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Although the adverse effects of neonatal hypoxia associated with premature birth on the
central nervous system are well known, the contribution of hypoxic damage to the peripheral
nervous system (PNS) has not been addressed. We demonstrate that neonatal hypoxia results
in hypomyelination and delayed axonal sorting in mice leading to electrophysiological and
motor deficits that persist into adulthood. These findings support a potential role for PNS
hypoxic damage in the motor impairment that results from premature birth and suggest
that therapies designed to protect the PNS may provide clinical benefit. (Am J Pathol 2017,
187: 245e251; http://dx.doi.org/10.1016/j.ajpath.2016.10.003)
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Improved care is increasing the number of neonates that
survive prematurity, including those infants born at low birth
weight (<1500 g).1 Unfortunately, neurodevelopmental dis-
abilities caused by premature birth have not decreased, and
more than half of preterm survivors experience motor, sen-
sory, behavioral, and cognitive deficits that persist into
adulthood.2e4 With the prevalence and persistence of these
disabilities it is crucial to gain a better understanding of the
pathophysiology of premature birth that results in neurologic
deficits.

Most studies have focused on the central nervous system
(CNS)-specific effects of neonatal hypoxic injury to premature
infants resulting in diffuse whitematter injury.5,6 Nevertheless,
little is known about the effects of neonatal hypoxia on the
peripheral nervous system (PNS). This represents a gap in our
understanding of damage caused by neonatal hypoxia, and a
better understanding of these morbidities could provide novel
opportunities for therapeutic intervention.

Here, we demonstrate that neonatal hypoxia results in PNS
hypomyelination, characterized by thinner myelin sheets that
persist into adulthood correlated with electrophysiological
and motor behavior deficits. These results suggest that PNS
myelin deficits may represent an underappreciated compo-
nent of neurodevelopmental disabilities caused by neonatal
hypoxia and that therapies designed to protect PNS myelin
may improve clinical outcomes of these individuals.
Pathology. Published by Elsevier Inc
Materials and Methods

Animals and Neonatal Hypoxia

All animals were housed under pathogen-free conditions, and
all animal procedures were approved by the Institutional
Animal Care and Use Committees of the University of Chi-
cago. Neonatal hypoxia model was performed as previously
described using both male and female mice.5 Briefly, male
and female C57BL/6J mouse pups were fostered to lactating
CD1 dams at postnatal day 2 (P2) and exposed to either
neonatal hypoxia of 10%� 0.5% oxygen or room air control
(approximately 21% oxygen) from P3 to P11 after which time
pups were returned to room air.
Electron Microscopy Analysis

Samples were prepared as previously described.7 G-ratio im-
ages were taken at�1200 from four to six mice per group with
>200 total axons counted per group and calculated according
to the method previously described.8 Axon bundles images
were taken at�1200 or�2900 from four to six mice with>20
bundles analyzed per group.
. All rights reserved.
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Figure 1 Neonatal hypoxia (NH) leads to thinner myelin in the peripheral nervous system. Myelination in the sciatic nerve of NH (gray bars) and room air
(RA) (black bars) was analyzed using electron microscopy. A: For the NH model, mice were exposed to 10% � 0.5% oxygen from P3 to P11, and tissue for
electron microscopy analysis was collected at P7, P11, P18, and P60. B: Electron microscopy images from sciatic nerve of RA control and NH-exposed pups. C:
Myelin thickness measured by g-ratio was significantly thinner in NH-exposed pups than in RA controls at all time points examined. D: NH had no effect on the
percentage of myelinated axons in the sciatic nerve. Data are expressed as means � SEM. n Z 4 to 6 mice per group for g-ratio calculations >200 axons;
n Z 4 to 6 mice per group for percentage of myelination. *P < 0.05 by two-tailed t-test. Scale bar Z 2 mm (B). Pe, postnatal daye.
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Total RNA Isolation and Real-Time Quantitative PCR

RNAwas isolated from pooled sciatic nerves using the Bio-Rad
Aurum Total RNA Fatty and Fibrous Tissue Kit (732-6830;
Bio-Rad, Hercules, CA) and reverse transcribed using the Bio-
Rad iScript cDNA Synthesis kit (1708891) according to man-
ufacturer’s instructions. Real-time quantitative PCRwas run on
aBio-RadCFX96Real-TimePCRmachine using SYBRGreen
detection. Results were analyzed using theDDC(t) methodwith
Rpl13A and Hprt1 used as reference genes. The following
primer sets were used: Krox20 forward 50-AATAGCTGGGC-
GAGGGG-30, Krox20 reverse 50-ATGTTGATTCATGC-
CATCTCCC-30; P0 forward 50-ACCTCTCAGGTCACGC-
TCTA-30, P0 reverse 50-CATGGCACTGAGCCTTCTCTG-
30; Mbp forward 50-GCTCCCTGCCCCAGAAGT-30, Mbp
reverse 50-TGTCACAATGTTCTTGAAGAAATGG-30; Mag
forward 50-CTGCTCTGTGGGGCTGACAG-30, Mag reverse
50-AGGTACAGGCTCTTGGCAACTG-30; Rpl13a forward
50-TTCTCCTCCAGAGTGGCTGT-30, Rpl13a reverse
50-GGCTGAAGCCTACCAGAAAG-30; Hprt1 forward
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50-TCAGACCGCTTTTTGCCGCGA-30, and Hprt1 reverse
50-ATCGCTAATCACGACGCTGGGAC-30.

Immunohistochemistry

Mice were taken directly from hypoxia or room air and anes-
thetized by intraperitoneal injection with avertin (0.5 mg/g).
Then the sciatic nerves were removed and embedded in optimal
cutting temperature compound (Sakura Finetek, Torrance, CA)
and snap-frozen in isopentane with dry ice. Cross sections were
cut from fresh frozen tissue, fixed for 10 minutes in 4% para-
formaldehyde,washed in phosphate-buffered saline, and stained
with 1:250 KROX20 (PRB-236P; Covance, Princeton, NJ) and
1:200Oct-6 (sc-11661; Santa CruzBiotechnology, Dallas, TX).

Motor Behavior Analysis

Motor coordination and balance of control and neonatal
hypoxia-exposed mice were measured by the accelerating
rotarod (Columbus Instruments, Columbus, OH) as
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Neonatal hypoxia does not decrease the number of immature or mature Schwann cells. Mature Schwann cell numbers in the sciatic nerve of neonatal
hypoxia (gray bars) and roomair (blackbars)was analyzedby immunohistochemistryandqPCR.A:Neonatal hypoxia- and roomair-exposedsciatic nerves fromP11mice
stained with the mature Schwann cell marker KROX20 (green). Region of sciatic nerve used for cell counts is outlined by a red dashed line. B: P11 sciatic nerves from
neonatal hypoxia-exposedmice were significantly smaller. C: Smaller sciatic nerves in P11 neonatal hypoxia-exposed mice led to a higher density of KROX20þ cells. D:
However, there was no difference in the total number of KROX20þ cells per sciatic nerve between neonatal hypoxia- and room air-exposedmice at P11. E: There was no
significant difference between expression of Krox20, Mbp, Mag, or P0 in neonatal hypoxia- and room air-exposed sciatic nerves. qPCR analysis was performed in sciatic
nerves from P7 neonatal hypoxia- and room air-exposed mice. Normalized expression was calculated as expression relative to RPL13A and HPRT1 reference genes and
normalized to controls. F: Neonatal hypoxia- and room air-exposed sciatic nerves from P11 mice stained with the promyelinating immature Schwann cell marker Oct-6
(green). Region of sciatic nerve used for cell counts is outlined by a red dashed line. G: Smaller sciatic nerves in P11 neonatal hypoxia-exposed mice led to a higher
density of Oct-6þ cells.H: Therewas no significant difference in the total number of Oct-6þ cells per sciatic nerve between P11neonatal hypoxia- and roomair-exposed
mice. Data are expressedasmeans� SEM.nZ5 to6 for KROX20þ cell counts;nZ3 for qPCR analysis of sciatic nerves;nZ3Oct-6þ cell counts. *P< 0.05, **P< 0.01
by two-tailed t-test. Scale bars: 100 mm (A); 50 mm (F). Oct-6, octamer-binding protein 6; Pe, postnatal daye; qPCR, real-time quantitative PCR.

Neonatal Hypoxia and the PNS
previously described modified to accelerate from 5 to 45
rpm over a 300-second trial.9

Forelimb and hindlimb grip strength were measured as
previously described using a computerized grip strength
meter (0167-005L; Columbus Instruments).10,11

Grid test measurements were performed by suspending
mice inverted on a 1-inch mesh grid and measuring latency
to fall during a 60-second trial. At 60 seconds the mouse
was removed and given 5 minutes of rest. The average of
four trials was calculated. All motor behavior analysis was
performed by a blinded investigator (B.L.L.C).

Electrophysiology

Electrophysiology was performed in P60 mice with a
Nicolet Viking Quest Laptop System (Natus Neurology,
Middleton, WI) as previously described.10,11
The American Journal of Pathology - ajp.amjpathol.org
Statistical Analysis

Data are presented as means � SEM. Multiple comparisons
were made using analysis of variance with Tukey’s post-test.
Comparisons of two data points were made by a two-sided
unpaired t-test. A P value of<0.05 was considered significant,
and all statistical analyses were run with GraphPad Prism
software version 7 (GraphPad Inc., San Diego, CA).

Results

Neonatal Hypoxia Leads to PNS Hypomyelination

To examine the PNS effects of neonatal hypoxia we took
advantage of a well-described model in which mice are
exposed to 10% � 0.5% oxygen from P3 to P11
(Figure 1A).5 Because the effect of chronic hypoxic rearing
247
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Figure 3 Neonatal hypoxia (NH) leads to disrupted maturation of axon bundles in the peripheral nervous system (PNS). Axon bundles were examined in
mice exposed to NH (gray bars) and room air (RA) (black bars) control mice using electron microscopy. A: Representative images of axonal bundles are outlined
by red dashed lines. B: At P7 and P11, during hypoxic exposure, pups had significantly larger axon bundles in the PNS than RA controls. B: Bundle size
recovered to control levels after 7 days of recovery at P18, and no long-term changes in axon bundle size were found at P60. C: Increased bundle size
corresponded with increased number of axons per bundle in NH-exposed mice at P7 and P11, with no difference at P18 and P60. D and E: There was no
significant difference in the size of either bundle axons (D) or myelinated axons (E) in the PNS of NH and RA control mice. Data are expressed as means � SEM.
n Z 4 to 6 mice per group with >20 bundles analyzed. *P < 0.05 by two-tailed t-test. Pe, postnatal daye.

Clayton et al
on PNS myelination has not been studied, we began by
measuring myelin thickness of sciatic nerve axons in control
and hypoxia-exposed mice. We found that g-ratios were
increased in hypoxia-exposed pups at P7, P11, P18, and P60
(Figure 1, B and C). This chronic myelination deficit is
similar to the effects of neonatal hypoxia on CNS myelin
thickness.5 Nevertheless, the percentage of myelinated
fibers did not differ at any age (Figure 1D). These results
248
show that neonatal hypoxia leads to hypomyelination in the
PNS that persists into adulthood.

Neonatal Hypoxia Does Not Alter the Number of
Schwann Cells

In the CNS neonatal hypoxia inhibits maturation of oli-
godendrocytes leading to hypomyelination.5 Therefore, we
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Neonatal hypoxia causes long-term
motor and electrophysiological deficits. Electro-
physiological and motor deficits were examined in
neonatal hypoxia (gray bars) and room air (black
bars) control mice. A: Neonatal hypoxia had no
effect on motor balance and coordination measured
by rotarod. B: Compared with room air controls,
neonatal hypoxia-exposed mice exhibited a
decreased latency to fall in the grid test at 4 weeks
of age that recovered by 6 weeks of age. C and D:
Forelimb (C) and hindlimb (D) grip strength were
significantly weaker in neonatal hypoxia-exposed
mice at all time points measured. E: In agreement
with peripheral nervous system myelin deficits,
neonatal hypoxia-exposed pups had significantly
slower conduction velocity (CV) at P60 with no
distal latency (DL) or distal amplitude (dAMP). F:
Neonatal hypoxia-exposed animals weighed less
than room air-exposed animals at 4 and 6 weeks of
age but recovered to control levels at 8 weeks. Data
are expressed as means � SEM. For box and whisker
plots the box represents the 25th to 75th percentile
with the median designated by a line and the
whiskers representing the minimum and maximum
values. n Z 8 to 9 mice. *P < 0.05 by two-tailed
t-test. Pe, postnatal daye.

Neonatal Hypoxia and the PNS
determined whether decreased numbers of mature
Schwann cells contribute to PNS hypomyelination caused
by neonatal hypoxia. Neonatal hypoxia increased the
density of mature KROX20þ Schwann cells due to
decreased sciatic nerve size (Figure 2, AeC). Neverthe-
less, neonatal hypoxia did not decrease the total number of
mature Schwann cells in the sciatic nerve (Figure 2D), and
there was no significant difference in the expression of
mature Schwann cell genes (Figure 2E). These results
show that neonatal hypoxia does not result in the loss of
mature Schwann cells.

It is also possible that neonatal hypoxia leads to an
alteration in the number of immature Schwann cells in the
PNS. Therefore, we examined these cells by staining for the
transcription factor octamer-binding protein 6 (alias POU
class 3 homeobox 1) that is present in immature Schwann
cells and absent in myelinating Schwann cells.12 We found
that at P11 octamer-binding protein 6epositive cells were
significantly denser in neonatal hypoxia-exposed pups
(Figure 2, F and G). Nevertheless, this difference in density
was driven by decreased total nerve size and not by a
decrease in the total number of octamer-binding protein
The American Journal of Pathology - ajp.amjpathol.org
6epositive cells per nerve (Figure 2, F and H). These results
indicate that neonatal hypoxia does not result in the loss of
immature promyelinating Schwann cells.

Neonatal Hypoxia Increases the Size of PNS Nerve
Bundles and the Number of Axons per Bundle

During PNS development axons are removed from nerve
bundles and myelinated by Schwann cells in an event
called axonal sorting.13 To determine whether neonatal
hypoxia disrupts axonal sorting, we analyzed axon bundles
in the developing sciatic nerve of control and neonatal
hypoxia-exposed pups. We found that at P7 and P11 the
size of axon bundles in hypoxia-exposed pups were
significantly larger than controls due to increased axon
numbers but not increased axon diameter (Figure 3, AeD).
By P18 these differences were resolved. We also measured
the size of myelinated axons to determine whether neonatal
hypoxia may be delaying axonal growth and found no
difference in the diameter of myelinated axons (Figure 3E).
These data suggest that neonatal hypoxia transiently per-
turbs the early steps of the radial axonal-sorting process,
249

http://ajp.amjpathol.org


Clayton et al
which results in larger bundles containing increased
numbers of axons.13

Neonatal Hypoxia Results in PNS Electrophysiological
and Motor Deficits in Adulthood

Myelin functions to increase the speed and fidelity of action
potential propagation along the axon, and, given the
decrease in PNS myelin thickness caused by neonatal
hypoxia, we next examined whether this disturbance led to
PNS motor deficits in older mice. We found that neonatal
hypoxia had no effect on rotarod performance (Figure 4A)
and resulted in a mild deficit at 4 weeks of age in perfor-
mance on the inverted grid test (Figure 4B). Nevertheless,
the rotarod and grid tests lack sensitivity. Therefore, we
performed more-sensitive grip strength measures using a
dynamometer. Both forelimb and hindlimbs showed that
neonatal hypoxia-exposed pups had significantly weaker
limbs at all time points examined (Figure 4, C and D).
Importantly, decreased limb strength remained even after
the reduced weight of neonatal hypoxia-exposed pups
recovered (Figure 4F). Finally, we measured the latency,
conduction velocity, and amplitude of motor responses
recorded while stimulating the sciatic nerve. We found that
sciatic motor responses from hypoxia-exposed mice had
slower conduction velocity than those from control mice
(Figure 4E), which correlates with the thinner myelin
sheaths seen at P60 (Figure 1C). There was no difference in
the amplitude or distal latency between the two groups
(Figure 4E). These results show that the effects of neonatal
hypoxia on PNS myelination correlate with sustained PNS
motor and electrophysiological deficits in adult animals.
Discussion

In this study we demonstrate that neonatal hypoxia leads to
PNS abnormalities, including delayed axonal sorting and
hypomyelination that result in electrophysiological and
motor deficits. These data indicate that neonatal hypoxia has
similar adverse effects on the PNS as on the CNS. A large
body of clinical research has established that preterm infants
have significant motor impairments14e16 that are a risk
factor for poor cognitive performance, behavioral problems,
and learning disabilities.17e19 Our study suggests that
hypoxia-induced PNS dysfunction likely contributes to the
clinical manifestations that result from premature birth.

We found that neonatal hypoxia caused decreased myelin
thickness in the PNS at all time points investigated,
including in adult mice. This hypomyelination correlates
with the decreased sciatic nerve conduction velocity and
weaker limb strength observed in mice exposed to neonatal
hypoxia. There was no decrease in the percentage of
myelinated fibers nor was there a decrease in the number
of mature Schwann cells. This suggests that the effect of
neonatal hypoxia on the PNS involves a distinct mechanism
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from the arrested maturation of oligodendrocytes that leads
to CNS hypomyelination after neonatal hypoxia. Neonatal
hypoxia is known to effect maturation of neurons such that
axonal damage cannot be excluded as a contributing factor
to the observed PNS abnormalities.20 Further studies are
needed to understand the mechanism behind neonatal
hypoxia-induced deficits in PNS development.
In conclusion, our studies establish that neonatal hypoxia

causes sustained hypomyelination in the PNS and leads to
long-term electrophysiological and motor deficits. These
results suggest that the effects of neonatal hypoxia on PNS
myelination may be an unrecognized contributor to neuro-
developmental disabilities caused by premature birth and
warrant greater attention.
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