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Effect of type-2 astrocytes on the viability of dorsal root
ganglion neurons and length of neuronal processes
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Abstract

The role of type-2 astrocytes in the repair of central nervous system injury remains poorly un-
derstood. In this study, using a relatively simple culture condition in vitro, type-2 astrocytes,
differentiated from oligodendrocyte precursor cells by induction with bone morphogenetic pro-
tein-4, were co-cultured with dorsal root ganglion neurons. We examined the effects of type-2
astrocytes differentiated from oligodendrocyte precursor cells on the survival and growth of
dorsal root ganglion neurons. Results demonstrated that the number of dorsal root ganglion
neurons was higher following co-culture of oligodendrocyte precursor cells and type-2 astrocytes
than when cultured alone, but lower than that of neurons co-cultured with type-1 astrocytes.
The length of the longest process and the length of all processes of a single neuron were shortest
in neurons cultured alone, followed by neurons co-cultured with type-2 astrocytes, then neurons
co-cultured with oligodendrocyte precursor cells, and longest in neurons co-cultured with type-1
astrocytes. These results indicate that co-culture with type-2 astrocytes can increase neuronal
survival rate and process length. However, compared with type-1 astrocytes and oligodendrocyte
precursor cells, the promotion effects of type-2 astrocytes on the growth of dorsal root ganglion
neurons were weaker.

Corresponding author:

Xuegang Luo, Department of Human
Anatomy and Neurobiology, Xiangya
School of Medicine, Central South
University, Changsha 410013, Hunan
Province, China, xgluo@xysm.net. Qilin
Cao, The Vivian L Smith Department
of Neurosurgery, UT Medical School
at Houston, Houston, TX 77030, USA,
qi-lin.cao@uth.tmc.edu.

doi:10.4103/1673-5374.125339
http://www.nrronline.org/

Accepted: 2013-11-22
Key Words: nerve regeneration; spinal cord injury; oligodendrocyte; oligodendrocyte precursor cells;
astrocytes; bone morphogenetic protein; neurons; neurites; dorsal root ganglion; NIH grant; neural
regeneration

Funding: This study was supported by the NIH Foundation of the USA, No. RO1 NS061975, and the
Natural Science Foundation of Hunan Province in China, No. 11]J]J6077.

Fan CL, Wang H, Chen D, Cheng XX, Xiong K, Luo XG, Cao QL. Effect of type-2 astrocytes on
the viability of dorsal root ganglion neurons and length of neuronal processes. Neural Regen Res.
2014;9(2):119-128.

Introduction
Cell death of oligodendrocytes and subsequent demye-

cell replacement therapy in the treatment of demyelinating
diseases of the central nervous system'”. Oligodendrocyte

lination are an important pathological hallmark of many
neurological diseases, including multiple sclerosis and spinal
cord injury"’. Oligodendrocytes are myelin-forming cells
in the central nervous system that differentiate from oli-
godendrocyte precursor cells”. Oligodendrocytes are also
responsible for providing nutrition and support to neuronal
axons"’. Oligodendrocyte damage can cause axonal demy-
elination and secondary axonal degeneration and neuronal
apoptosis'*, and contribute to the pathophysiology of many
neurological diseases””’. Therefore, enhancing oligodendro-
cyte remyelination is an important therapeutic approach for
these diseases'®. However, as they are terminally differenti-
ated cells, intrinsic or transplanted mature oligodendrocytes
are unable to initiate remyelination'*"”, Remyelination could
be induced by new oligodendrocytes differentiated from
stem cells or precursor cells"'". Oligodendrocyte precursor
cells are immature progenitor cells that can directionally
differentiate into mature oligodendrocytes, with certain pro-
liferative and migratory capacity, and thus, are ideal cells for

precursor cells exist in normal adult central nervous system
and become activated after injuries""*. However, endogenous
remyelination is limited due to limited number of oligo-
dendrocyte precursor cells, its inefficient migration and/or
failure to differentiation and maturation due to the inhibit-
ing environment'””'. For example, the number of oligoden-
drocyte precursor cells increases around the demyelinating
lesion site!™®, but they fail to differentiate into mature oligo-
dendrocytes to remyelinate the demyelinated axons because
of differentiation arrest'” ", Reactive astrocytes at the lesion
site were often seen to express some factors that suppress
the differentiation and maturation of oligodendrocytes” >
although oligodendrocyte precursor cells have certain char-
acteristics of stem cells®”, and can differentiate into oligo-
dendrocytes, astrocytes and neurons under different culture
conditions"”*. The newly upregulated factors at the lesion
site of the central nervous system possibly affect the direc-
tional differentiation and maturation of oligodendrocyte
precursor cells, and thus interfere with therapeutic efficacy.
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Transplantation of oligodendrocyte precursor cells™*” or

neural stem cells'®** approves an effective therapeutic ap-
proach to promote remyelination and functional recovery
after many neurological diseases. But inhibiting signals in
the injured environment may prevent the oligodendrocyte
differentiation and maturation of grafted oligodendrocyte
precursor cells or neural stem cells and blocking these inhib-
iting factors could further enhance therapeutic efficacy of
cell transplantation.

The expression of bone morphogenetic proteins is sig-
nificantly upregulated around the lesion site'™ . Bone
morphogenetic proteins are member of the transforming
growth factor superfamily, and play an important role in
the neural development of vertebrates and nerve repair®?.
Many studies have verified that bone morphogenetic pro-
teins effectively promote the astrocyte differentiation of
oligodendrocyte precursor cells and glial-restricted precur-
sor cells, and inhibit their differentiation into oligodendro-
cytes” ", Glial-restricted precursor cells are one of the early
progenitor cells of glial lineage during the development of
the central nervous system of mammals™. Glial-restricted
precursor cells can differentiate into astrocyte precursor cells
and oligodendrocyte precursor cells under different differen-
tiation conditions" ™’ Bone morphogenetic proteins induce
glial-restricted precursor cells to differentiate into type-1 as-
trocytes”™, and oligodendrocyte precursor cells into type-2
astrocytes”. Both type-1 and type-2 astrocytes express glial
fibrillary acidic protein, but their morphologies are quite
different. In addition, they are different regarding the expres-
sion of some surface antigens. For example, type-2 astrocytes
express A2B5 antigen, but type-1 astrocytes do not™. Some
previous studies indicate that type-1 astrocytes contribute to
axonal regeneration and functional recovery after spinal cord
injury™*". However, few studies have examined the effects
of type-2 astrocytes on regeneration.

In vitro studies have shown that the astrocyte differenti-
ation of oligodendrocyte precursor cells or glial-restricted
precursor cells is strongly associated with the concentration
of bone morphogenetic proteins'“*’'. Therefore, increasing
expression of bone morphogenetic proteins at the lesion site
of the central nervous system possibly induces oligodendro-
cyte precursor cells to differentiate into type-2 astrocytes.
While the restriction of oligodendrocyte differentiation
could affect remyelination, it remains poorly understood
how type-2 astrocytes regulate regeneration and functional
recovery. Thus, examining the effects of type-2 astrocytes on
neuronal growth is helpful in understanding the possible in-
fluential factors of oligodendrocyte precursor cells on axonal
regeneration and remyelination, and may provide insights to
develop a combined therapeutic strategy.

In this study, primary cultured oligodendrocyte precursor
cells were purified from adult spinal cord. These cells are
close to precursor cells from adult animals after spinal cord
injury. Bone morphogenetic protein-4 was added to induce
their differentiation into type-2 astrocytes, which were
co-cultured with dorsal root ganglion neurons. We analyzed
effects of oligodendrocyte precursor cells and type-2 astro-
cytes on neuronal survival and neurite growth.
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Results

Morphology of oligodendrocyte precursor cells and
oligodendrocytes identified by immunocytochemistry
A2B5 antigen is a cell surface ganglioside epitope expressed
on developing oligodendrocyte precursor cells or glial-re-
stricted precursor cells, and Ol is an antigen specifically
expressed on oligodendrocytes. More than 90% of oligoden-
drocyte precursor cells immunopanned from the the spinal
cord of adult rats using A2B5 antibody were positive for
A2B5 (Figure 1A). These cells were most bipolar or tripolar
with phase contrast bright cell body and a few thin process-
es. Few were positive for O1 or glial fibrillary acidic protein
(data not shown). After passage, > 98% of cells were positive
for A2B5, and most of them presented three or more long
and thin processes (Figure 1B). Their appearance did not
dramatically alter even after many passages. After differenti-
ation for 3 days in oligodendrocyte medium, most cells dif-
ferentiate into O1-positive oligodendrocytes with increasing
numbers of processes (Figure 1C).

Morphology of type-2 astrocytes formed by indution

of bone morphogenetic protein-4 identified by
immunocytochemistry

Oligodendrocyte precursor cells were induced to differen-
tiate into type-2 astrocytes in the astrocyte differentiation
medium containing bone morphogenetic protein-4. At 1 day
after differentiation, immunocytochemical staining revealed
some glial fibrillary acidic protein-positive cells, accounting
for 8.1 £ 1.9% of total cells (Figure 2A). Three days later,
the percentage of glial fibrillary acidic protein-positive cells
was significantly increased to 78.1 £ 1.8% (Figure 2B). Five
days later, most cells (96.3 + 1.6%) were glial fibrillary acid-
ic protein-positive astrocytes (Figure 2C). Seven days later,
the bodies of the glial fibrillary acidic protein-positive cells
became larger and processes became thicker (Figure 2D).
These glial fibrillary acidic protein-positive cells presented
many thin and long processes. The morphologies of type
IT astrocytes were evidently different from the fibroblastic
morphology of type-1 astrocytes differentiated from gli-
al-restricted precursor cells under the induction of bone
morphogenetic protein-4 (Figure 2E), which was identical to
previously studies”™ **!. The percentages of Ol-positive cells
were respectively 1.2 + 1.8%, 0.1 + 2.1%, 0, and 0 at 1, 3, 5
and 7 days after culture of oligodendrocyte precursor cells
with bone morphogenetic protein-4.

Survival of dorsal root ganglion neurons and the length of
processes following co-culture with type-2 astrocytes

After co-cultured with type-1 astrocytes, type-2 astrocytes,
oligodendrocyte precursor cells or without any cells for 18
hours, embryonic dorsal root ganglion neurons and their
processes were stained for NF-M, photographed under a flu-
orescence microscope, and were then counted and measured.
Results showed that the number of dorsal root ganglion
neurons was smaller in the blank control group compared
with other groups (Figures 3A, 4A). The mean number of
neurons in each plate was 242 * 16, and majority of neurons
were bipolar (Figure 3B). Of the four groups, the best surviv-
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Figure 1 Immunofluorescence images of oligodendrocyte precursor cells from the spinal cord of adult rats and differentiated oligodendrocytes.

(A) Primary cultured oligodendrocyte precursor cells were double-stained with A2B5 (green fluorescence) and Hoechst 3442. (B) Oligodendro-
cyte precursor cells (passage 3) were double-stained with A2B5 (green fluorescence) and Hoechst 3442. (C) Oligodendrocytes appearing at 3 days
of oligodendrocyte precursor cell differentiation were double-stained with O1 (red fluorescence) and Hoechst 3442. Blue fluorescence: Hoechst
3442-labeled nuclei. Scale bars: 50 pm.

al of dorsal root ganglion neurons was observed in the type-
1 astrocyte group (Figures 3C, 4A), and the mean number of
surviving neurons in each plate was 636 + 13. The number
of surviving neurons was similar between the oligodendro-
cyte precursor cell group (524 * 15) and the type-2 astrocyte
group (516 = 18) (Figures 3E, G, 4A), which were both lower
than the type-1 astrocyte group (P < 0.05), but still higher
than the blank control group (P < 0.01).

The length of the longest process and the length of all pro-
cesses of a single dorsal root ganglion neuron in each group
were measured and statistically analyzed. Results showed
that length of the longest process and the length of all pro-
cesses of a neuron were shorter in the blank control group
compared with the type-1 astrocyte, oligodendrocyte precur-
sor cell and type-2 astrocyte groups (P < 0.01). Simultane-
ously, the length of the longest process and the length of all
processes of a neuron were significantly longer in the type-
1 astrocyte group compared with oligodendrocyte precursor
cell and type-2 astrocyte groups (P < 0.05). The length of the
longest process and the length of all processes of one neuron
were shorter in the type-2 astrocyte group compared with
the oligodendrocyte precursor cell group (P < 0.05; Figure
4B, C).

Discussion

Morphology of oligodendrocyte precursor cells and
oligodendrocytes identified by immunocytochemistry

In this study, we purified oligodendrocyte precursor cells
and glial-restricted precursor cells from adult and embry-
onic spinal cord, respectively, using immunopanning with
A2B5. We then differentiated them into type-1 and type-2
astrocytes in the presence of bone morphogenetic protein
4. We directly compared their effects on the survival and
neurite growth of co-cultured dorsal root ganglion neurons.
Our results showed that the survival and neurite growth of
dorsal root ganglion neurons were significantly better in the

groups with cells than those without (blank control). These
results are consistent with previous studies'**”’ suggesting
that neural stem cells or precursors and their derivatives are
able to promote the neuronal survival and axonal regenera-
tion. The underneath mechanisms by which neural stem or
precursor cells promote axonal regeneration and/or neuro-
nal survival remain to be determined. The cells express the
permissive substrates such as fibronectin or laminin which
could promote the neurite growth in vitro or axonal regener-
ation in vivo*>*. They could also secrete the growth factors
or neurotrophins by promoting neurite growth or neuronal
survival. Neural stem or precursor cells expressed multiple
neurotrophic or growth factors'’*". These cells can secrete
growth or neruotrophic factors into the culture medium to
promote neurite growth in vitro*”. Following transplanta-
tion, the neural stem or precursor cells can release growth
or neurotrophic factors to decrease the motor neuron loss in
mouse models of amyotrophic lateral sclerosis neural ™" or
oligodendrocyte death after spinal cord injury™*” . Similar-
ly, the grafted neural stem or precursor cells promote axonal
regeneration after spinal cord injury"****** or neuronal plas-
ticity after stroke™. These studies suggest that, in addition
to their potential to differentiation into neurons, oligoden-
drocytes or astrocytes for cell replacement, the neural stem
or precursor cells could potentiate the endogenous repairing
following transplantation after neurological diseases. How-
ever, different types of cells, including neural stem or pre-
cursor cells and their derivatives, may function differently on
the repairing processes, such as axonal regeneration”’.

Our results showed different effects of oligodendrocyte
precursor cells, type-1 and type-2 astrocytes on the survival
and neurite growth of neurite of co-cultured dorsal root
ganglion neurons. While no significant differences in the
survival of co-cultured dorsal root ganglion neurons were
detected between oligodendrocyte precursor cells and type-2
astrocytes, a much better dorsal root ganglion neuron sur-
vival was observed in the co-culture with type-1 astrocytes.
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Figure 2 Immunofluorescence images of oligodendrocyte precursor cells after differentiation induced by bone morphogenetic protein-4.

Blue fluorescence: Hoechst 3442-labeled nuclei. (A-D) Cells were triple-stained with O1 (green fluorescence), glial fibrillary acidic protein (GFAP)
(red fluorescence) and Hoechst 3442 at 1, 3, 5 and 7 days after differentiation of oligodendrocyte precursor cells. (E) Cells were triple-stained with
A2B5 (red fluorescence), GFAP (green fluorescence) and Hoechst 3442 at 5 days after differentiation of glial-restricted precursor cells induced by

bone morphogenetic protein-4. Scale bars: 50 pm.

Furthermore, both the length of the longest process and the
length of all processes of co-cultured dorsal root ganglion
neurons were significantly shorter in the type-2 astrocyte
group compared with type-1 astrocyte group or oligoden-
drocyte precursor cell group. Results from this study indicate
that relative to undifferentiated oligodendrocyte precursor
cells, type-1 astrocytes promoted neuronal growth, but type-
2 astrocytes suppressed neuronal growth. It is very interest-
ing to note that astrocytes differentiated from embryonic
glial-restricted precursor cells and adult oligodendrocyte
precursor cells using the same differentiation factor, bone
morphogenetic protein 4, function very differently on neur-
ite growth. These results are consistent with previous studies
using astrocytes from different developmental stages. For
example, astrocytes in the early developing central nervous
system (CNS) promote oligodendrogenesis”’. Astrocytes
from the developing CNS enhance remyelination after trans-
plantation into the demyelinated spinal cord” . The reac-
tive astrocytes from the injured spinal cord, however, inhibit
remyelination™. Astrocytes directly from the embryonic
CNS promote axon regeneration after transplantation into
adult CNS injuries'®”*"". However, when the same astrocytes
become aging during the prolonged in vitro culturing, they
are less supportive'®’, which has also resulted in minimal
axon growth after their transplantation to adult spinal cord
injuries'”. Astrocytes from distinct regions of adult CNS
may also behave differentially. For example, astrocytes in the
hippocampus may promote neural stem cells to differentiate
into neurons while astrocytes in the adult spinal cord may
induce the astrocyte differentiation and inhibit neurogenesis
from neural stem cells™. In fact, astrocytes differentiated
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from the same embryonic glial-restricted precursor cells
using different differentiation factors also have different,
or opposite effects on regeneration. Astrocytes induced
from glial-restricted precursor cells with bone morpho-
genetic protein 4 promote axonal regeneration and func-
tional recovery after transplantation following spinal cord
inury"***>>*_ But transplantation of astrocytes induced
from glial-restricted precursor cells with ciliary neurotroph-
in factor fails to promote axonal regeneration and functional
recovery after transplantation”* *”’. Furthermore, transplan-
tation of ciliary neurotrophin factor-induced astrocytes, but
not bone morphogenetic protein 4-induced astrocytes, caus-
es allodynia after spinal cord inury'®’. It is worthy to note
that bone morphogenetic protein 4-induced astrocytes are
the type-1 astrocytes in this study. The ciliary neurotrophin
factor-induced astrocytes resemble the type-2 astrocytes
described in this study in many aspects, such as morphology
and expression of A2B5. These studies indicate that not all
astrocytes have similar effects on axonal regeneration or oli-
godendrocyte differentiation and myelination, highlighting
the importance of cell types, resources and developing stages
on the therapies of neurological diseases.

Reactive astrogliosis and the subsequent formation of a
glial scar are robust phenomena that occur following diverse
CNS injuries[“'m. However, their functions in vivo are not
well established. Both harmful and beneficial effects have
been attributed to reactive astrogliosis'®®’. For example,
reactive astrocytes could protect CNS cells and tissue by
limiting inflammatory cells”"”", protection from oxidative
stress via glutathione production'””, uptake of potentially
excitotoxic glutamate'””’ and facilitating blood brain barri-
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Figure 3 Immunofluorescence images of dorsal root ganglion neurons co-cultured with various cells for 18 hours.

Under the fluorescence microscope, cells in the type-1 and type-2 astrocyte groups were stained with NF-M, glial fibrillary acidic protein (GFAP)
and Hoechst 3442. Cells in the oligodendrocyte precursor cell group were stained with NF-M, O4 and Hoechst 3442. Cells in the blank control
group were stained with NF-M and Hoechst 3442. (A, C, E, G) Low-power images of cells in the blank control, type-1 astrocyte, oligodendrocyte
precursor cell and type-2 astrocyte groups were co-cultured with dorsal root ganglion neurons for 18 hours (B, D, E, H respectively). High-power
images of cells in the blank control, type-1 astrocyte, oligodendrocyte precursor cell and type-2 astrocyte groups were co-cultured with dorsal
root ganglion neurons for 18 hours. D, F, H’: Magnified images of white panes of D, F, H, respectively; red fluorescence shows NF-M staining.
Green fluorescence in F and F” shows O4 staining. In D, D’, H, H), green fluorescence shows GFAP staining, and blue fluorescence shows Hoechst
3442-labeled nuclei. Scale bars (A, C, E, G): 100 um; scale bars (B, D, F, H): 50 um.

er repair”*. On the other hand, glial scars at the injury site
could restrict the regeneration of neuronal axons”>’®, and
suppress remyelination"””’. Multiple types of cells in the adult
CNS, such as astrocytes, neural stem cells or oligodendrocyte

precursor cells, contribute to astrogliois after CNS inju-

. 78-79 L) .
ries”*”"!, However, it is unknown whether reactive astrocytes

from different resources will have different roles after CNS
injuries. Our results showed that astrocytes derived from
different precursor cells may function differently. Type-1
astrocytes from glial-restricted precursor cells promote neu-
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Figure 4 The number of living cells and the length of processes of dorsal root ganglion neurons co-cultured with various cells for 18 hours.

(A) Number of living neurons in each well in each group (cells double-stained with NF-M and Hoechst 3442). (B) Length of the longest processes
of neurons in each group. (C) Length of all processes of neurons in each group. GDA: Type-1 astrocytes; OPC: oligodendrocyte precursor cells;
ODA: type-2 astrocytes. Under the fluorescence microscope, neurons were observed, photographed, and quantified, and the number of living neu-
rons was measured. The length of neuronal processes was measured using NIS-ELEMENT BR software self-contained by the microscope. The data
are expressed as mean = SD. Mean value of multiple groups was compared using one-way analysis of variance. Multiple comparisons among mean
values were done using the Duncan’s multiple range test.’P < 0.01, vs. blank control group; °P < 0.05, vs. type-1 astrocyte group; ‘P < 0.05, vs. oligo-

dendrocyte precursor cell group.

rite growth while type-2 astrocytes from oligodendrocyte
precursor cells are much less supportive for neurite growth.
Oligodendrocyte precursor cells widely distribute in the
adult CNS"™*", Tts numbers are dramatically increased after
CNS injuries'®”. Importantly, expression of bone morpho-
genetic proteins is significantly increased in the reactive
astrocytes around the injured area following neurological
diseases"”>****. The up-regulated bone morphogenetic
proteins in the injury area may inhibit the oligodendrocyte
differentiation and remyeliantion of endogenous or grafted
oligodendrocyte precursor cells and promote their astrocyte
differentiation™ **, This study suggests that type-2 astro-
cytes derived from oligodendrocyte precursor cells by bone
morphogenetic protein signaling may be less supportive for
axonal regeneration. Increased bone morphogenetic pro-
tein signaling in the injured area following CNS insults may
inhibit axonal remyelination by blocking oligodendrocyte
differentiation and maturation. It may also inhibit axonal re-
generation by inducing oligodendrocyte precursor cells into
lesser supportive type-2 astrocyte. Therefore, manipulation
of bone morphogenetic protein signaling in the injured area
may represent a novel therapeutic strategy to enhance axonal
regeneration and remyelination™.

In summary, our results show that glial precursor cells and
their derivatives promote the neuronal survival and neurite
regrowth likely by releasing growth factors and providing
supportive substrates. These data suggest that transplanta-
tion of glial precursor cells could promote functional recov-
ery by replacing the lost oligodendrocytes and enhancing the
endogenous repairing. Our results also show that astrocytes
differentiated from embryonic glial-restricted precursor cells
and adult oligodendrocyte precursor cells by bone morpho-
genetic protein 4 have different effects on neurite growth in
vitro. These results highlight the importance of choosing the
optimal cell types or the proper developmental stage of cells
for treating neurological diseases. Manipulating the bone
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morphogenetic protein signaling in the injured area may be
critical to improve the therapeutic efficacy of endogenous or
grafted oligodendrocyte precursor cells.

Materials and Methods
Design
A parallel controlled in vitro experiment.

Time and setting

Experiments were performed at the Laboratory of Neurosur-
gery, Medical School at Houston, University of Texas, USA
from November 2009 to April 2010 and the Department
of Human Anatomy and Neurobiology, Xiangya School of
Medicine, Central South University, China from March to
October 2012.

Materials

Five adult female Fisher 344 rats, weighing 140-160 g and
aged 3 months, and Fisher 344 pregnant rats at embryonic
day 14 (a brood of 12 rats) were purchased from Jackson Lab
(Sacramento, CA, USA). All animals were housed at 25°C
and relative humidity of 50-60% under a 12-hour light/dark
cycle, and allowed free access to food and water. One week
later, they were used for culture of primary cells. Animal ex-
periments were approved by the Animal Welfare Committee
and Biosafety Committee of the University of Texas Health
Science Center, Houston, USA, and Animal Ethics Commit-
tee of Central South University, China.

Methods

Isolation and culture of oligodendrocyte precursor cells
Primary oligodendrocyte precursor cells were isolated from
adult rat spinal cord using an immunopanning method as
described previously”™ "', A 100 mm diameter Petri dish
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(Corning Costar, Keller, TX, USA) was washed with Dul-
becco phosphate-buffered saline (DPBS) in the culture
hood. Donkey anti-mouse IgM or donkey anti-rabbit IgG
(10 pg/mL dissolved in 0.05 mol/L Tris-HCl; Jackson Im-
muno Research West Grove, PA, USA) was added to ensure
the bottom was completely covered, followed by coating at
4°C overnight. The next day, after removal of antibody and
three washes with DPBS, A2B5 or RAN-2 antibody was add-
ed (stock solution; Research Center for Spinal Cord Injury,
Louisville, KY, USA), incubated on a swing bed at room tem-
perature for 2 hours, and washed three times with DPBS.
Adult Fisher 344 rats were intraperitoneally anesthetized
with sodium pentobarbital (Nembutal, 50 mg/kg). The spi-
nal cord was dissected and placed in an aseptic D-Hanks
solution. Under an anatomical microscope (Olympus, Cen-
ter Valley, PA, USA), blood vessels on the surface of spinal
dura mater and spinal cord were carefully peeled off. The
spinal cord was digested in Hanks solution supplemented
with 0.1% papain, 0.1% neutral protease and 0.01% DNase
at 37°C for 30 minutes. The digestion was terminated by
adding 10% fetal bovine serum. After centrifugation at 500
x g for 15 minutes, digestion solution was removed, and 2
mL oligodendrocyte precursor cell culture medium was add-
ed. The sample was triturated with a 1 mL-sample-loading
pipette tip. The oligodendrocyte precursor cell culture me-
dium was composed of Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (Life Technologies, Grand Island, NY, USA)
containing 0.5% N2 (Invitrogen, Carlsbad, CA, USA), 1%
B27 (Invitrogen), 0.1% BSA (Sigma, St. Louis, MO, USA),
5 mg/mL insulin (Sigma), 20 ng/mL fibroblast growth fac-
tor-2 (Invitrogen), and 10 ng/mL PDGF-AA (Sigma). After
addition to RAN-2-coated Petri dishes, the cell suspension
was incubated in RAN2-coated Petri dishes in a swing bed
at room temperature for 1 hour to get rid of astrocytes and
fibrocytes and then in A2B5-coated Petri dishes in a swing
bed at room temperature for 1 hour. After cell suspension
was removed, the dishes were washed with DPBS to remove
unconjugated floating cells. Oligodendrocyte precursor cells
that adhered to the bottom of the Petri dish were collected
with cell lifter, plated in PDL-laminin-coated cell culture
dishes and cultured in oligodendrocyte precursor cell me-
dium. The medium was replaced every other day. After cells
were confluent, they were passaged. Passages 2 and 3 oligo-
dendrocyte precursor cells were used for co-culture.

Differentiation of oligodendrocyte precursor cells in vitro

Passage 3 oligodendrocyte precursor cells were seeded in
PDL/laminin-coated 24-well plates at 1 x 10" cells/well for 3
days. At 60% confluency, they were divided into two groups,
which were differentiated in oligodendrocyte and type-2
astrocyte differentiation medium, respectively. Oligodendro-
cyte differentiation medium was composed of DMEM/F12
containing 0.5% N2, 1% B27, 0.1% bovine serum albumin,
5 mg/mL insulin, 30 ng/mL T3 (Sigma), and 10 ng/mL NT3
(Upstates, Billerica, MA, USA). Type-2 astrocyte differenti-
ation medium (induced by bone morphogenetic protein-4)

consisted of DMEM/F12 containing 0.5% N2, 1% B27, 0.1%
bovine serum albumin, 5 mg/mL insulin, and 20 ng/mL
bone morphogenetic protein-4 (R&D Systems Inc., Minne-
apolis, MN, USA).

Isolation and culture of glial-restricted precursor cells
Pregnant rats at embryonic day 14 were intraperitoneally
anesthetized, and sterilized with 70% alcohol. The abdomen
skin was cut and all embryos were obtained and placed in a
Petri dish containing aseptic Leibovitz’s L 15 medium (Gibco,
Buffalo, NY, USA). The spinal cords of all fetal rats were dis-
sected within 1 hour. Under an anatomical microscope, spinal
dura mater was carefully peeled off. All spinal cords were cut
into 1 mm-length segments, digested in 37°C preheated 0.05%
trypsin (trypsin-ethylenediamine tetraacetic acid) for about
15 minutes, which was terminated by adding 10% fetal bovine
serum. Following centrifugation at 500 X g for 15 minutes, the
supernatant was removed. A total of 1 mL of culture solution
for glial-restricted precursor cells composed of DMEM/F12
containing 0.5% N2, 1% B27, 20 ng/mL fibroblast growth
factor-2 and 10 ng/mL PDGF-AA was added. The sample
was triturated with a 1 mL-sample-loading pipette tip. Cell
suspension was incubated in a RAN-2-coated Petri dish in
a swing bed at room temperature for 1 hour and then in an
A2B5-coated Petri dish in a swing bed at room temperature
for another 1 hour. The unconjugated floating cells were re-
moved by repeated washing of DPBS. The culture solutions
for glial-restricted precursor cells were added, and cells that
adhered to the bottom of the Petri dish were collected with
cell lifter and proliferated in a FL-laminin-coated cell culture
dish in an incubator. The medium was replaced every other
day. After cells were confluent, they were passaged. Passages
1, 2 and 3 glial-restricted precursor cells were used in this
study.

Harvesting of type-1 astrocyte progenitor cells

Type-1 astrocytes were differentiated from glial-restricted
precursor cells using the same differentiation medium of
type-2 astrocytes in the presence of bone morphogenetic
protein-4, as described previously**®’,

Isolation of dorsal root ganglion neurons

Embryos were obtained from pregnant rats, and the spinal
column was opened to expose the spinal cord and bilateral
dorsal root ganglions. Dorsal root ganglions were carefully
removed with eye scissors, and the spinal dura mater was
peeled off. Then dorsal root ganglions were digested in 0.25%
trypsin (trypsin-ethylenediamine tetraacetic acid) at 37°C
for 20 minutes, which was terminated by adding 10% fetal
bovine serum. After centrifugation at 500 x g for 5 minutes
and removal of trypsin, 1 mL dorsal root ganglion neuron
culture medium was added. The dorsal root ganglion neu-
ron culture medium was composed of neurobasal medium
containing 1% B27, 100 mmol/L L-glutamine (Sigma), and
25 ng/mL nerve growth factor (R&D Systems Inc.). The
sample was triturated with a 1 mL-sample-loading pipette
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tip and the sediment was discarded. Cell suspension was ob-
tained and enough culture solution was added.

Co-culture of dorsal root ganglion neurons and cells

Dorsal root ganglion neurons were co-cultured with type-
1 astrocytes, oligodendrocyte precursor cells, type-2 astro-
cytes, or without any cells, respectively. Dorsal root ganglion
neurons were seeded in 24-well plates with one dorsal root
ganglion in each well after the respective cells were 75-85%
confluent. After 18 hours of co-culture in dorsal root gan-
glion neuron culture medium, the cells were fixed and then
stained. The dorsal root ganglion neuron culture medium
was composed of neurobasal medium supplemented with 1%
B27, 100 mmol/L L-glutamine (Sigma), and 25 ng/mL nerve
growth factor (R&D Systems Inc.). This culture medium
was used in all groups. In the blank control group, dorsal
root ganglion neurons were added into the wells without
other cells. In the oligodendrocyte precursor cell group, after
passage or thawing, cells were cultured in oligodendrocyte
precursor cell medium for 2-3 days to reach the optimal
confluence before co-culture.

Immunofluorescence technique

Living cells were incubated with the specific mouse anti-
bodies, anti-A2B5, anti-O1, and anti-O4 (stock solution;
Research Center for Spinal Cord Injury) at room tempera-
ture for 1 hour, fixed with 4% paraformaldehyde, at room
temperature for 10-15 minutes, washed three times with
PBS-T (0.01 mol/L PBS containing 0.1% Triton X-100),
each for 5 minutes, and blocked in 10% donkey serum at
room temperature for 1 hour. After washed with PBS-T,
the cells were incubated with primary antibody (prepared
with PBS-T containing 5% donkey serum) rabbit or chicken
anti-glial fibrillary acidic protein (1:500; Chemicon, Bill-
erica, MA, USA), rabbit anti-NF-M (1:200; Chemicon) at
4°C overnight. The cells were placed at room temperature
for 10 minutes, washed four times with PBS-T, each for
10 minutes, and then incubated with fluorescently-labeled
secondary antibody and Hoechst 3342 (prepared by PBS-T
containing 5% donkey serum). Secondary antibodies were
Texas Red- or FITC-labeled donkey anti-mouse IgM (mouse
anti-A2B5, O1 or O4) (1:100; Jackson Immuno Research),
Rhodamine-labeled donkey anti-rabbit IgG (rabbit an-
ti-NF-M and rabbit anti-glial fibrillary acidic protein) (1:200;
Jackson Immuno Research), Rhodamine- or FITC-labeled
donkey anti-chicken IgG (chicken anti-glial fibrillary acidic
protein) (1:200; Jackson Immuno Research) at room tem-
perature in the dark for 1 hour. The cells were washed with
0.01 mol/L PBS, mounted with mounting medium, and then
imaged with a fluorescence microscope (NIKON TE2000,
Melville, NY, USA). All cells were quantified under a micro-
scope using a 10 X eyepiece lens, moving in “S”-shape order.
The percentage of positive cells was calculated by the num-
ber of positive cells by immunostaining/the number of cells
by nuclear staining with Hoechst 3342 dye (i.e., total num-
ber of cells) x 100%. The length of neuronal processes was
measured using NIS-ELEMENT BR software self-contained
by the microscope.
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Statistical analysis

The data were expressed as mean + SD, and analyzed with
SPSS 16.0 software (SPSS, Chicago, IL, USA). The mean val-
ue of many groups was compared with one-way analysis of
variance. Multiple comparison among mean values was per-
formed using the Duncan method. A value of P < 0.05 was
considered statistically significant.
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Peer review: This study investigated effects of type-2 astrocytes
differentiated from oligodendrocyte precursor cells induced by
bone morphogenetic protein-4 on the growth of dorsal root gangli-
on neurons. Results suggest that type-2 astrocytes exhibited a weak
promoting effect on the growth of dorsal root ganglion neurons.
This study innovatively explored the source and type of proliferat-
ing astrocytes required for the repair of spinal cord injury, and the
influential factors for oligodendrocyte precursor cells in remyelin-
ation. This study provided insight into a potential direction for the
study of myelin reformation and glial cell proliferation after spinal
cord injury.
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