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Abstract
Leukemia inhibitory factor (LIF) promotes the survival of oligodendrocytes both in vitro and in an
animal model of multiple sclerosis, but the possible role of LIF signaling in myelination during
normal development has not been investigated. We find that LIF-/- mice have a pronounced
myelination defect in optic nerve at postnatal day 10. Myelin basic protein (MBP)- and proteolipid
protein (PLP)-positive myelin was evident throughout the optic nerve in the wild-type mice, but
staining was present only at the chiasmal region in LIF-/- mice of the same age. Further experiments
suggest that the myelination defect was a consequence of a delay in maturation of oligodendrocyte
precursor cell (OPC) population. The number of Olig2-positive cells was dramatically decreased in
optic nerve of LIF-/- mice, and the distribution of Olig2-positive cells was restricted to the chiasmal
region of the nerve in a steep gradient toward the retina. Gene expression profiling and cell culture
experiments revealed that OPCs from P10 optic nerve of LIF-/- mice remained in a highly proliferative
immature stage compared with littermate controls. Interestingly, by postnatal day 14, MBP
immunostaining in the LIF-/- optic nerve was comparable to that of LIF+/+ mice. These results suggest
that, during normal development of mouse optic nerve, there is a defined developmental time window
when LIF is required for correct myelination. Myelination seems to recover by postnatal day 14, so
LIF is not necessary for the completion of myelination during postnatal development.
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Identifying the signals controlling oligodendrocyte differentiation and myelination is an
important priority in current research in developmental neurobiology and in clinical research
on demyelinating CNS disease. Cytokines have a well-appreciated role in inflammatory
responses during nervous system injury and disease, but, in contrast to the case for growth
factors and cell adhesion molecules, the possible role of cytokines in regulating
oligodendrocyte development and myelination under normal physiological conditions is
relatively unexplored. Based on recent research identifying LIF signaling between astrocytes
and oligodendrocytes in regulating myelination in response to electrical activity in axons
(Ishibashi et al.,[2006]), the present study was undertaken to investigate the possible role of
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LIF in regulating myelination of early postnatal optic nerve. Using genetic knockout mice, this
study is the first analysis of LIF signaling on myelination during early postnatal development
in the CNS.

Although cytokines are generally associated with inflammatory disease, there is evidence that
nervous system development, including myelination, is regulated by the activation of cytokine
signaling at specific stages of development (Bauer et al.,[2007]). Leukemia inhibitory factor
(LIF), ciliary neurotrophic factor (CNTF), and interleukin-6 (IL-6) each promote the survival
of mature oligodendrocytes in vitro (Barres et al.,[1993]; Kahn and DeVellis,[1994]; Stankoff
et al.,[2002]). Cytokines arising from several unrelated genes share a common signaling
mechanism via activation of the signaling receptor gp 130 (Ip et al.,[1992]). Supplemental LIF
can increase (Stankoff et al.,[2002]; Ishibashi et al.,[2006]) or inhibit (Park et al.,[2001])
myelination in cell culture depending on the concentration. Under states of neural
inflammation, up-regulation of LIF, CNTF, and IL-6 expression is observed in patients with
multiple sclerosis (Schönrock et al.,[2000]; Vanderlocht et al.,[2006]) and in experimental
autoimmune encephalomyelitis (EAE), an animal model of autoimmune demyelination
(Butzkueven et al.,[2006]). A more recent study reported that LIF receptor signaling modulates
demyelination and remyelination in an in vivo cuprizone-induced demyelination model
(Marriott et al.,[2008]).

Some defects in myelination have been reported in an analysis of neuronal and glial phenotype
in the brain of adult LIF-/- mice (Bugga et al.,[1998]), but the effects on oligodendrocytes vary
with different brain regions, and reduced myelin basic protein (MBP) staining was seen only
in female animals. Myelination of optic nerve was not examined. The reasons for the reduced
MBP staining in females were not known, and the authors suggest the need for further analysis
of LIF in myelination. The objective of the present study was to determine whether there are
any effects on myelination of early postnatal optic nerve in LIF-/- mice and, if so, whether the
effects are due to an influence of LIF on proliferation, differentiation, or migration of cells in
the oligodendrocyte lineage. A second objective is to determine whether the possible effects
of LIF signaling during normal development are transient or permanent and to provide a more
comprehensive analysis of cellular and molecular biological consequences of LIF gene
disruption in early postnatal optic nerve by performing a global analysis of genes that are
differentially expressed in normal and LIF-/- mice. The results reveal a delay in oligodendrocyte
development and subsequent decreased myelination at postnatal day 10 (P10) in the optic nerve
of male and female LIF-/- mice, which largely recovers by P14.

Materials and Methods
Animals

Throughout the study, LIF-/- mice, maintained on a CD1 background, were genotyped using a
polymerase chain reaction (PCR)-based method (Stewart et al.,[1992]), and corresponding age-
matched wild-type (LIF+/+) control mice were used for in vivo studies. Heterozygotes
(LIF+/-) were used for in vitro culture studies.

Immunocytochemistry
LIF-/- as well as LIF+/+ mouse optic nerves were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. The optic nerves were cryoprotected with 30% sucrose in PBS,
pH 7.4, for 24 hr at 4°C. After embedding in optimal cutting temperature mounting medium
(Miles, Elkhart, IN), tissues were cut into 7-10 μm-thick sections. Immunofluorescence
staining was performed as described previously (Ishibashi et al.,[2002]). The following primary
antibodies were used in overnight incubations at 4°C: anti-NG2 polyclonal (Chemicon,
Temecula, CA; 1:1,000), anti-O4 (Chemicon; 1:1,000), antigalactocerebrosidase (GalC;
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Chemicon; 1:500), anti-GFAP (Dako, Carpinteria, CA; 1:2,000), anti-MBP (Sternberger
Monoclonals, Luthersville, MD; 1:1,000), rat anti-PDGFRα monoclonal (BD Pharmingen, San
Diego, CA; 1:500), and antproliferating cell nuclear antigen (PCNA; Upstate Biotechnology,
Lake Placid, NY; 1:50). Anti-Olig2 polyclonal antibody was kindly provided by Dr.
Takebayashi (National Institute of Physiological Sciences, Okazaki, Japan). A rat monoclonal
antibody (AA3) against the C-terminal portion of myelin proteolipid protein (PLP; Yamamura
et al.,[1991]) was kindly provided by Dr. M. Lees (E.K. Shriver Center, Waltham, MA). For
secondary antibodies, Alexa 488 or Alexa 594 conjugated to goat anti-rabbit, goat anti-rat, or
goat anti-mouse antibodies (Molecular Probes, Eugene, OR) were applied for 45 min at RT,
and images were captured via Axio Imager or confocal microscopy (Zeiss, Oberkochen,
Germany). Primary OPC cultures from optic nerves were stained with anti-O4 or anti-GalC
antibodies before fixation at 37°C for 30 min. Immunocytochemistry with anti-NG2 or anti-
MBP antibodies was carried out using cells fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4.

Cell Culture
Because LIF heterozygous mice (LIF+/-) do not display any defect in myelination, we used
LIF+/- mice as a control in these experiments. LIF+/- and LIF-/- mouse optic nerves were
dissected as described previously (Mi et al., [1999]). In brief, P10 mixed optic nerve cells were
prepared by digesting minced optic nerves in a papain solution (33 U/ml; Worthington,
Freehold, NJ) at 37°C for 45-60 min, followed by trituration in DMEM (Invitrogen, Carlsbad,
CA) with 10% fetal bovine serum (FBS; Hyclone, Logan, UT). The mixed cells were
transferred to poly-D-lysine (Sigma, St. Louis, MO)-coated 12 mm glass coverslips in 24-well
tissue culture plates containing proliferation medium (10% FBS/DMEM). After 24 hr, the
medium was removed and replaced with differentiating medium (DMEM + N1 + 0.5% FBS;
Stevens et al.,[2002]). Three days later, cells were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4, and used for immunofluorescence. There was no LIF or other
factors in the proliferation medium or differentiation medium.

Proliferation Assay
After 48 hr in differentiating media, optic nerve cells were pulsed with BrdU (Boehringer
Mannheim, Indianapolis, IN) for 6 hr, fixed, and stained according to the manufacturer's
instructions. Cells were then counterstained with Hoechst nuclear stain (Molecular Probes,
Eugene, OR) at a dilution of 1:2,000 for 10 min. The proliferation rate was calculated as the
ratio of BrdU:Hoechst-positive nuclei in each microscope field. All nuclei stained with BrdU
and Hoechst were counted in each microscope field. Ten randomly chosen fields were sampled
to obtain a mean for each coverslip.

Gene Expression Analysis
Purification and preparation of RNA—Total RNA was extracted from optic nerves using
the Trizol reagent method (Invitrogen, Carlsbad, CA; catalog No. 15596-026) from five
animals (n = 10 optic nerves) for both LIF+/+ and LIF-/- at P10, from four animals (n = 8 optic
nerves) from P14, and from two animals (n = 4 optic nerves) from P35 (adult); all animals used
for mRNA profiling were male. The quality of total RNA samples was assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). RNA samples were labeled
according to the chip manufacturer's recommended protocols. In brief, for Illumina, 0.5 μg of
total RNA from each sample was labeled by using the Illumina TotalPrep RNA Amplification
Kit (Ambion, Austin, TX; catalog No. IL1791) in a process of cDNA synthesis and in vitro
transcription. Single-stranded RNA (cRNA) was generated and labeled by incorporating
biotin-16-UTP (Roche Diagnostics GmbH, Mannheim, Germany; catalog No. 11388908910),
and 0.75 μg of biotin-labeled cRNA was hybridized (16 hr) to Illumina's Sentrix MouseRef-8
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Expression BeadChips (Illumina, San Diego, CA; catalog No. BD-26-213). The hybridized
biotinylated cRNA was detected with streptavidin-Cy3 and quantitated using Illumina's
BeadStation 500GX Genetic Analysis Systems scanner.

Array data processing—Preliminary analysis of the scanned data was performed in
Illumina BeadStudio software. The primary Illumina data are returned from the scanner in the
form of an “.idat” file which contains single intensity data values/gene following the
computation of a trimmed mean average for each probe type represented by a variable number
of bead probes/gene on the array. The BeadStudio software returns information on the number
and standard deviation of all the bead measurements per probe/gene as well as a detection
threshold based on a comparison between the measured intensity calculated for a single probe/
gene and the intensities measured for a large number of negative control beads built into the
BeadChip arrays (D = percentage above negative/100, 1 = perfect, i.e., the intensity value of
a gene is greater than all the intensities for every negative control tested). Any gene consistently
below D = .99 for all samples was eliminated from further analysis. This background filter
resulted in the removal of approximately 20% of all the genes on the Illumina array (4,938
background genes from among a total of 24,527 RefSeq genes). Further filtering removed 1,688
genes without a meaningful HUGO gene name. Overall differences in gene expression between
samples were calculated by a global normalization method based on total intensity counts for
each array. A normalization factor was determined by dividing the average total intensity by
the true total intensity. Each intensity value was multiplied by its appropriate normalization
factor, and differences were calculated as ratios from the normalized values. The data are
accessible through GEO Series accession No.: GSE11935
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11935).

Results
Reduced MBP and PLP Immunoreactivity in the Optic Nerve of P10 LIF-/- Mice

To determine the effect of removal of LIF signaling on myelination in vivo, we examined
myelin formation using longitudinal optic nerve sections from LIF knockout (LIF-/-) mice and
wild-type (LIF+/+) mice during early postnatal development when myelination is proceeding
in mouse optic nerve, P10-P14 (Baba et al.,[1999]). To accomplish this, we used MBP and
PLP immunoreactivity as myelin markers in the postnatal optic nerve. At 10 days of age, MBP-
positive myelin was present throughout the optic nerve in LIF+/+ mice, as expected (Fig. 1A).
However, in LIF-/- mice at the same age, myelination was markedly reduced (Fig. 1C), with
MBP-positive myelin seen only at the chiasmal end of the nerve (Fig. 1C). Figure 1B shows
MBP staining (red) and GFAP staining (green) from the midpoint of the optic nerve in a
LIF+/+ mouse at P10. Figure 1D is from the center of the optic nerve of an LIF-/- animal of the
same age (MBP, red; GFAP, green). Little MBP immunoreactivity is apparent in the LIF-/-

optic nerve. However, there appears to be no difference in GFAP immunoreactivity between
LIF+/+ and LIF-/- optic nerves at P10. Next we quantified the intensity of immunofluoresence
of MBP staining in Image J (Fig. 1E). Optic nerves from LIF+/+ mice (n = 7; two male and five
female) and LIF-/- mice (n = 7; three male and four female) at P10 were taken, and MBP
immunofluorescence was quantified in each field from retina to chiasm. A significant decrease
in the intensity of MBP immunoreactivty can be seen in the LIF-/- mice compared with the
LIF+/+ mice (Fig. 1E). We also examined optic nerves at P10 for PLP immunoreactivity using
sections from the same mice. Figure 1F shows the midpoint of the optic nerves from one
LIF+/+ mouse and three examples of LIF-/- mice. PLP immunoreactivity is clearly reduced in
the optic nerves of LIF-/- mice. This was confirmed by quantitative analysis of PLP
immunofluorescence in Image J. PLP immunoreactivity was significantly reduced in LIF-/-

optic nerves (n = 7, LIF+/+ vs. LIF-/-; 41.185 ± 1.819 vs. 14.502 ± 2.196; P < 0.0001). These
differences were observed in pups of both sexes.
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Decrease in Number of Olig2-Positive Cells and Altered Distribution in a Chiasma-to-Retinal
Gradient in LIF-/- Mice During Development

The greatly reduced MBP immunoreactivity observed at P10 in the LIF-/- optic nerve could
result from defects in myelin induction or a decrease in the total number of oligodendrocytes
and/or OPCs during this stage of development. To determine the OPC population in the optic
nerve of LIF+/+ and LIF-/- animals, we carried out immunohistochemistry using the
oligodendrocyte progenitor marker Olig2 (Takebayashi et al.,[2000]). The number of Olig2-
positive cells was dramatically decreased along the entire length of the optic nerve in LIF-/-

mice (Fig. 2C) compared with LIF+/+ mice (Fig. 2A). Olig2-positive cells were concentrated
primarily at the chiasmal region in LIF-/- mice (Fig. 2C), although in reduced numbers
compared with LIF+/+ optic nerve, where Olig2-positive cells were seen in large numbers along
the total length of the optic nerve from the retina to the chiasm. Figure 2B,D shows Olig2
staining in red and MBP staining in green 2.2 mm from the retina of LIF+/+ optic nerve and
LIF-/- nerve, respectively. Greatly reduced Olig2 and MBP immunoreactivity is observed in
Figure 2D (LIF-/-) compared with Figure 2B (LIF+/+). Results were similar in both sexes.

We then quantified the number of Olig2 cells in the optic nerves of LIF+/+ and LIF-/- animals
at P10 (Fig. 2E) to determine whether the decreased myelin protein was the result of fewer
cells in the oligodendrocyte lineage. The number of Olig2-positive cells in each field (1 FOV
= 222 × 166.4 μm) was almost uniform along the entire length of the optic nerve of LIF+/+

mice (Fig. 2E, solid circles; y = 50.7 - 1.41x y; total number, x; location, no correlation with
distance from the retina). In contrast, there were fewer Olig2-positive cells in LIF-/- optic nerve,
and a sharp gradient in number of Olig2-positive cells from the chiasm to retina was apparent
in LIF-/- mice (Fig. 2E, open circles; y = -3.84 + 2.43x, correlation 0.786, P = 0.001). The
decrease in Olig2-positive cells in LIF-/- mice was restored to LIF+/+ mice levels by 14 days
of age, and MBP-positive myelin was observed throughout the optic nerve at that stage (Fig.
2F).

Olig2-positive cells migrate out of the brain into the optic nerve during early postnatal
development. Our data may suggest that some Olig2-positive cells may be restricted in their
migration into the optic nerve in LIF-/- mice. To determine whether optic nerve OPCs from
mice lacking LIF exhibit a cell migration defect, we performed an in vitro migration assay
using OPCs dissociated from optic nerve of LIF+/+ mice and LIF-/- mice in a Boyden
microchemotaxis chamber (Zhang et al.,[2004]) and explant cultures. For the explant culture
experiments, the optic nerves were cut into 1-mm-long explants from chiasmal regions and
immersed in culture medium and cultured for 5 hr. Neither method revealed any difference in
cell migration in the LIF-/- optic nerve compared with LIF+/+ optic nerve (data not shown).
However, these data cannot completely rule out the possibility that LIF contributes to OPC
migration in vivo. These experiments were carried out in LIF-/- mice of both sexes (five female
and six male).

Alteration in Differentiation and Proliferation of OPCs in LIF-/- Optic Nerve Cells In Vitro
The greatly reduced MBP and PLP immunoreactivity and the reduced Olig2-positive cell
population suggest that LIF is involved in differentiation and proliferation of OPCs in the optic
nerve during a defined time frame of postnatal development. To examine this possibility,
cultured optic nerve cells were characterized with several OPC markers of differentiation and
maturation. For these experiments, we used cells from LIF+/- optic nerves as a closely matched
control, because optic nerve from these animals displays no defect in MBP immunoreactivity
at P10 (data not shown). Cells purified from P10 LIF+/- mice as control and LIF-/- optic nerve
were plated into proliferation medium to compare proliferation and differentiation of optic
nerve glia in the two conditions. Twenty-four hours after plating, cultures were switched into
differentiation medium. Three days later, OPCs from the optic nerve were characterized
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byimmunohistochemical staining with anti-NG2, -O4, -GalC, and -MBP antibodies. We
characterized the OPC population, by staining pattern and morphology, into four broad
categories reflecting the sequential differentiation and maturation of oligodendrocytes: first,
NG2-positive/unipolar or bipolar shapes (perinatal oligodendrocyte progenitors); second,
NG2-positive/multipolar shapes (late oligodendrocyte progenitors); third, NG2-positive/O4-
positive cells (immature oligodendrocytes); and, fourth, GalC-positive/MBP-positive cells
(premyelinating oligodendrocytes; Fig. 3A). The results showed that OPCs isolated from
LIF-/- optic nerves were developmentally immature compared with cells isolated from LIF+/-

animals. This is especially apparent in the large increase in number of NG2-positive/multipolar
cells isolated from the LIF-/- optic nerve, whereas the number of NG2-positive/O4-positive
cells and the number of GalC-positive/MBP-positive cells were decreased compared with
LIF+/- cells (Fig. 3B). Cell proliferation in dissociated optic nerve culture was measured by
BrdU incorporation into NG2-positive cells. The percentage of BrdU-positive OPCs (NG2-
positive cells) in cells isolated from LIF-/- mice was about 2.5 times higher than that in cells
isolated from the control mice (Fig. 3C), indicating an increased proliferation rate of OPCs
from LIF-/- optic nerve compared with heterozygous mice.

Optic nerves were stained with an anti-PCNA antibody and with an anti-NG2 antibody to assess
OPC proliferation in vivo (Fig. 3G). The number of NG2-positive cells stained with the cell
proliferation marker PCNA was significantly greater in LIF-/- optic nerves (13.95% ± 4.740%)
compared with that in LIF+/+ optic nerves (5.43% ± 2.838%; Fig. 3H). Therefore, we conclude
that OPCs from LIF-/- optic nerve are developmentally immature and hyperproliferative and
that LIF controls the maturation of OPCs in the optic nerve during this stage of postnatal
development. The affects of LIF knockout on OPC proliferation and differentiation were not
sexually dimorphic (44 pups total, 13 LIF-/- female and 9 LIF-/- male).

We examined the state of differentiation of OPCs in intact optic nerves from three LIF+/+ and
five LIF-/- mice (two male and three female) at 10 days of age using the immature OPC markers
PDGFRα and NG2. PDGFRα-positive cells were rarely observed in LIF+/+ optic nerves at P10
(Fig. 3D, left), whereas cells coexpressing PDGFRα and NG2 were often observed in LIF-/-

optic nerves (Fig. 3D, asterisks in the right panel). The number of PDGFRα-positive cells and
NG2-positive cells was significantly increased in LIF-/- optic nerves compared with that in
LIF+/+ nerves (Fig. 3E). In this analysis, PDGFRα-positive cells and NG2-positive cells were
counted throughout the full length of the optic nerves and averaged. Figure 3F shows no
gradient of PDGFRα-positive cells from retinal region to chiasm (open circles), in LIF-/- mice,
whereas Olig2-positive cells were concentrated at the chiasmal region (solid circles). This
result indicated that PDGFRα-positive immature cells had fully migrated throughout the optic
nerve, which is consistent with the in vitro cell migration assays, which failed to detect any
difference in migration of OPCs in LIF-/- mice. The results from in vitro experiments are
consistent with the in vivo analysis in supporting the conclusion that myelination of P10 optic
nerve of LIF-/- is delayed as a result of an LIF-dependent developmental delay maintaining
OPCs at an immature and highly proliferative stage.

Gene Expression Analysis of P10 Wild-Type/LIF Knockout Optic Nerves
To characterize gene expression during in vivo postnatal myelination in the optic nerve further,
we carried out microarray analysis and functional characterization profiling on LIF-/- and
LIF+/+ P10, P14, and adult optic nerves from male mice. The data discussed in this publication
have been deposited in NCBI's Gene Expression Omnibus (Edgar et al.,[2002]) and are
accessible through GEO Series accession No.: GSE11935
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11935).

Table I lists the top 50 up-regulated genes in the optic nerve of P10 LIF-/-. Table II lists the
corresponding top 50 most down-regulated genes. Further analysis of the gene expression data
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also shows a decrease in many myelin genes in the LIF-/- optic nerve at P10 and partial recovery
by P14, with very little or no difference in the myelin genes in the adult LIF-/- optic nerve
(Table III). Many of the genes associated with mature oligodendrocytes and myelination, such
as MOG, MAG, CNP, and MAL, were down-regulated in the P10 LIF-/- optic nerve. However,
MBP mRNA is only marginally down-regulated in the P10 LIF-/- optic nerve; additionally,
PLP mRNA is slightly more abundant in the P10 LIF-/- optic nerve. This apparent contradiction
in MBP and PLP immunoreactivity and the level of MBP and PLP mRNA may be explained
by a posttranscriptional mechanism regulating the level or localization of these proteins. It is
also possible that signaling through LIF regulates the translation of MBP and PLP via an
unidentified mechanism. The gene expression analyses are consistent with the earlier data in
this study suggesting that LIF regulates oligodendrocyte maturation during postnatal
development in the mouse optic nerve. Additionally, partial recovery of myelin gene mRNA
to wild-type levels is seen by P14, and very little difference in myelin gene mRNA is seen in
the adult LIF-/- optic nerve (Fig. 2F), suggesting that myelination has recovered by P35 (adult).

We were also interested in transcriptional regulation of oligodendrocyte development in the
LIF-/- optic nerve. MBP immunostaining at P10 in the LIF-/- optic nerve indicated a severe
defect in myelination and oligodendrocyte development. To characterize the transcriptional
network responsible for oligodendrocyte development, we have detailed the expression level
and -fold change of many of the transcription factors expressed by cells of the oligodendrocyte
lineage (Nicolay et al.,[2007]) at P10, P14, and P35 (adult) in Table IV. The observed up-
regulation of transcriptional repressors known to inhibit myelin gene expression, such as Hes5,
Idb4, and Tcf4, and a down-regulation of transcription factors known to promote
oligodendrocyte development, such as Olig1, Nkx6.2, and Pou3f1 (Table IV), suggest that
specific components of the transcriptional network required to promote oligodendrocyte
differentiation and myelination are deregulated in the absence of LIF at P10, thus resulting in
a severe myelination defect, as seen in Figure 1. At P14 in LIF-/-, the listed transcription factor
mRNAs are mostly at wild-type levels. This is consistent with MBP immunostaining at P14,
which shows very little difference between LIF-/- optic nerve and LIF+/+ optic nerve at this
developmental time point.

For OPCs to mature, they must exit the cell cycle and begin a program of differentiation. Our
data suggest that LIF promotes this transition at about P10. Our microarray data support the
conclusion that, in the LIF-/- optic nerve at P10, the oligodendrocyte population is immature
and unable to exit the cell cycle and therefore highly proliferative. Table V lists selected cell
cycle components, and the data indicate an increase in several cyclin genes in support of the
conclusion that there is a highly proliferative population of cells present in the optic nerve of
LIF-/- animals at P10. By P14 in the optic nerve of LIF-/- animals, most cyclins have recovered
to wild-type levels, with the exception of cyclin D1, indicating that the cell population is likely
to be less proliferative at this time point. In the adult LIF-/- optic nerve, cyclin levels show no
change or a decrease from wild type. We have also compared our data set from P10 with that
of several published gene expression studies on oligodendrocyte development (Dugas et al.,
2006; Cahoy et al.,[2008];Supp. Info. Tables I and II). Among transcripts regulated in the
LIF-/- optic nerve, there are 479 mRNA transcripts that exhibit ≥ 1.5-fold up-regulation; 204
of these transcripts are enriched (4,582 genes ≥ 1.5-fold enrichment) in OPCs over mature
oligodendrocytes (Cahoy et al., [2008]); additionally, among the 550 transcripts down-
regulated in the LIF-/- optic nerve at P10, ≥ 1.5-fold, 203 are enriched (2,070 genes ≥ 1.5-fold
enrichment) in mature oligodendrocytes over OPCs (Cahoy et al.,[2008]). These data strongly
suggest that, at P10 in the LIF-/- optic nerve, there are an overrepresentation of highly immature
OPCs and an underrepresentation of mature oligodendrocytes.

Taken together, the gene expression data strongly suggest that OPCs appear to be held in an
immature stage at P10 in the LIF-/- optic nerve, with cells inhibited from exiting the cell cycle
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and from progressing along a differentiaton/myelination program. This transcriptomic
phenotype correlates with immunostaining of myelin components and Olig2 in the optic nerve,
and a recovery is seen at P14, with very little difference in myelin gene mRNA at P35 (adult).
These results could also reflect a delay in migration of OPCs into the optic nerve of LIF-/- mice;
however, we were unable to find evidence of a migration defect in two different in vitro assays
or in the distribution of PDGFRα-expressing cells along the P10 optic nerve (Fig. 3F).

Discussion
This study represents the first analysis of the affect of LIF signaling on myelination during
early postnatal development in the CNS. We have used an in vivo system with the targeted
disruption of the LIF gene to investigate the affect of LIF signaling in myelination, and this
revealed that LIF regulates the timing of oligodendrocyte precursor cell (OPC) development
and myelination in the optic nerve. We have shown that, in the optic nerve of P10 LIF-/- mice,
there are severe defects in myelination, as measured by MBP and PLP immunoreactivity.
Microarray analysis of structural components of myelin shows that many myelin gene mRNAs
are down-regulated at this developmental time point. We have also shown that the OPC
population, as measured by Olig2 immunoreactivity, at P10 in LIF-/- mice is greatly reduced
and restricted to the chiasm region of the optic nerve. We have further characterized the OPC
population in LIF-/- mice at P10 and have shown this population to be in a highly proliferative
and developmentally immature state compared with oligodendrocyte-lineage cells in wild-type
optic nerve. This apparent contradiction in reduced oligodendrocyte-lineage (Olig2-positive)
cells in the LIF-/- optic nerve and increased proliferation in the OPC (NG2-positive) pool could
be explained by yet another potential function of LIF, the conversion of a multipotent Olig2-
negative population into an Olig2-positive population in the optic nerve. Further analysis of
the microarray data confirms that the cells in the optic nerve at P10 have an overabundance of
several cyclin mRNAs and a dysregulation of much of the transcriptional machinery required
for oligodendrocyte development. Thus, several lines of evidence strongly implicate LIF in the
timing of oligodendrocyte development and myelination in the mouse postnatal optic nerve.

Our findings are consistent with and greatly expand previous evidence suggesting a role for
LIF in myelination. A previous study reported that adult female LIF-/- mice (2-5 months old)
had decreased immunoreactivity against MBP in several regions in brain, such as cerebellum,
corpus callosum, and striatum, but this was not evident in male mice (Bugga et al.,[1998]). Our
results, however, show a significant difference in myelination of optic nerve of LIF-/- mice in
both sexes at 10 days of age. Neuropoietic cytokines, including LIF, are known to promote the
maturation and survival of oligodendrocytes (Barres et al.,[1993]). Also, when EAE is induced
in the presence of anti-LIF antibodies, there is enhanced severity of clinical symptoms and
increased demyelination, axonal injury, and oligodendrocyte death (Butzkueven et al.,
[2006]). Exogenous LIF promotes oligodendrocyte survival and myelin sparing in EAE
(Butzkueven et al.,[2002]) and affects CNS myelination in cell culture (Park et al.,[2001];
Stankoff et al.,[2002]; Ishibashi et al.,[2006]). However, the mechanism of LIF signaling
during normal oligodendrocyte development in vivo has not been elucidated.

Our data showing a gradient in OPC development in optic nerve of LIF-/- mice are consistent
with either a developmental delay or an affect of LIF on OPC migration into optic nerve. In
mouse optic nerves, OPCs that are labeled by an antibody against the NG2 proteoglycan
(Levine and Stallcup,[1987]) migrate into optic nerve from the brain through the optic chiasm
at about P0, then move toward the retina and reach the boundary of future myelinated and
unmyelinated regions at P7 (Baba et al.,[1999]). By 10 days of age, MBP-positive myelin
sheaths are observed throughout the optic nerves (Fig. 1A), and Olig2-positive OPCs are
distributed uniformly in the optic nerve (Fig. 2A). We have shown at P10 in the LIF-/- optic
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nerve a deficit in MBP and PLP immunoreactivity (Fig. 1C,F) and a reduction in the overall
number and an abnormal distribution of Olig2-positive OPCs along the optic nerve (Fig. 2C,E).

The differentiation of OPCs into myelinating oligodendrocytes occurs only once they have
reached their final destination (Miller,[1996]). A large percentage of OPCs in the LIF-/- optic
nerve remained at an immature developmental stage and NG2-positive/multipolar-shaped (late
oligodendrocyte progenitors; Fig. 3B,D,E), and they were observed mainly in the chiasmal
region (Fig. 2C). This suggests that OPCs in LIF-/- optic nerve could not reach their final
destination at 10 days of age. Some Olig2-positive cells migrated near the retina; however,
they did not show any MBP immunoreactivity (Fig. 2E). We did not see any difference in
migration of LIF-/- optic nerve glial cells in two in vitro assays of cell migration (data not
shown), and, consistent with this, immature PDGFRα-positive OPCs were uniformly
distributed throughout the optic nerve of P10 LIF-/- mice. However, additional research may
be required to explore possible affects of LIF on OPC migration that could contribute to the
established roles of LIF signaling on OPC proliferation, differentiation, and myelination. Taken
together, the data presented here strongly suggest that LIF is required for the correct timing of
oligodendrocyte development and myelination in the postnatal optic nerve.

Gene expression analysis of P10 optic nerves further characterizes and confirms the in vivo
phenotype observed by MBP immunostaining, Olig2 immunostaining, and NG2
immunostaining of optic nerves at P10. LIF appears to play a key role in oligodendrocyte
development by controlling, either directly or indirectly, the expression of a network of
transcriptional repressors responsible for maintaining an immature stage in OPC development.
This could be a consequence of LIF signaling affecting OPC differentiation and myelination
or alternatively the consequence of a migration defect enriching the population of optic nerve
glia at an immature stage in P10 optic nerve. In either case, the microarray data confirm that
the downstream effect of a lack of LIF as a factor required to promote OPC differentiation
reduces the number of Olig2-positive cells and increases NG2-positive cells in P10 optic nerve
and thus results in the observed defect in myelination as seen by MBP immunoreactivity.
Several lines of evidence deriving from the overrepresentation of OPC enriched genes in the
optic nerve of P10 LIF-/- animals; deregulation of specific transcription factors, both repressors
and activators; and also myelin structural gene expression are all consistent with LIF signaling
regulating the transition from a pool of immature OPCs in the optic nerve to a myelinating
mature oligodendrocyte phenotype during postnatal development. The apparent recovery of
myelination in the optic nerve by P14, as measured by MBP immunoreactivity and many of
the myelin gene mRNAs being at wild-type levels, implies that another secreted factor most
likely can compensate for a lack of LIF during development at this time point. Other secreted
factors that may compensate for the LIF defect include CNTF and IL-6 and others that bind a
gp130/LIF receptor complex (for review see Bauer et al.,[2007]). Interestingly, many of the
key transcription factors required for repression and/or activation of transcription at myelin
gene promoters are at wild-type levels by P14 in the LIF-/- optic nerve (Table IV).

A possible mechanism by which LIF could regulate OPC maturation and myelination is by
modulating intracellular signaling pathways regulating many of the transcription factors
implicated in oligodendrocyte development and transcription of myelin genes, such as E47,
Olig1, Hes5, Nkx6.2, Tcf4, Id4, Mash1, and Krox24 (Table IV). All of these transcription
factors interact in transcriptional networks as repressors and/or activators and thereby influence
oligodendrocyte maturation and myelination of the CNS. Lack of LIF during postnatal
development may perturb notch signaling through a common intermediary, such as
phosphorylation of Stat3; notch signaling has previously been implicated in oligodendrocyte
development in the optic nerve (Wang et al.,[1998]).
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Additionally, the in vivo gene expression data generated during this study will prove to be a
useful tool in the identification of novel regulators of optic nerve development and a
consequence of a lack of LIF signaling on other aspects of early postnatal and adult optic nerve
beyond effects on myelination. This dataset will allow identification of other secreted factors
that may compensate for the lack of LIF and rescue the LIF-/- phenotype seen at later stages
of development, including into adulthood.

Currently the activity of cytokines as growth factors in regulating nervous system development
is an important area of research, which has particular relevance to developmental disorders
resulting from inflammatory conditions experienced during the perinatal period. Cytokine
production is also characteristic of many demyelinating diseases, and the effects of LIF and
other cytokines on oligodendrocyte proliferation and differentiation are relevant to multiple
sclerosis and other demyelinating disorders. Interestingly, LIF has been found to regulate the
proliferation and formation of glial progenitors in the brain (Bauer et al.,[2006]). This finding
may be consistent with our data implicating LIF in the proliferation and differentiation of OPCs
in the optic nerve.

Finally, the narrow developmental period when LIF effects on development of optic nerve
oligodendrocytes and myelination can be observed is interesting. In general, this is consistent
with the transient appearance of other cytokines during nervous system development. We have
shown recently that activity-dependent regulation of hippocampal astrocyte development is
mediated in part by LIF signaling, stimulated by the activity-dependent release of ATP form
neurons (Cohen and Fields,[2008]). Previous research showing that myelination is regulated
by impulse activity in axons, in part through a mechanism involving LIF signaling (Ishibashi
et al.,[2006]), suggests the possibility that the developmental period when LIF influences OPC
proliferation and myelination in optic nerve may be related to regulation of myelination by
impulse activity in axons resulting from early visual experience (for review see Fields,
[2008]).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MBP and PLP immunoreactivity are markedly reduced in optic nerve of P10 LIF-/- mice. The
optic nerves from LIF+/+ mice (A) and LIF-/- mice (C) at 10 days of age were stained with anti-
MBP antibody. MBP-positive myelin was observed throughout the entire nerve in LIF+/+ mice
(A). In contrast, in optic nerves of LIF-/- mice at the same age, weak MBP immunoreactivity
was detected only near the chiasmal region of the nerve (C). B, D: Optic nerve at higher
magnification of longitudinal section at the midpoint between retina and chiasma stained with
anti-MBP (red) and anti-GFAP (green) antibodies. Note the absence of MBP in LIF-/- mice
(D). E: The intensity of MBP staining was quantified in Image J. There was some variability
among LIF-/- mice; however, the intensity of MBP immunofluorescence decreased throughout
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the optic nerves of LIF-/-mice (open circles) compared with LIF+/+ optic nerves (solid circles).
F: Optic nerves from LIF+/+ and LIF-/- were assessed for PLP immunoreactivity, revealing less
PLP in the optic nerve of LIF-/- mice. Examples from three different nerves from LIF-/- mice
are shown (1-3). All four images were taken from the midpoint of each optic nerve. Scale bars
= 200 μm in C; 20 μm in D, F.
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Figure 2.
The population of cells in the oligodendrocyte lineage is reduced and displays a pronounced
chiasm-to-retinal gradient in P10 optic nerve of LIF-/- mice. The optic nerves from LIF+/+ (A)
and LIF-/- mice (C) at 10 days of age were stained with anti-Olig2 antibody to identify cells in
the oligodendrocyte lineage. Olig2-positive cells were present uniformly along optic nerves in
LIF+/+ mice (A). In contrast, Olig2-positive cells were observed only near the chiasmal region
in LIF-/- mice (C). B, D: Higher magnification of longitudinal section of optic nerves, taken
2.2 mm from the retina and stained with Olig2 (red) and MBP (green) antibodies and DAPI
(blue) to identify cell nuclei. E: To quantify the gradient of Olig2-positive cells along the
nerves, Olig2-positive cells were counted in sequential microscope fields in 14 equally spaced
increments from the retina to chiasm. These numbers were represented as the mean number of
cells per field of view (FOV; 1 FOV = 222 × 166.4 μm). The number of Olig2-positive cells
in optic nerves from wild-type mice at P10 (solid circles) was uniform along the entire length
of nerve (no correlation between cell number and the distance from retina in LIF+/+ mice).
However, there was a significant reduction and a steep gradient in number of Olig2-positive
cells in P10 optic nerves of LIF-/- mice (open circles), declining from the chiasm to the retina
(y = -3.84 + 2.43x, correlation 0.786, P = 0.001). F: By P14, anti-MBP (red) and Olig2 (green)
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immunostaining were similar to wild type (not shown) in optic nerves of LIF-/- mice. F shows
a longitudinal section of the optic nerve of P14 LIF-/- mice taken at the midpoint between the
retina and the chiasm. Scale bars = 200 μm in C (applies to A,C); 20 μm in D (applies to B, D,
F).
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Figure 3.
Proliferation of OPCs was increased and differentiation from the progenitor stage was inhibited
in the optic nerve of LIF-/- mice. To determine the effects of endogenous LIF on OPC
differentiation, OPCs isolated from optic nerve of P10 mice were grown in cell culture for 5
days and characterized using markers of different stages of oligodendrocyte cell differentiation
(A). Cells were classified into four categories based on the staining pattern and morphology,
representing the developmental progression of oligodendrocytes from the oligodendrocyte
progenitor cell stage: 1) NG2-positive/unipolar or bipolar shapes, 2) NG2-positive/multipolar
shapes, 3) NG2-positive/O4-positive cells, and 4) GalC-positive/MBP-positive cells. B: OPCs
from LIF-/- mice (gray bars) remained at an immature stage compared with LIF+/- cells (black
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bars). C: The affects of endogenous LIF on OPC proliferation were measured by BrdU
incorporation into cells in culture. Proliferation was about 2.5 times higher in LIF-/- optic nerve
cells compared with LIF+/- cells (**P < 0.001). D: The optic nerves from three LIF+/+ and five
LIF-/- mice (two male and three female) at 10 days of age were stained with the early OPC
markers NG2 (green) and PDGFRα (red) antibodies and a nuclear dye DAPI (blue). Some
NG2-positive cells were also PDGFRα-positive in the optic nerves of LIF-/- mice (asterisks).
E: The population of PDGFRα-positive cells and NG2-positive cells (averaged throughout the
full length of the optic nerve) was increased in the optic nerves of LIF-/- mice compared with
LIF+/+ mice *P< 0.01, **P < 0.001, Student's t-test, consistent with in vitro experiments. F:
The gradient in Olig2-positive OPCs (solid circles) along P10 optic nerve of LIF-/- mice could
not be explained as a defect in migration of immature OPCs into the nerve, insofar as these
cells (open circles) were distributed uniformly from the chiasm to the retina. PDGFRα-positive
cells as well as Olig2-positive cells in the optic nerves of LIF-/- were quantified in sequential
microscopic fields in 14 equally spaced increments from the retina to the chiasm. These
numbers are represented as the mean number of cells per field of view (FOV; 1 FOV = 222 ×
166.4 μm). G: Consistently with the in vitro proliferation data, OPC proliferation was increased
in the absence of endogenous LIF. Optic nerves were immunostained with cell proliferation
marker PCNA (red), immature OPC marker NG2 (green), and nuclear marker DAPI (blue).
Compared with LIF+/+ optic nerve (left), NG2-positive cells in the LIF-/- optic nerve were more
often PCNA positive (arrows), indicative of a more proliferative cell population. H:
Quantitative analysis of the total number of proliferating NG2-positive cells (staining for both
PCNA and NG2) in LIF-/- nerves was higher than in the LIF+/+ nerves. **P < 0.001, Student's
t-test. Scale bars = 20 μm.
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