2010) 70:4274-9. doi:10.1158/0008-5472.
CAN-09-3904

Frontiers in Neurology | www.frontiersin.org

June 2017 | Volume 8 | Article 255


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1007/s00439-005-0116-7
https://doi.org/10.1007/s00439-005-0116-7
https://doi.org/10.1016/S0002-9440(10)64369-6
https://doi.org/10.1016/S0002-9440(10)64369-6
https://doi.org/10.1212/WNL.26.7.607
https://doi.org/10.1007/BF00227826
https://doi.org/10.1111/j.1600-0404.1999.tb07338.x
https://doi.org/10.1111/j.1600-0404.1999.tb07338.x
https://doi.org/10.1016/j.yexcr.2008.12.012
https://doi.org/10.1016/j.yexcr.2008.12.012
https://doi.org/10.1093/hmg/ddi248
https://doi.org/10.1093/hmg/ddi248
https://doi.org/10.1172/JCI38003
https://doi.org/10.1086/504411
https://doi.org/10.1016/j.tins.2015.04.003
https://doi.org/10.1016/j.brainres.2014.07.029
https://doi.org/10.1074/jbc.
M109.067975
https://doi.org/10.1074/jbc.
M109.067975
https://doi.org/10.1371/journal.pone.0037304
https://doi.org/10.1371/journal.pone.0037304
https://doi.org/10.1523/JNEUROSCI.1494-12.2012
https://doi.org/10.1523/JNEUROSCI.1494-12.2012
https://doi.org/10.1523/JNEUROSCI.3260-06.2006
https://doi.org/10.1523/JNEUROSCI.3260-06.2006
https://doi.org/10.1007/s00018-003-3143-3
https://doi.org/10.1186/s40478-016-0366-8
https://doi.org/10.1186/s40478-016-0366-8
https://doi.org/10.1016/j.nrl.2017.01.019
https://doi.org/10.1016/j.nrl.2017.01.019
https://doi.org/10.1007/s00401-015-1469-1
https://doi.org/10.1242/jcs.145912
https://doi.org/10.1002/cne.20288
https://doi.org/10.1002/cne.20798
https://doi.org/10.1038/3305
https://doi.org/10.1006/exnr.1999.7044
https://doi.org/10.1002/glia.10213
https://doi.org/10.1371/journal.pone.
0000588
https://doi.org/10.1371/journal.pone.
0000588
https://doi.org/10.1016/0896-6273(93)90311-E
https://doi.org/10.1523/JNEUROSCI.
1299-06.2006
https://doi.org/10.1523/JNEUROSCI.
1299-06.2006
https://doi.org/10.1002/glia.20055
https://doi.org/10.1038/303390a0
https://doi.org/10.1023/A:1025783412651
https://doi.org/10.1016/S0169-328X(99)00341-1
https://doi.org/10.1002/glia.20207
https://doi.org/10.1158/0008-5472.CAN-09-3904
https://doi.org/10.1158/0008-5472.CAN-09-3904

Gomez-Pinedo et al.

AXD Alters Oligodendrogenesis

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Herndon RM, Rubinstein L], Freeman JM, Mathieson G. Light and electron
microscopic observations on Rosenthal fibers in Alexander’s disease and in
multiple sclerosis. ] Neuropathol Exp Neurol (1979) 29:524-51. doi:10.1097/
00005072-197010000-00002

Shiihara T, Yoneda T, Mizuta I, Yoshida T, Nakagawa M, Shimizu N. Serial
MRI changes in a patient with infantile Alexander disease and prolonged
survival. Brain Dev (2011) 33:604-7. d0i:10.1016/j.braindev.2010.10.007
Jany PL, Agosta GE, Benko WS, Eickhoff JC, Keller SR, Koehler W, et al.
CSF and blood levels of GFAP in Alexander disease. eNeuro (2015)
2:ENEURO.0080-15.2015. doi:10.1523/ENEURO.0080-15.2015

Yoshida T, Sasayama H, Nakagawa M. The process of inducing GFAP aggre-
gates in astrocytoma-derived cells is different between R239C and R416W
mutant GFAP. A time-lapse recording study. Neurosci Lett (2009) 458:11-4.
doi:10.1016/j.neulet.2009.04.032

Hsiao VC, Tian R, Long H, Perg MD, Brenner M, Quinlan RA, et al. Alexander-
disease mutation GFAP causes filament disorganization and decreased
solubility of GFAP. J Cell Sci (2005) 118:2057-65. doi:10.1242/jcs.02339
Mignot C, Delarasse C, Escaich S, Della Gaspera B, Noé E, Colucci-Guyon E,
et al. Dynamics of mutated GFAP aggregates revealed by real-time imaging
of an astrocyte model of Alexander disease. Exp Cell Res (2007) 313:2766-79.
doi:10.1016/j.yexcr.2007.04.035

Triolo D, Dina G, Lorenzetti I, Malaguti M, Morana P, Del CU, et al. Loss
of glial fibrillary acidic protein (GFAP) impairs Schwann cell proliferation
and delays nerve regeneration after damage. J Cell Sci (2006) 119:3981-93.
doi:10.1242/jcs.03168

Tang G, Xu Z, Goldman JE. Synergistic effects of the SAPK/JNK and the
proteasome pathway on glial fibrillary acidic protein (GFAP) accumulation
in Alexander disease. J Biol Chem (2006) 281:38634-43. doi:10.1074/jbc.
M604942200

Quintan RA, Brenner M, Goldman JE, Messing A. GFAP and its role
in Alexander disease. Exp Clin Res (2007) 313:2077-87. doi:10.1016/j.
yexcr.2007.04.004

Meisingset TW, Risa O, Brenner M, Messing A, Sonnewald U. Alteration of
glial-neuronal metabolic interactions in a mouse model of Alexander disease.
Glia (2010) 58:1228-34. d0i:10.1002/glia.21003

Cho W, Brenner M, Peters N, Messing A. Drug screening to identify sup-
pressors of GFAP expression. Hum Mol Genet (2010) 9:3169-78. doi:10.1093/
hmg/ddq227

Bachetti T, Di Zanni E, Balbi P, Bocca P, Prigione I, Deiana GA, et al. In vitro
treatments with ceftriaxone promote elimination of mutant glial fibrillary
acidic protein and transcription down-regulation. Exp Cell Res (2010) 316:
2152-65. doi:10.1016/j.yexcr.2010.05.005

Tang G, Yue Z, Talloczy Z, Hagemann T, Cho W, Messing A, et al. Autophagy
induced by Alexander disease-mutant GFAP accumulation is regulated by
p38/MAPK and mTOR signaling pathways. Hum Mol Genet (2008) 17:
1540-55. doi:10.1093/hmg/ddn042

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Koyama Y, Goldman JE. Formation of GFAP cytoplasmic inclusions in
astrocytes and their disaggregation by aB-crystallin. Am ] Pathol (1999)
154:1563-72. doi:10.1016/S0002-9440(10)65409-0

Perng MD, Wen SE Gibbon T, Middeldorp J, Sluijs J, Hol EM, et al. Glial
fibrillary acidic protein filaments can tolerate the incorporation of assem-
bly-compromised GFAP-delta, but with consequences for filament organi-
zation and alphaB-crystallin association. Mol Biol Cell (2008) 19:4521-33.
doi:10.1091/mbc.E08-03-0284

Tian R, Gregor M, Wiche G, Goldman JE. Plectin regulates the organization
of glial fibrillary acidic protein in Alexander disease. Am ] Pathol (2006)
168:888-97. doi:10.2353/ajpath.2006.051028

Hagemann T, Boelens W, Wawrousek E, Messing A. Suppression of GFAP
toxicity by alphaB-crystallin in mouse models of Alexander disease. Hum Mol
Genet (2009) 18:1190-9. doi:10.1093/hmg/ddp013

Flint D, Li R, Webster LS, Naidu S, Kolodny E, Percy A, et al. Splice site,
frameshift, and chimeric GFAP mutations in Alexander disease. Hum Mutat
(2012) 33:1141-8. d0i:10.1002/humu.22094

Chen MH, Hagemann TL, Quinlan RA, Messing AB, Perng MD. Caspase
cleavage of GAP produces an assembly-compromised proteolytic fragment
that promotes filament aggregation. ASN Neurol (2013) 5:¢00125. doi:10.1042/
AN20130032

Tang G, Yue Z, Talloczy Z, Goldman JE. Adaptive autophagy in Alexander
disease-affected astrocytes. Autophagy (2008) 4:701-3. doi:10.4161/auto.6028
Bugiani M, Boor I, van Kollenburg B, Postma N, Polder E, van Berkel C, et al.
Defective glial maturation in vanishing white matter disease. ] Neuropathol
Exp Neurol (2011) 70:69-82. doi:10.1097/NEN.0b013e318203ae74

Huyghe A, Horzinski L, Hénaut A, Gaillard M, Bertini E, Schiffmann R,
et al. Developmental splicing deregulation in leukodystrophies related to
EIF2B mutations. PLoS One (2012) 7:¢38264. doi:10.1371/journal.pone.
0038264

Melchionda L, Fang M, Wang H, Fugnanesi V, Morbin M, Liu X, et al.
Adult-onset Alexander disease, associated with a mutation in an alternative
GFAP transcript, may be phenotypically modulated by a non-neutral HDAC6
variant. Orphanet ] Rare Dis (2013) 8:66. doi:10.1186/1750-1172-8-66

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Gomez-Pinedo, Sirerol-Piquer, Durdn-Moreno, Garcia-Verdugo
and Matias-Guiu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

June 2017 | Volume 8 | Article 255


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1097/
00005072-197010000-00002
https://doi.org/10.1097/
00005072-197010000-00002
https://doi.org/10.1016/j.braindev.2010.10.007
https://doi.org/10.1523/ENEURO.0080-15.2015
https://doi.org/10.1016/j.neulet.2009.04.032
https://doi.org/10.1242/jcs.02339
https://doi.org/10.1016/j.yexcr.2007.04.035
https://doi.org/10.1242/jcs.03168
https://doi.org/10.1074/jbc.M604942200
https://doi.org/10.1074/jbc.M604942200
https://doi.org/10.1016/j.yexcr.2007.04.004
https://doi.org/10.1016/j.yexcr.2007.04.004
https://doi.org/10.1002/glia.21003
https://doi.org/10.1093/hmg/ddq227
https://doi.org/10.1093/hmg/ddq227
https://doi.org/10.1016/j.yexcr.2010.05.005
https://doi.org/10.1093/hmg/ddn042
https://doi.org/10.1016/S0002-9440(10)65409-0
https://doi.org/10.1091/mbc.E08-03-0284
https://doi.org/10.2353/ajpath.2006.051028
https://doi.org/10.1093/hmg/ddp013
https://doi.org/10.1002/humu.22094
https://doi.org/  10.1042/AN20130032
https://doi.org/  10.1042/AN20130032
https://doi.org/10.4161/auto.6028
https://doi.org/10.1097/NEN.0b013e318203ae74
https://doi.org/10.1371/journal.pone.
0038264
https://doi.org/10.1371/journal.pone.
0038264
https://doi.org/10.1186/1750-1172-8-66
http://creativecommons.org/licenses/by/4.0/

	Alexander Disease Mutations Produce Cells with Coexpression of Glial Fibrillary Acidic Protein and NG2 in Neurosphere Cultures and Inhibit Differentiation into Mature Oligodendrocytes
	Introduction
	Materials and Methods
	Animals
	Plasmids: Procurement, Site-Directed Mutagenesis, and Purification
	Adult SVZ Neurosphere Primary Culture
	Transfection
	Immunocytochemistry
	Statistical Analysis

	Results
	GFAP Mutations Result in Up-Expression of GFAP
	Significant Increases in Cells Expressing NG2 during Differentiation Were Found in the Mutant Protein Transfection Group
	Increased Caspase-3 Expression Was Observed during Differentiation
	Expression of Cathepsin D and HSP27 Rose during Differentiation

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


