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Abstract

Intrauterine growth retardation (IUGR) is associated with neurological deficits including cerebral
palsy and cognitive and behavioral disabilities. The pathogenesis involves oxidative stress that
leads to periventricular white matter injury with a paucity of mature oligodendrocytes and
hypomyelination. The molecular mechanisms underlying this damage remain poorly understood.
We employed arat model of IUGR created by bilateral ligation of the uterine artery at embryonic
day 19 that resultsin fetal growth retardation and oxidative stress in the developing brain. The
IUGR rat pups showed significant delaysin oligodendrocyte differentiation and myelination that
resolved by 8 weeks. Bone morphogenetic protein 4 (BMP4), which inhibits oligodendrocyte
maturation, was elevated in IUGR brains at postnatal time points and returned to near normal by
adulthood. Despite the apparent recovery, behavioral deficiencies were found in 8-week-old
female animals, suggesting that the early transient myelination defects have permanent effects. In
support of these in vivo data, oligodendrocyte precursor cells cultured from postnatal IUGR rats
retained increased BM P4 expression and impaired differentiation that was reversed with the BMP
inhibitor noggin. Oxidants in oligodendrocyte cultures increased BMP expression, which
decreased differentiation; however, abrogating BMP signaling with noggin in vitro and in BMP-
deficient mice prevented these effects. Together, these findings suggest that IUGR resultsin
delayed myelination through the generation of oxidative stress that |eads to BM P4 upregulation.

Keywords
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INTRODUCTION

Neurological disabilities ranging from behavioral and motor deficits to cerebral palsy are
commonly associated with intrauterine growth retardation (IUGR) that is secondary to
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uteroplacental insufficiency. A significant factor in the pathogenesis of these disabilitiesis
white matter injury characterized by damage to oligodendrocytes, impaired myelination and
astrogliosis (1). The cause of the white matter injury is complex and presumed to be
combination of hypoxia/ischemia, inflammation, and excitotoxicity associated with
oxidative stress (2).

Oligodendrocyte precursors (OPCs) are the predominant cell type in the developing white
matter during the period of greatest risk for the development of IUGR. OPCs are particularly
vulnerable to oxidative stress due to their low endogenous glutathione levels, high iron
content and high oxidative metabolism (3). As they mature and myelinate axons,
oligodendrocytes become more resistant to injury. Although OPC cell death has been
observed in perinatal white matter injury (4, 5), oligodendrocyte maturation can aso be
arrested (6-8), thereby rendering OPCs vulnerable to further damage from oxidative stress.

Oligodendrocyte differentiation during development is controlled by a balance of inductive
and repressive factors. Among these is bone morphogenetic protein (BMP) signaling, which
inhibits oligodendrocyte differentiation and promotes the formation of astrocytes (9-12).
BMPs are increased in models of demyelinating disease and multiple sclerosis (MS) (13—
15), and treatment of animal models of white matter injury with BMP-inhibitors have
resulted in functional improvement, increased numbers of oligodendrocytes and enhanced
myelination (16—20). The mechanism by which BMP is upregulated has not been
determined.

Here, we used arat model of uteroplacental insufficiency induced by bilateral ligation of the
uterine artery at embryonic day 19 that resultsin fetal growth retardation, mitochondrial
dysfunction and oxidative stress. We found that |UGR rats exhibit significant developmental
delays in oligodendrocyte maturation and myelin protein formation during the neonatal
period, coincident with increasesin expression of bone morphogenetic protein 4 (BMP4).
To understand why BMP signaling is upregulated in this model, we examined the potential
role oxidative stress plays in increasing oligodendrocyte BMP4 expression and the inhibition
of oligodendrocyte differentiation.

MATERIALS AND METHODS
IUGR Surgery

All experiments were performed in accordance with the guidelines set forth by the
Children’s Hospital of Philadelphia Institutional Animal Care and Use Committee. Our
surgical methods have previously been described (21). In brief, time-dated Sprague-Dawley
pregnant rats (Charles River Laboratories, Wilmington, MA) were individually housed
under standard conditions and allowed free access to standard rat chow and water. On day
19 of gestation (termis 22 days), the maternal rats were anesthetized with i.p. xylazine (8
mg/kg) and ketamine (40 mg/kg), and both uterine arteries were ligated. Sham operated
dams served as controls. Rats recovered within afew hours and had ad libitum access to
food and water. Animals were allowed to deliver spontaneously and litters were culled to 7
to 8 at birth to ensure uniformity of litter size between IUGR and control litters.

Immunohistochemistry

To prepare sections of IUGR and sham brains, rats were killed at postnatal day (P)14, P21
and 8 weeks of age (adult) by perfusion in 4% paraformaldehyde. Frozen sections were
prepared and cut on a Leicacryostat at 12-pm thicknesses, all according to established
protocols (15, 22). The antibodies used were as previously described (22, 23). To label
mature oligodendrocytesin vivo, we used anti-myelin proteolipid protein (PLP) (1:2, rat
hybridoma AA3 gift of Dr. Dr. Alex Gow, Wayne State University, Detroit, MI), anti-
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aspartoacylase (JASPA], 1:1000 dilution, gift of Dr. James Garbern, University of
Rochester), the oligodendrocyte marker anti-APC (1:20, Millipore, Billerica, MA), and anti-
myelin oligodendrocyte glycoprotein ((MOG], 1:10, [24]). For labeling OPCs, we employed
anti-NG2 (1:100, Chemicon International, Temecula, CA) and anti-platel et-derived growth
factor receptor-a ([PDGFRa], 1:250, BD Biosciences, PharMingen, San Diego, CA).
Astrocytes were labeled with anti-glial fibrillary acidic protein ({GFAPF], 1:100, gift of Dr.
Virginia Lee, University of Pennsylvania). Axons were labeled using anti-neurofilament
antibody, RMO 24 (1:100, gift of Dr. Virginia Lee).

Cell death was assayed using the TUNEL method as well as staining for activated caspase
(1:300, Cell Signaling, Beverly, MA), as previously described (25, 26).

To count cells from frozen sections, IUGR and sham animals from at least 3 litters were
used. Digital images were taken at 20x magnification from sections at the level of the
anterior part of the corpus callosum, counting 5 150.m? regions of interest per section, at
least 2 sections per animal. Statistical significance was calculated using Student t test.

Western Blotting

Brain tissue samples from P14, P21 and 8-week-old adult rats were dissected, protein was
prepared, and gels were run as previously described (22, 23). Membranes were incubated
with the following primary antibodies: anti-myelin basic protein ((MBP], rat hybridoma
supernatant, gift of Dr. Virginia Lee, 1:500) with anti-rat 1gG, anti-MOG, with anti-mouse
19G, anti-PLP with anti-rat 1gG, anti-BMP4 (R&D Systems, Minneapolis, MN, 1:1000) with
anti-mouse 1gG, anti-GFAP with anti-rat 1gG, anti-Phospho-Smad1, 5, 8 (Cell Signaling)
with goat anti-rabbit 1gG, and anti-4-hydroxy-2-nonenal ([4HNE], Alpha Diagnostic
International, San Antonio, TX) with goat anti-rabbit 1gG. All secondary antibodies were
conjugated with horseradish peroxidase and used at 1:100. The membranes were imaged
using ECL reagents (Amersham, Piscataway, NJ) and hyperfilm (Amersham). Blots were
stripped and reprobed for glyceraldehyde 3-phosphate dehydrogenase (GAPDH], 1:2,500,
Chemicon International) or tubulin (1:1,000, Sigma, St. Louis, MO) as aloading control for
protein quantification. The PLP antibody requires non-reducing conditions and therefore
cannot be quantified. Statistical significance for the protein quantification was cal cul ated
using Student t test.

Semi-thin Sections

P14 rats were killed and processed for semi-thin sections according to established protocols
(27). Three sham and 3 IUGR rats were perfused with PBS followed by 2%

paraformal dehyde and 2% glutaraldehyde in 0.1M phosphate buffer. The brains were
removed and placed in fixative overnight. The brains were cut to visualize the entire corpus
callosum, which was then removed. The corpus callosum was post fixed in 4% OsO,4in 0.1
M phosphate buffer for 2 hours, rinsed in 0.1M phosphate buffer, and dehydrated in
ascending concentrations of ethanol. Tissue was then embedded in ascending concentrations
of Epoxy and semi-thin sections were stained with toluidine blue. Photographs were taken of
the entire corpus callosum beginning 70 m from the most rostral end, where the first
myelinating axons appeared at P14. A montage was created. Four 225 um? regions of
interest were marked in identical areasin each animal and the myelinating axonsin each
area counted. The number of myelinating axons was compared by analysis of variance
(ANOVA).

Cell Culture Generation and Treatment

To generate cultures of purified OPCs from newborn IUGR and sham rats and from BMPR
knockout and wild type mice, amixed population of cells was harvested from neonatal brain

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reid et al.

Page 4

and seeded on 100-mm Petri dishesin serum-containing medium, as previously described
(12). After 1to 2 hours, the cell cultures were switched to a serum-free growth medium
containing Neurobasal medium (Invitrogen, Life Technologies, Grand Island, NY) with B27
supplement (1:50; Life Technologies), 10 ng/ml basic fibroblast growth factor, 2 ng/ml
platel et-derived growth factor (both from R&D Systems), and 1 ng/ml neurotrophin-3
(Peprotech, Rocky Hill, NJ). Cultures were purified using a gentle modified wash-down
procedure (22). Within 3 days, the cells were confluent and could be subcultured into
polylysine-coated flasks, 12-mm polylysine-coated coverdlips for immunofluorescence, or
100-mm polylysine-coated Petri dishes for Western blotting. These cells could be passaged
3 to 4 times and generally contained no more than 5% to 10% astrocytes.

To determine the ability of IUGR OPCsto differentiate, [IUGR and sham cultures were
established at P2 as described above and grown until 75% confluent, approximately 1 week.
Some cultures were collected at this point for Western blotting to detect phospho-Smad
signaling. Growth medium was removed from cultures and cells were fed with
“differentiation medium” (DM), consisting of 50% Dulbecco’ s modified eagle medium,
50% Ham'’s F12 with 50 pg/ml transferrin, 5 pg/ml putrescine, 3 ng/ml progesterone, 2.6
ng/ml selenium, 12.5 pg/ml insulin, 0.4 pg/ml T4, 0.3% glucose, 2 mM glutamine, 10 ng/ml
and biotin. Some cultures were treated with 500 ng/ml noggin (R&D Systems).

To generate oxidative stress, normal rat OPCs were generated as described above, seeded on
coverslips and 100-mm dishes, and placed in DM with either 5 pum fert-butyl hydroperoxide
([tBOOH], Sigma), 100 wm L-buthionine sulfoximine ([BSO], Sigma), or no extra
treatment. Some coverdlips also received 500 ng/ml noggin at the same time as the tBOOH
or BSO. Cells were collected from 100 mm plates at 72 hours and mRNA was isolated for
guantitative polymerase chain reaction (Q-PCR). Coverslips were also stained to determine
the number of oligodendrocytes at 72 hours.

The Bmpr1 double knockout mice (Bmprl DK O) were generated as previously described
(23). All mice werekilled at P1 and OPC cultures were harvested as described above (28).
Individual mouse brains were cultured separately until mice were genotyped by PCR of tail
DNA, at which point cultures from mice of identical genotypes were then combined.

Immunofluorescence

Q-PCR

Cells on coverslips were processed for detection of specific antigens as described previously
(12, 29). Antibodies used for cell cultures were anti-gal actocerebroside (GalC) (30) and anti-
phospho-Smad 1, 5, 8 (1:3,000, Cell Signaling).

To count cells expressing antigens in culture, antigen-positive and 4”,6-diamidino-2-
phenylindole (DAPI)-positive cells were counted in 10 fields in each of 2 coverdips from at
least 3 separate preparations of cells using a Leica DM6000B fluorescence microscope at
63x magnification. Approximately 1000 cells were counted per condition. Statistical
significance was calculated using Student t test.

OPC cultures were grown on 50-mm dishes and harvested after 72 hours after treatment
with tBOOH or BSO. Cells were extracted with Trizol (Molecular Research Center, Inc.,
Cincinnati, OH) and Q-PCR was performed using SY BR Green (Applied Biosystems, Life
Technologies) or Taq Man as previously described (7, 28). Samples were measured in
triplicate for each experiment and normalized to either GAPDH (cyber green) or actin (Tag
Man).

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.
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Behavioral Testing

Grip strength was used as a measure of motor performance. IUGR and sham rats grasped a
metal bar attached to a strain gauge (Columbus Instruments, Columbus OH). The rats were
pulled back gently by the tail until the bar was released. The maximum tension was recorded
over 3trials. A rat rotorod (Ugo Basile, Collegeville PA) was used to test coordination and
motor learning. The rats walked on arotating rod suspended 25 cm above a platform. Time
until falling off the rod was measured. Theinitia speed of the rod was 5 rpm, accelerating to
40 rpm over a 3-minute interval. Each rat was given 3 trials/day for 5 days with 15-minute
inter-trial intervals. Daily means and standard error were determined. An ANOV A was used
to test for significant differences between sex, group and day using the ANOV AN function
in Matlab (Mathworks, Natick MA). A post-hoc Tukey-Kramer mutiple comparison test was
performed to assess for individual differences among groups.

RESULTS

Uteroplacental Insufficiency Leads to Decreased Numbers of Oligodendrocytes, Fewer
Myelinating Axons and Reduced Myelin Protein Levels at P14

Compared to sham (n = 10), the corpus callosum from IUGR animals (n = 13) had large PLP
deficits that were most severe around the ventricles (Fig. 1A, B). The anterior commissure
and the pencil fibers of the basal ganglia also exhibited areduction in PLP staining (Fig. 1C,
D and data not shown). In contrast, the optic tracts had normal levels of PLP staining (not
shown). The decreased immunohistochemistry (IHC) staining for PLP was paralleled by
similar reductionsin MOG (Fig. 1E, F) and APC (Fig. 1G, H).

We performed cell counts on PLP-labeled sections from 7 [UGR and 10 sham animals from
multiple litters that had received surgery on different daysto correct for any variability in
the lIUGR. At P14, oligodendrocytes are in sufficiently low numbers and are sufficiently
discrete to use the anti-PLP antibody for counting (22). To ensure that any differences
observed were not due to a general reduction in numbers of cellsin white matter tracts, total
numbers of cells were determined using DAPI-labeled nuclei (n = 10 IUGR and 7 sham).
The IUGR animals had 7% fewer DAPI-positive cells than the shams although this was not
statistically significant (Fig. 11). Correcting for this difference in total cells, the changein
PLP-positive cells was calculated as a percent of total DAPI-positive nuclei and was found
to be decreased by 42% in rats with [UGR vs. shams (Fig. 1J), although some IUGR rats had
as much as a 70% decrease in PLP-positive cells compared to sham (Fig. 1B).

To complement the cell counting and qualitative IHC analysis, we performed Western blots
using antibody to MBP on whole brain protein from [UGR and shams at P14. Because of
variability among the animals (Fig. 2A), we quantified blots performed on multiple litters
receiving surgery on different days and used 12 sham and 12 IUGR rats. Quantification of
the blots revealed an overall 45% decrease in MBP with individual variations as shown in
the representative blot (Fig. 2B).

To examine myelination, semi-thin sections of corpus callosum were prepared from 3 ITUGR
and 3 sham animals at P14 and myelinating axons were counted (Fig. 3A). The [lUGRs had
on average 46% fewer myelinating axons than the shams (Fig. 3B).

To assess for the role of oxidative stress leading to the changes in white matter devel opment,
Western blots were prepared from 4 IUGR and 4 shams and were probed with antibody to 4-
HNE, a bi-product of polyunsaturated fatty acids produced by lipid peroxidation. HNE can
react with sulfhydryl groups, histidine and lysine residues of proteinsto form covalently
modified proteins that can be detected in immunaoblots using an antibody directed against the
HNE moiety. Detection of HNE-protein adductsis, therefore, accepted as presumptive

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.
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evidence of oxidative stress (31). Western blot analysis revealed multiple bands in the [JUGR
rats, suggesting that a number of proteins were modified by HNE in I[UGR animals (Fig.
4A).

Sham and IUGR Rats Had Equal Numbers of Oligodendrocyte Precursors at P14 and Did
Not Demonstrate Increased Apoptotic Cell Death

To quantify the number of OPCs at P14, cell counts were performed on sections from [lUGR
and sham animals immunolabeled for the OPC makers NG2 or PDGFRa and counterstained
with DAPI. Although slightly higher numbers of NG2-positive and PDGFRa. cells were
found in IUGR vs. sham animals, the differences were not significant, suggesting that
precursor numbers were unaffected by IUGR (Fig. 4B; n = 3 for each group).

To determineif there was an increasein cell death, TUNEL assays were performed on P14
sections (n = 4 for each group). Occasional TUNEL -positive cells were seen in the corpus
callosum of both groups; concentrations of TUNEL -positive cells were only identified in the
subventricular zone. Cell counts performed on sections that included the SVZ reveal no
statistically significant differences between the 2 groups (Fig. 4C). We also performed
staining for activated caspase 3 and the oligodendrocyte marker APC on P14 sections and
counted the number of oligodendrocytes with and without caspase |abeling in regions of
interest in the corpus callosum and found no significant differences (data not shown). These
data suggest that cell death at P14 cannot explain the significant lack of mature
oligodendrocytes, although they do not rule out cell death at earlier time paints.

Myelin Proteins at P21

Western blots were also performed on brain from [UGR and sham animals at P21. IUGRs
continued to show a significant decreased in the amount of myelin protein as shown by
MBP, MOG, and PLP labeling (Fig. 5). However, these differences were less dramatic than
those seen at P14.

P14 IUGR Animals Showed Normal Axonal Labeling but Marked Astrogliosis

Myelination is dependent on the presence of axons to myelinate, thus reduced numbers or
absence of axons would aso result in an oligodendrocyte maturation defect. To exclude this
possibility we evaluated the axon network present at P14. Neurofilament labeling revealed
qualitatively similar axonal labeling in both IUGR and sham operated groups (Fig. 4D; n=3
for both groups).

Astrogliosis often accompani es the white matter injury associated with IUGR. To determine
if astrogliosis was present in our model, sections through the corpus callosum of P14 IUGR
and sham rats were labeled for GFAP by IHC. Enlarged and prominent GFAP-positive
astrocytes were found throughout the corpus callosum (Fig. 6A). GFAP-positive cell counts
in the corpus callosum show atrend towards increased numbers of GFAP-positive cells that
was not statistically significant (Fig. 6B; n = 3 for each group). However, western blots of
whole brain protein probed with anti-GFAP antibody show increased GFAP expressionin
all 4 lUGR animals when compared to 4 shams (Fig. 6C, D), indicating that astrocytes
undergo both hypertrophy and hyperplasiain response to IUGR.

Myelin Protein and GFAP Levels at 8 Weeks

IHC with the anti-PL P antibody showed the white matter to be similar in the 2 groups at 8
weeks of age (Fig. 7A; n =7 for each group). Mature oligodendrocyte counts were
performed on sections using antibody to ASPA, which labels oligodendrocyte cell bodies
thereby facilitating cell counting. In the corpus callosum there were similar numbers of
oligodendrocytesin IUGR and sham animals (Fig. 7B; n = 3 for each group). We also

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.
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determined the levels of MBP, PLP, MOG (not shown) and GFAP by Western blotting (Fig.
7C). Quantitative analysis of the blots revealed no statistically significant differences
between the sham and IUGR samples (Fig. 7D). Together these data indicate that the delay
in oligodendrocyte differentiation and accompanying astrogliosis following lUGR
normalizes by adulthood.

IUGR Rats Demonstrate Strength and Coordination Deficiencies at P14 that Persist into

Adulthood

To determine if IUGRSs have strength deficits, we first assessed grip strength at P14. IUGR
rats were found to be significantly weaker then sham rats (Fig. 8A, n=15IUGR and 17
sham from 7 litters). When grip strength was retested on the same population at 6.5 weeks of
age, IUGR rats were slightly weaker but this was not significant (Fig. 8A). Because grip
strength is arelatively coarse measure of strength, and possibly not sensitive enough in the
adults, we performed rotorod testing at 8 weeks on the same groups of rats (Fig. 8B). Female
rats on the whole were better at this task than males (n = 8 female IUGR, 7 male IUGR, 10
female sham, 7 male sham). The female sham animals remained on the rotorod for a
significantly longer time than the IUGR females on days 3 to 5, but there was no difference
in males on any day (Fig. 8B). In addition, the performance of sham females improved
significantly more over the 5-day testing period vs. the performance of IUGR females. We
also performed open-field testing as a measure of anxiety in the rats but no difference was
detected in the maximum speed or distance traveled between IUGR and sham animals (data
not shown). These data suggest that IUGR rats have strength and coordination deficiencies
that begin during development and persist to alesser degree in adulthood despite the
development of apparently normal myelination.

BMP4 is Significantly Increased in [IUGR Animals During the Period of Myelination but
Returns to Near Control Levels in the Adult

Because increased expression of BMPs is associated with demyelination in adult disorders
such as spina cord injury and models of MS (14, 15), we hypothesized that BMPs would be
increased in IUGR animals. Our previous experiments as well as those of others have shown
that the most abundant BMP isoform present after injury is BMP4 (15, 32). Q-PCR was
performed on whole brain from 5 sham and 5 IUGR animals at P14 and at 8 weeks. BMP4
MRNA was increased 388% over sham at P14 but was only increased 20% over shams by 8
weeks, which was not statistically significant (Fig. 9A). Western blots to detect BMP4
protein performed on whole brain from [lUGR and sham (n = 4 from both groups)
demonstrated a 3.5-fold increase in BMP expression in the [UGRs over the shams at P14,
and a 2.5-fold increase at P21, although there was some animal-to-animal variability (Fig.
9B). By 8 weeks of age, although BMP4 levels appeared somewhat higher in the [UGRs
than the shams, the differences were not statistically significant when normalized to the
loading controls (Fig. 9C). These data indicate that BMP4 is abundant in IUGR rats during
the period of delayed oligodendrocyte differentiation and myelination, but decreases as the
numbers of mature oligodendrocytes and amount of myelin approaches that of the sham rats.

OPCs Isolated from IUGR Rats Demonstrate a Differentiation Defect that is mediated
through BMP Signaling

To test whether BMP signaling is essential for the delayed differentiation phenotype, we
cultured OPCs from IUGR and sham animals at P2. To determine if BMP4 signaling is
active in these cells, we examined phosphorylated Smad, an obligate downstream
component for conical BMP signaling, by Western blotting. OPCs from shams had minimal
phosphoSmad signaling whereas the lUGR OPC cultures showed strong phospho-Smad
immunoreactivity, indicating that increases in BMP4 signaling persist in culture with no
added BMP or serum (n = 2 from each group; Fig. 10A).

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.
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To determineif increased BMP signaling could inhibit the differentiation of OPCs cultured
from ITUGR animals, IUGR and Sham OPCs were seeded on coverslips and placed in DM.
Separate sets of cultures were established from 4 different litters, each using brains from 2
IUGRs and 2 shams. After 72 hours, the cells were labeled with an antibody to GalC, which
identifies the first stage in oligodendrocyte differentiation. Differentiation of OPCs from
IUGR animals was decreased 40% compared to shams (Fig. 10B, C; p < 0.01). When sham
and IUGR cultures were placed in differentiation medium together with the BMP inhibitor
noggin and labeled with an antibody to GalC 72 hours later, the percentage of Gal C-positive
cellsin IUGR cultures was increased to the levels of sham cells (Fig. 10B, C; p < 0.03).
Noggin treatment of the sham cells had no significant effect on the percentage of cells that
differentiated (Fig. 10C). Thus, the persistence of BMP signaling in OPCsin culture inhibits
differentiation that can be rescued by the specific BMP inhibitor noggin. These data suggest
that cells cultured from ITUGR and sham animals accurately preserve the in vivo milieu and
that BMP isresponsible for the developmental delay.

BMP is Increased in the IUGR Rats by Oxidative Stress

Although BMP upregulation coinciding with demyelination or lack of remyelination disease
has been demonstrated in a variety of neonatal injury models as well as adult demyelinating
disease and MS models (14, 15, 19, 20), what causes the increasesin BMP is not known.
One of the most significant consequences of uteroplacental insufficiency is the induction of
oxidative stress, which we have previously shown to inhibit oligodendrocyte differentiation
(7). To test the hypothesis that oxidative stress drives the elevation of BMP, we treated
normal neonatal OPCs with BSO (an inhibitor of glutathione reductase, which diminishes
the ability to reduce oxidants) and tBOOH (which leads to lipid peroxidation, consumption
of reduced glutathione and NADPH depletion) to induce oxidative stress. Both agents
generated a significant reduction in total glutathione at 24 hours (7). Both agents reduce
oligodendrocyte differentiation without increasing cell death and increase expression of 1d2
and 1d4 mRNA, which can be upregulated by BMP expression (7). In the present study,
OPC cultures were treated separately with BSO and tBOOH. Q-PCR, performed after 72
hours showed that BMP4 mRNA was increased 2.5- to 5-fold (n = 3 separate cultures; Fig.
11A). Immunostaining for phospho-Smad performed at 6 hours after treatment showed
increased nuclear labeling in both tBOOH (Fig. 11B) and BSO (not shown) when compared
to controls.

To demonstrate that the increase in BMP4 was inhibiting oligodendrocyte differentiation,
we added 500 ng/ml noggin to tBOOH or BSO when switching OPC cultures into DM. OPC
cultures treated with BSO or tBOOH showed a 44% decrease in differentiation vs. untreated
controls at 72 hours (Fig. 11C), as we previously demonstrated (7). When noggin was added
noggin along with the tBOOH or BSO, differentiation was the same as in the untreated
controls, indicating that the noggin prevented the observed impairment in OPC
differentiation (n = 3 separate cultures; Fig. 11C). Noggin added to untreated cells had no
effect. Thus, a pharmacological blockage of BMP signaling permitted full differentiation
even in the presence of oxidative stress.

To demonstrate further that BMP4 is responsible for the decrease in oligodendrocyte
differentiation caused by oxidative stress, we used OPCs cultures from mice with deletions
of both BMPR1a and BMPR1b (BMPR double knockout mice [ BMPRAKO]) (33, 34). We
previously found that OPCs from BMPRdK O mice do not respond to BMP and do not show
phospho-Smad signaling in the nucleus, but do differentiate (23, 28). When OPCs from
these BMPRdAK O mice were treated with tBOOH or BSO, they differentiated as well as
OPCs from the untreated animals (n = 3 separate cultures; Fig. 11D). Wild type mice from
these litters had a significant decrease in Gal C-positive differentiation in the presence of

JNeuropathol Exp Neurol. Author manuscript; available in PMC 2013 July O1.
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tBOOH and BSO, also as previously shown. Thus, genetically disrupting BMP signaling
ameliorated the oligodendrocyte differentiation defect caused by oxidative stress.

DISCUSSION

Intrauterine growth retardation has been linked to the development of cerebral palsy in
children who were born preterm or term. Using amodel of uteroplacental insufficiency that
is associated with fetal growth retardation, oxidative stress and mitochondrial dysfunction
(21, 35), we found oligodendrocyte and myelin maturation defects in addition to motor
deficits; features commonly found in affected children (36-38). While the pathogenesis of
cerebral palsy in children who were formerly IUGR is complex and poorly understood, our
data provide a mechanistic link between oxidative stress and increased BM P4 expression,
which inhibits oligodendrocyte maturation and myelination. BM P4 was upregulated during
the period of delayed myelination and returned to near normal levels as the rats matured and
myelination increased. However, despite near normalization of myelination, mild motor
deficits persisted, indicating that defects in myelination induced during fetal life can have
life-long consequences.

The IUGR rat model demonstrated typical features of white matter injury, including a
myelination defect and astrogliosis. At P14, the midpoint for myelin development in the rat,
the myelination abnormality was characterized by a decrease in the number of
oligodendrocytes and myelinating axons and a reduction in myelin protein expression.
Myelin protein levels were similarly reduced at P21, indicating that the deficienciesin
oligodendrocytes and myelin persisted through the end of the myelination period.
Astrogliosis was also present at P14. The combination of lack of mature oligodendrocytes
and astrogliosis is common in animal models of white matter disease as well as the brains of
babies with white matter injury (1, 6, 39).

Despite the paucity of oligodendrocytesin the [UGR animals compared to sham, the number
of NG2-positive or PDGFRa-positive OPCs did not differ between the [IUGR and sham
animals. Thus, precursor number was not affected by the injury and precursors remain in the
white matter and may retain their potential to mature and myelinate. One might expect OPCs
to accumulate in these animal s because many of them are unable to differentiate. However,
thisis not the case and is comparable to genetic models in which a paucity of mature
oligodendrocytes during devel opment does not reflect a change in the number of precursors
(12, 22, 40-42). It is unclear if these oligodendrocyte precursors give rise to normally
functioning oligodendrocytes. Studies of PWMI in humans as well as experimental animals
have shown reduced arborization of processes in oligodendrocytes labeling with mature
markers. One study linked this finding to NMDA receptors located on the processes of
oligodendrocytes that detach and disintegrate in an oxygen glucose deprivation model dueto
excitotoxicity (6, 8, 43). This mechanism may play arolein our model as well; indeed, the
oligodendrocyte shown in Figure 10B has truncated process growth. Our finding that motor
deficits persist in [UGR adults also suggests that these precursors give rise to abnormally
functioning oligodendrocytes.

Surprisingly, we did not see significant cell death by TUNEL or caspase staining at P14. The
small foci of TUNEL-positive cellsin the subventricular zone are considered normal and did
not differ between IUGR and sham rats. This suggests that cell death at P14 cannot account
for the lack of mature oligodendrocytes. Nevertheless, it is possible that cell death occurred
much earlier and was cleared by P14 or is cleared at such a high rate that it cannot be
appropriately captured by assaying a single time point.
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Previous work has implicated oxidative stress as the primary mechanism for white matter
injury (4, 44, 45). Our IUGR model features oxidative stress, BMP upregulation, and alack
of oligodendrocytes. To demonstrate that these are linked, we treated OPCs in vitro with
agents that cause oxidative stress by 2 different mechanisms and demonstrated that oxidative
stress executes this function by upregulating BM P signaling, which in turn inhibits OPC
differentiation leading to impaired myelination. We have previously shown that oxidant
treatment aborts oligodendrocyte differentiation by downregulating transcription factors and
nuclear proteins needed for differentiation such as Olig 2 and Sox 10 while upregulating
those that inhibit differentiation such as 1ds 2 and 4 and acetylated histone H3 and H4 (7).
BMP is known to inhibit oligodendrocyte differentiation through the regulation of key
transcription factors and nuclear proteins mentioned above (46). Our present data showing
the differentiation and myelination defects can be prevented by blocking BMP signaling
even in the presence of oxidative stress validate our model.

Evidence that BMP signaling is an important modulator of oligodendrocyte maturation and
myelination iswell established asisarole for this signaling pathway in white matter
diseases. The function of BMP in oligodendrocyte development has been shown by our
laboratory and othersto arrest oligodendrocyte precursor maturation, inhibit myelin protein
expression and increase astrogliogenesis (912, 47). Furthermore, it has been established
that levels of BMP decrease around the time of birth, thus permitting OPC differentiation
(9). A number of studies have shown increased expression of BMPs, especially BMP4, in
spinal cord injury or demyelinating disease in the adult (13-15, 48-51). BMP upregulation
has recently been demonstrated in 2 neonatal white matter injury models as well (19, 20).
Abrogation of BMP signaling has been shown to improve myelination, decrease astrogliosis,
and increase functional recovery (16-20).

Itisnot yet clear which cell types are making the BMP. Studies, including our own, using
demyelinating models, have implicated astrocytes (13, 52), macrophages (15), neurons (52,
53) and oligodendrocytes (15, 53). Because BMP4 is a secreted and diffusible protein,
identification of the cell of originisdifficult and it is possible that BMPs are made by
multiple cell types. While knowing the cell of originis of inherent interest, it is not
necessary for the consideration of therapy to rescue myelination during lUGR or other
conditions in which BMP inhibits myelination. Although our in vitro data indicates that
BMP directly affects oligodendrocytes, representing a possible cause of demyelination, we
cannot rule out the possibility that other cell types, such as astrocytes, are affected by BMP
upregulation and indirectly inhibit myelination. Thiswill be the subject of future research.

Despite the paucity of oligodendrocytes and lack of myelin at P14 and P21, myelinin
mature lUGR animals appeared essentially normal by IHC, cell counts, and myelin protein
guantification. GFAP expression also returned to normal levels. Thus, OPCsin the IUGR
animals are eventually able to overcome the differentiation block and this coincides with
decreased BM P4 expression. In contrast, a study of IUGR in which uterine artery ligation
was performed much earlier in gestation showed a decrease in the thickness of the corpus
callosum in the motor cortex at P60 (54, 55). However, this model resultsin a significant
decrease in overall brain size and thus represents a very severe global phenotype (55).

Of particular importance and relevance to human IUGR and cerebral palsy is the persistence
of motor and coordination disturbances found in the adult IUGR animals, even though the
myelination differences have resolved. These data suggest a developmental timing
requirement for oligodendrocyte differentiation and myelination, which, if delayed, results
in persistent defects that are also seen in children who were born growth retarded (36).
However, the behavioral differences in the adult rats were more statistically significant in
the females. There are several possible reasons for this. First, multiple behavioral studies
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have shown that there are often differences between gendersin behavioral testing,
particularly motor performance and anxiety, with females performing better (i.e. more
activity) in open field and other motor tasks (56, 57). The reason for these differences not
well established but is likely due to the effects of sex hormones on the brain (58). Because
the normal females perform better than normal males, differences due to IUGR will be more
pronounced in females, as our represented in our data. Second, in premature infants, thereis
substantial literature about sex differencesin outcomes (59, 60). Our behaviora data could
be related to the mechanisms underlying these differences, which are not well understood.

In summary, we have provided a mechanism for the increase in BMP4 during demyelinating
injury. Oxidative stressis a common and significant component of IUGR, as well as other
perinatal injuries causing demyelination and adult demyelinating disease such as M S (4, 44,
45). Our previous work demonstrates that oxidative stressin vitro inhibits differentiation by
altering the cellular and molecular program of maturation (7). We now show that BMP is
upregulated by oxidative stress and oxidants cannot inhibit oligodendrocyte differentiation
when BMP signaling is abrogated. Thisisthe first demonstration that oxidative stress
operates through BMP in the nervous system in general, and in oligodendrocytesin
particular, and provides a mechanism to explain BMP upregulation in demyelinating
diseases.
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Figure 1.

P14 Rats with intrauterine growth retardation (IUGR) have fewer mature oligodendrocytes
than sham rats. (A) Sections of corpus callosum and striatum from IUGR and sham rats
labeled with antibodies to myelin proteins illustrating fewer oligodendrocytesin IUGR
sections. Nuclel are labeled with DAPI. (A, B) Myelin proteolipid protein (PLP) staining is
clearly decreased in the midline of the corpus callosum of IUGR animals compared to sham
(5x magnification, higher magnification inserts, 40x magnification). (C, D) Pencil fibersin
the striatum show greatly decreased labeling for PLP in sections from [UGR animals (10x
magnification). (E, F) myelin oligodendrocyte glycoprotein (MOG)-positive cells are much
less numerous in the IUGR animals (20x magnification). (G, H) Many fewer APC-positive
oligodendrocytes are present in the corpus callosum of the lUGR compared to sham rats
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(20x magnification). (1) Thereisan overall decrease in DAPI-positive cells in the corpus
callosum of IUGR rats of 7% compared to sham but thisis not statistically significant (NS, p
<0.41). (J) The percentage of PLP-positive cells per DAPI-positive cells is decreased by
46% in the corpus callosum of IUGR compared to sham rats (***, p < 0.002).
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Western blots from brains of 4 sham and 4 intrauterine growth retardation (IUGR) rats show
decreasesin myelin basic protein (MBP). (A) There is some variability among the animal
samples. (B) Quantification of the blots shows a significant decreasein MBP in the IUGR

rats (**p < 0.02).
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Figure3.

Rats with intrauterine growth retardation (IUGR) at P14 had markedly reduced myelinating
axons vs. sham rats. Semi-thin sections were prepared from IUGR and sham rats and
counterstained with toluidine blue. (A) Representative 100x photomicrographs of
myelinating axons from an identical area of the corpus callosum in sham and IUGR animals.
(B) Myelinating axons were counted in four 225-um? regions of interest placed in identical
areas of the corpus callosum and there were significantly fewer myelinating axonsin all 4
areasinthe lUGR vs. shamrats (p < 0.001).
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Figure4.

Although oxidative stress is present, the number of oligodendrocyte precursors (OPCs),
TUNEL-positive cells and the amount of neurofilament staining is not altered in rats with
intrauterine growth retardation (IUGR). (A) Western blots prepared from brain tissue from
IUGR and sham rats and probed for the oxidative stress marker 4-hydroxy-2-nonenal
(4HNE). All 4 IUGR samples show increased expression of HNE-modified proteins vs.
controls. Actin was used as aloading control. (B) Sections of P14 IUGR and sham brains
were labeled with antibody to NG2 or platel et-derived growth factor receptor—a (PDGFR-
alpha) to detect OPCs and counted. There were no significant differences using either
antibody. (C) The TUNEL assay was performed on sister sections. Quantification of
TUNEL-positive cells showed no significant differences between IUGR and sham rats. (D)
Neurofilament staining (red) was similar in sections of corpus callosum and striatum in
IUGR and sham rats at P14. Note the presence of neurofilament labeling in the pencil fibers
despite the lack of oligodendrocytes for myelination (Fig. 1D).
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Figure5.

Level of myelin proteins continue to be decreased in brains from the intrauterine growth
retardation (IUGR) compared to sham animals at P21 but the differenceis not as marked as
at P14. Western blots were prepared from brains of IUGR and sham rats at P21 and probed
with antibody to myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG)
and myelin proteolipid protein (PLP). All 3 myelin proteins were decreased (A) but
quantification showed that those differences were diminishing compared to P14 (B).
GAPDH = glyceraldehyde 3-phosphate dehydrogenase. (*p < 0.01)
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Brains of rats with intrauterine growth retardation (IUGR) exhibit astrogliosis at P14. (A)
Sections of corpus callosum from IUGR rats show larger and more intensely stained glial
fibrillary acidic protein (GFAP)-positive astrocytes in IUGR vs. sham animals. (B) GFAP-
positive and DAPI-positive cells were counted. There was a non-significant trend to
increased GFAP-positive cellsin IUGR animals (p < 0.096). (C) Western blots from brains
of IUGR and sham rats show increasesin GFAP in al IUGR animals. (D) Quantification of
the western blot demonstrates a significant increase in GFAP in the IUGR vs. sham rats (*p

< 0.05).
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Figure7.

Numbers of oligodendrocytes and astrocytes and oligodendrocyte and astroglial proteins are
the same in rats with intrauterine growth retardation (IUGR) and shams at 8 weeks. (A)
Sections of the midline of the corpus callosum of sham and IUGR rats labeled with antibody
to myelin proteolipid protein (PLP) and DAPI. No significant differences are seen between
the sections. (B) Cell counts of aspartoacylase (ASPA)-positive oligodendrocytes in regions
of interest in the corpus callosum of three IUGR and 3 sham rats at 8 weeks show no
differences. (C) Western blots of 4 brains each from IUGR and sham rats demonstrate that
expression of myelin basic protein (MBP) and glia fibrillary acidic protein (GFAP) are the
same at 8 weeks. (D) Quantification of the western blots shows no significant differencesin
MBP or GFAP between IUGR and sham brains. NS = not significant.
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Rats with intrauterine growth retardation (IUGR) show motor abnormalities at P14
continuing into adulthood. (A) Grip strength testing was performed at 14 days and at 6.5
weeks (adult). At P14, the [UGR animals were significantly weaker than the shams (**p <
0.004), but this difference disappeared in the adults (p < 0.23) (NS). (B) Rotorod testing was
performed at 8 weeks. The males clearly performed worse than the females without regard
to treatment (p < 0.01). Within a specific gender, female sham rats remained on the rotorod
longer than female IUGR rats on days 3 to 5 and showed greater improvement (p < 0.05).
There were no differences in the males on any day.
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Figure9.

Bone morphogenetic protein (BMP) mRNA and protein are increased at P14 and P21 in
intrauterine growth retardation (IUGR) vs. sham rats but returns to the same level asthe
shams by 8 weeks. (A) BMP4 mRNA was measured by Q-PCR at P14 and 8 weeks (adult).
There was a 3.9-fold increase in BM P4 expression in the [IUGR compared to sham rats at
P14 (**p < 0.0003) but only a 20% at 8 weeks, which was not significant (NS, p < 0.63). (B)
Western blots of brain samples show variability in level of expression among animals but
BMP4 is greater at p14 and P21 in the IUGR vs. sham rats. (C) Quantification of the
Western blots shows an increase in BMP expression of 3.5-fold at P14 (p < 0.007), 2.5-fold
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at P21 (p < 0.001), but a 25% increase at 8 weeks of age that was not significant (p < 0.08).
GAPDH = glyceradehyde 3-phosphate dehydrogenase.
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Figure 10.

Oligodendrocyte precursors (OPCs) isolated from animals with intrauterine growth
retardation (IUGR) express phospho-Smad protein and do not differentiate as well as OPCs
from shams but differentiation can be rescued with the bone morphogenetic protein (BMP)
inhibitor, noggin. (A) OPCs were isolated from the brains of P2 IUGR and sham animals
and grown in culture for 1 week. Western blots performed on OPC protein demonstrate
significant phospho-Smad labeling in the [UGR cultures indicating BMP signaling through
the canonical pathway. (B) OPC cultures were placed in differentiation medium (DM) with
and without noggin for 72 hours and labeled with antibody to gal actocerebroside (GalC) and
DAPI. IUGR culturesin DM without noggin had fewer Gal C-positive cells than comparable
Sham cultures or cultures with noggin (63x magnification). (C) The number of
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oligodendrocytes was quantified by counting cells labeled with antibody to GalC and DAPI.
The OPCs from IUGR animals differentiated only half as well as the OPCs from the sham
animals (n = 4, *p < 0.01). Treatment of IUGR OPCs with noggin (500 ng/ml) increased
differentiation to the level of the shams (n = 4, *p < 0.03), whereas treatment of sham OPCs
with noggin had no significant effect.
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Figure11.

Oxidant treatment of cells decreases oligodendrocyte differentiation but inhibition of bone
morphogenetic protein (BMP) signaling can rescue this effect. (A) Q-PCR of 3 separate
cultures of oligodendrocyte precursors (OPCs) treated with the oxidants L-buthionine
sulfoximine (BSO) or fert-butyl hydroperoxide (tBOOH) for 72 hours shows increases in
bone morphogenetic protein 4 (BMP4) mRNA averaging 5.12-fold and 2.2-fold,
respectively. (B) p-SMAD staining downstream of BMP is visible 3 hours after treatment
with tBOOH but not in control conditions. BMP treatment (50 ng/ml) is used as a positive
control (C) OPC cultures were treated with BSO or tBOOH and 500 ng/ml noggin
simultaneously and labeled with anti-gal actocerebroside (GalC) after 3 days. tBOOH and
BSO reduced the percentage of Gal C-positive cells by approximately 40% relative to
differentiating medium (DM) alone. When noggin was added at the same time as the
oxidative agents, the percentages of GalC-positive cells returned to control levels (*p < 0.05
vs. cultures without noggin). (D) Mouse OPC cultures were established from wild type
(WT) and mutant mice lacking BMPR 1aand 1b in the neural tube (DK O) and labeled with
anti-GalC after 3 days. tBOOH and BSO treatment were unable to inhibit differentiation in
the cellslacking BMP type 1 receptors.*p < 0.05.
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