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Brain injury in the premature infant is associated with a high risk of neurodevelopmental disability. Previous small-animal models of
brain injury attributable to extreme prematurity typically fail to generate a spectrum of pathology and behavior that closely resembles
that observed in humans, although they provide initial answers to numerous cellular, molecular, and therapeutic questions. We tested the
hypothesis that exposure of rats to repeated hypoxia from postnatal day 1 (P1) to P3 models the characteristic white matter neuropatho-
logical injury, gray matter volume loss, and memory deficits seen in children born extremely prematurely. Male Sprague Dawley rats were
exposed to repeated hypoxia or repeated normoxia from P1 to P3. The absolute number of pre-oligodendrocytes and mature oligoden-
drocytes, the surface area and g-ratio of myelin, the absolute volume of cerebral white and gray matter, and the absolute number of
cerebral neurons were quantified stereologically. Spatial memory was investigated on a radial arm maze. Rats exposed to repeated
hypoxia had a significant loss of (1) pre-oligodendrocytes at P4, (2) cerebral white matter volume and myelin at P14, (3) cerebral cortical
and striatal gray matter volume without neuronal loss at P14, and (4) cerebral myelin and memory deficits in adulthood. Decreased
myelin was correlated with increased attention deficit hyperactivity disorder-like hyperactivity. This new small-animal model of extreme
prematurity generates a spectrum of short- and long-term pathology and behavior that closely resembles that observed in humans. This
new rat model provides a clinically relevant tool to investigate numerous cellular, molecular, and therapeutic questions on brain injury
attributable to extreme prematurity.

Introduction
Two percent of infants (currently 86,000 of all live births in the
United States annually) are born extremely prematurely (22–28
weeks of gestation; Volpe, 2009). Because the survival rate of
these infants is now �90% (Volpe, 2009), the fact that 50 –70%
will have behavioral and memory deficits later in life (Johnson,
2007) is a significant health problem. For example, the perinatal
care costs alone for babies born extremely prematurely exceeds
$18 billion annually in the United States (Ment et al., 2009).

Because rates of prematurity have not declined in the past decade,
this major burden of neurological disability can be expected to
continue (Volpe et al., 2011). Males, in particular, are vulnerable
(Venderhus et al., 2010).

The cerebral neuropathology most frequently described in ex-
tremely premature infants consists of preferential white matter
damage, termed diffuse periventricular leukomalacia (PVL;
Volpe et al., 2011). Diffuse PVL may occur via exposure to re-
peated bouts of hypoxia because extremely premature infants
often experience repeated bouts of sublethal hypoxia in neonatal
intensive care units despite medical intervention (Poets et al.,
1995; Lou, 1996). Diffuse PVL is initially characterized by a sig-
nificant loss of O4-positive pre-oligodendrocytes (Volpe et al.,
2011). Later sequelae include decreased white matter volume and
hypomyelination in the cerebrum (Volpe, 2009) that persists
long term (Ment et al., 2009). A decreased volume of the cerebral
gray matter, without cortical or striatal neuronal loss, often ac-
companies the white matter injury in infants and children that
suffer from diffuse PVL (Silbereis et al., 2010).

Treatment options are clearly urgently required to prevent the
brain damage and associated memory deficits that follow ex-
tremely premature birth (Volpe et al., 2011). In this regard, a
valid animal model is required. Current small-animal (e.g., rat)
models of preterm brain injury typically fail to generate a spec-
trum of pathology and behavior that closely resembles that ob-
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served in humans, although they do provide important initial
answers to numerous cellular, molecular, and therapeutic ques-
tions (Silbereis et al., 2010). Most small-animal models also fail to
replicate repeated hypoxia during the equivalent time period im-
mediately after extremely preterm birth (Oorschot et al., 2007;
Scafidi et al., 2009). There is also a paucity of long-term neuro-
pathological data and behavioral testing in the currently available
animal models of hypoxic brain injury (Scafidi et al., 2009).

In this study, we tested the hypothesis that exposure of male
rats to repeated hypoxia from postnatal day 1 (P1) to P3 induces
the characteristic spectrum of short- and long-term white matter
neuropathological injury, gray matter volume loss, and long-
term memory deficits seen in children born extremely prema-
turely. P1–P3 in the rat is widely believed to be the developmental
equivalent of the second-trimester human brain at 22–28 weeks
of gestation, particularly in terms of white matter development
(Volpe et al., 2011). Specifically, we investigated whether re-
peated hypoxic male rats had a loss of (1) pre-oligodendrocytes at
P4, (2) cerebral white and gray matter volume and of myelin, with
no cortical or striatal neuronal cell loss, at P14/P15, and (3) cere-
bral myelin and memory deficits in adulthood.

Materials and Methods
Animals. All animal procedures were approved by the Committee on
Ethics in the Care and Use of Laboratory Animals at the University of
Otago (Dunedin, New Zealand). Seventy-eight male Sprague Dawley
pups from 13 different litters were used. The day of birth of the pups was
defined as P0. Dams, pups, and weaned animals were housed in a 12 h
light/dark cycle in a temperature- and humidity-controlled room. Food
and water were available ad libitum, except during behavioral experi-
ments. Pups were weighed daily from P1 to P35 and twice weekly there-
after. The pups used for the quantitation of the absolute number of
pre-oligodendrocytes at P4 and the myelin surface area at P14 (see below)
were littermates from three different litters. The pups used for the quan-
titation of the axon/myelin g-ratio and the absolute number of mature
oligodendrocytes (see below) were littermates from another three differ-
ent litters.

Repeated hypoxia or repeated normoxia. Exposure to repeated hypoxia
or repeated normoxia was on P1–P3 as described previously (Oorschot et
al., 2007). Briefly, the repeated hypoxic pups were exposed to humidified
1.5% oxygen, 5% carbon dioxide, and 93.5% nitrogen at 37°C every 2 h,
for 12.25 h/day from P1 to P3. The rationale for the inclusion of carbon
dioxide has been discussed previously (Oorschot et al., 2007). During
P1–P3, the first exposure commenced at 7:00 A.M. and the last exposure
commenced at 7:00 P.M., yielding a total of seven exposures per day.
Each hypoxic exposure lasted 15 min on P1 and 14 min on P2 and P3.
This protocol induced apnea (i.e., a respiratory pause of �15 s) and was
the maximum survivable insult as determined from pilot experiments.
Repeated normoxic pups underwent the same experimental paradigm,
but the exposure was to humidified normal air at 21% oxygen with a
balance of nitrogen. After each exposure, all pups in a litter were returned
to the dam to allow feeding.

Tissue processing and serial sectioning. Immunohistochemical/stereo-
logical experiments were undertaken to measure O4-positive pre-
oligodendrocytes at P4, glutathione S-transferase-� (GST-�)-positive
mature oligodendrocytes at P13/P14, and myelin at P14 and P545. Each
animal was anesthetized with ketamine/xylazine (67 and 6.7 mg/kg, i.p.,
respectively) and intracardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.2. Each brain was cryoprotected in 30%
sucrose in 0.1 M phosphate buffer, pH 7.2, and frozen at �80°C. For the
O4 experiment, the entire right cerebral hemisphere from eight rats was
coronally sectioned in a cryostat into 50 �m serial sections. After a ran-
dom start, every eighth section was systematically sampled throughout
the callosal white matter that is enriched with O4-positive oligodendro-
glia (Back et al., 2002). For the GST-� experiment, the entire left cerebral
hemisphere from eight rats (two pairs at P13 and two pairs at P14) was
coronally sectioned in a cryostat into 5 �m serial sections. After a random

start, every 100th section pair was systematically sampled throughout the
callosal white matter from the start of the caudate–putamen to the end of
the hippocampus. Each systematically sampled section pair was collected
onto a 3-aminopropylthriethoxy-silane-coated slide. For the myelin ex-
periments, the left cerebral hemisphere from 16 P14 rats and 19 P545 rats
was sagittally sectioned in a cryostat into 50 �m serial sections. After a
random start, every fourth section (P14) or every 12th section (P545) was
systematically sampled throughout the cerebral white matter. These sam-
pled sections were then processed for immunohistochemistry and ana-
lyzed stereologically (see below).

Histological/stereological experiments were completed at P14 to mea-
sure the volume of brain substructures and absolute neuronal number.
Each animal was anesthetized with ketamine/xylazine (67 and 6.7 mg/kg,
i.p., respectively) and intracardially perfused with 4% paraformalde-
hyde/0.1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2. The right
cerebrum from 17 P14 rats was postfixed in Formalin for 5 d, dehydrated,
embedded in Technovit, serially sectioned into 40 �m sections, and
stained as described previously (Oorschot, 1996).

Electron microscopic/stereological experiments were completed at
P14/P15 to measure the g-ratio and the number and diameter of myelin-
ated axons in the callosal periventricular white matter. Each animal was
anesthetized with ketamine/xylazine (67 and 6.7 mg/kg, i.p., respec-
tively) and intracardially perfused with 2% paraformaldehyde/2.5% glu-
taraldehyde in 0.1 M phosphate buffer, pH 7.2. The left cerebrum from 10
P14/P15 rats (one pair at P14 and four pairs at P15) was postfixed in fresh
fixative for 5– 6 d at 4°C. Each cerebral hemisphere was cut in the sagittal
plane, from lateral to medial, into 17–20 serial 200 �m vibratome sec-
tions and then serial 50 �m vibratome sections thereafter. Using Plates
168 –170 by Paxinos and Watson (2007) and a Seiwa dissecting micro-
scope, medial 50 �m sections were viewed to identify the anterior limb of
the anterior commissure in the cerebrum and its continuity with the
intrabulbar anterior commissure in the medially located olfactory bulb.
The continuity between these structures becomes discontinuous medi-
ally (Paxinos and Watson, 2007, their Plate 168) and laterally. The first
section that contained the medial discontinuity was selected for process-
ing for transmission electron microscopy. This ensured that the same
location in the brain was investigated for each animal (Tos et al., 2008).
Each selected section also contained the callosal white matter surround-
ing the lateral ventricle (Paxinos and Watson, 2007, their Plate 168). This
callosal periventricular white matter was the specific biological region of
interest for measuring the g-ratio and the diameter and number of my-
elinated axons.

Each selected section per rat was osmicated, dehydrated, embedded in
resin, and prepared for ultramicrotomy as described previously (Parta-
diredja et al., 2003), with the exception that EMbed 812 resin was used
and the resin-infiltrated sections were flat-embedded between silanized
slides. The EMbed 812 resin consisted of 44.25% EMbed 812 resin, 35.4%
dodecenyl succinic anhydride, 17.7% methyl nadic anhydride, and
2.65% benzyldimethylamine. Before ultramicrotomy, the callosal
periventricular white matter in each flat-embedded section was trimmed
to a trapezoid shape (Partadiredja et al., 2003, their Fig. 1, “parietal”) to
yield the final resin block for each animal. Ultrathin sections from each
block were cut at 80 nm, collected onto Formvar-coated grids, and
stained with uranyl acetate and lead citrate in a 2168 Carlsberg Ultro-
stainer (LKB Bromma). The sections were then viewed in a Philips
CM100 transmission electron microscope.

Immunohistochemistry. Free-floating sections in tissue culture wells
and sections affixed to slides (for GST-� staining) were incubated in 5%
heat-inactivated goat serum (for O4 and GST-� staining) or donkey
serum (for myelin staining; Sigma-Aldrich) in PBS for 1 h to block non-
specific binding sites. For O4 staining, sections were then incubated in a
monoclonal mouse anti-O4 primary antibody (1:100; Millipore Biosci-
ence Research Reagents) in antibody diluting buffer (1% bovine serum
albumin; A-2153; (Sigma) in 0.1 M PBS overnight at 4°C. To stain my-
elinated axons, sections were incubated in a monoclonal mouse antibody
to myelin basic protein (1:200; Millipore Bioscience Research Reagents).
Sections were then incubated in a biotinylated anti-mouse secondary
antibody (1:200; Vector Laboratories) in antibody diluting buffer with
5% goat or donkey serum, respectively, for 1 h. To stain mature oligo-
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dendrocytes, sections were incubated in a polyclonal rabbit antibody to
GST-� (1:500; MBL). Sections were then incubated in a biotinylated
anti-rabbit secondary antibody (1:200; Vector Laboratories) in antibody
diluting buffer with 5% goat serum for 1 h. After washing, sections were
incubated in 0.30% hydrogen peroxidase in PBS for 10 min to inactivate
the endogenous peroxidases and washed again. All sections were then
incubated in a tertiary antibody, streptavidin-conjugated horseradish
peroxidase (1:200; Vector Laboratories), for 1 h. The antigen/antibody
complex in the sections was visualized with 3-amino-9-ethyl-carbazole
(Sigma) in acetate buffer. The sections were then mounted onto gelatin-
coated slides and coverslipped in glycerol gelatin (Sigma) for subsequent
stereological analyses. Negative control sections with the primary anti-
body omitted were included in all experiments to confirm that the stain-
ing was specific to the O4 cells, GST-� cells, or myelin.

Stereology: general methods. All sections were coded before stereologi-
cal analyses. To measure the numerical density (Nv) of O4-positive cells
and neurons, the surface density (Sv) of myelin, and neuronal nuclear
volume, each sampled subvolume in each sampled section was viewed
using a 100� oil-immersion objective lens (numerical aperture 1.4) on
an Olympus BH-2 light microscope. The microscope was also fitted with
an automated mechanical stage, an electronic microcator (to measure
height in the z-plane), and a video camera that projected the image onto
an adjacent television monitor. Overlaying the television monitor was an
unbiased sampling frame, either 80 � 80 mm (for Nv) or 140 � 70 mm
(for Sv), with two inclusion lines and two exclusion lines (Gundersen,
1977). With the sampling frame and the automated stage, the entire brain
region of interest (e.g., the callosal white matter) in every selected section
was sampled using a random start and systematic sampling (e.g., every
16th subvolume) thereafter. If a cell of interest (e.g., an O4-positive cell)
fell on or inside the inclusion lines of an unbiased sampling frame, it was
counted. However, if it fell on the exclusion lines, it was not. To measure
the Nv of GST-�-positive mature oligodendrocytes, these generic sam-
pling principles were applied to another counting method detailed be-
low. At the completion of stereological analyses, data were decoded, and
the average of the parameter of interest was calculated for the repeated
normoxic and repeated hypoxic groups.

Absolute number of O4-positive pre-oligodendrocytes in the callosal
white matter at P4. The parasagittal corpus callosum, the supracallosal
region (i.e., cingulum; Paxinos and Watson, 1998), and the lateral corpus
callosum/white matter are the areas most enriched with O4-positive oli-
godendroglia (Back et al., 2002). The boundaries of this callosal white
matter were reproducibly defined using extrinsic landmarks (Fig. 1). The
absolute number of O4-positive cells in the callosal white matter was
measured using the optical fractionator method (Gundersen et al., 1988).
O4-positive cells were identified by a specific halo of immunostaining in
the cell membrane (Fig. 2A). Counting was conducted at 3400� and
started at a depth of 5 �m into each section and continued for 10 �m to
a depth of 15 �m. If an O4-postive cell was fully in focus at 5 �m, it was
counted, and all focused O4-positive cells that were observed through to
14 �m were counted. A cell that was in focus between 5 and 14 �m in the
z-plane was only counted if it was out of focus at 15 �m. The total
thickness of the section was also measured at each area sampled to yield
an accurate measure of section thickness. The absolute number ( N) of
O4-positive cells in the callosal white matter was calculated from N �
(�Q �) � (ssf) � (asf) � (s), where �Q � is the sum of all O4-positive
cells counted in the subvolumes of the callosal white matter, ssf is the
section sampling fraction [the average inverse of the height of the sub-
volume (h) of 10 �m divided by the thickness (t) of each sampled sec-
tion], asf is the area sampling fraction (the inverse of the fraction of the
total area sampled), and s is the interval between the sampled sections.
The value for asf was always 16, and s was always 8. �Q � and ssf varied for
each rat.

Absolute surface area of cerebral myelin at P14 and P545. Specific struc-
tures included in this analysis were the subcortical white matter (Fig. 2I ),
fornix, corpus callosum, internal capsule (Fig. 2C,D), globus pallidus,
lateral olfactory tract, optic tract (Fig. 2C,D), and the anterior commis-
sure. These structures were identified using the borders of the immuno-
staining for myelin basic protein and Plates 79a– 89 by Paxinos and
Watson (1998). The Sv of myelin in a known subvolume of white matter

was measured using the method of Baddeley et al. (1986). An optical
disector sampling method was used at 6800�. A transparent acetate
sheet, with four cycloid arcs (Baddeley et al., 1986) that were used for
intercept points and four reference points, was placed over the image of
the section (Fig. 2 E, I ) and fixed to the monitor. After a random start,
every 24th subvolume was sampled. When at a sampled subvolume, a
random focal depth within the subvolume was chosen for counting. The
number of arcs that intercepted the myelinated axons were counted, as
well as the number of reference points that were in the white matter. An
example of the myelinated axon tracts is seen in Figure 2I. After all the
sections from a hemisphere were counted, the data were summed to
obtain a final count of the number of myelin intercepts (�I ) and refer-
ence points (�P) within each hemisphere. Sv was then calculated from
Sv � 2 � ( p/I ) � M � (�I/�P), where p is the number of reference
points in the white matter, I is the length of the cycloid arc (1.52 cm), p/I
is the ratio of points to cycloid length (1/1.52), M is magnification, �I is
the total number of intersects with myelin, and �P is the total number of
reference points in the white matter (Baddeley et al., 1986). A microcator
also allowed for section thickness (t; see below) to be measured from the
upper surface of the section to the lower surface. Two measures of tissue
thickness were taken from different locations in each section, for both
white matter and gray matter, and averaged to obtain their respective
thicknesses for each section.

The total surface area of cerebral myelin, Sab, in the left cerebral hemi-
sphere was determined from Sab � Sv � Vref (WM), where Vref (WM)
was the total reference volume of the white matter. Vref (WM) was
measured using Cavalieri’s method (Michel and Cruz-Orive, 1988;
Gundersen et al., 1999). Briefly, each sampled section was projected onto
a white screen at a known magnification, and a lattice of regularly ar-
ranged points with an interpoint distance of 3 cm was superimposed
randomly over it. The number of points ( P) falling on the specific
myelin-immunostained structures of interest were counted for each sec-
tion and summed (�P) for the entire hemisphere. Vref (WM) was then
determined from �P � a( p) � t � s, where a( p) is the real area that each
point represents, t is the section thickness of the white matter (obtained
using the optical disector method explained above), and s is the section
interval of 4 (P14) or 12 (P545).

A tissue shrinkage correction was applied to correct for the effect of
shrinkage during tissue processing (Oorschot, 1994). The formula used
was as follows: Volume shrinkage � volume before processing/volume
after processing. The volume before processing was the weight of the
hemisphere directly after it was dissected from the cranium (converted
into cubic millimeters to yield a volume). The volume after processing
was the Vref of the hemisphere. To measure the Vref of the entire left
cerebral hemisphere, each sampled section was projected onto a white
screen at a known magnification, and a lattice of regularly arranged
points with an interpoint distance of 2 cm was superimposed randomly
over it. The number of points falling on each entire section were then
counted and summed across all sections to yield a total sum of points,
�P, for the entire hemisphere. The same Vref formula outlined above
was then used to calculate the Vref of the hemisphere. However, an
average of the tissue thickness from both the gray matter and the white
matter was used. The final Sab of myelin in the left hemisphere was then
determined from Sab (uncorrected) � volume shrinkage factor (Badde-
ley et al., 1986).

Axon/myelin g-ratio and number of myelinated axons in the callosal
periventricular white matter at P14/P15. A deficit in myelin, if detected in
repeated hypoxic rats, may reflect a decreased amount of myelin per
myelinated axon (i.e., an increased g-ratio) and/or a decrease in the num-
ber of myelinated axons. The g-ratio and number of myelinated axons
per 100 �m 2 were measured in 6 –10 coded digital electron micrographs,
chosen systematically after a random start, throughout an 80 nm section
of identified callosal periventricular white matter per rat (see above).
Digital electron micrographs were photographed at 9700� in a Philips
CM100 transmission electron microscope. Using Fiji software, an unbi-
ased sampling frame, 8500 nm width � 6500 nm height, was applied to
each digital electron micrograph to count the number of myelinated
axons that fell within its inclusion lines (Fig. 3 A, B). The axons sampled
for number per 100 �m 2 were also measured for their g-ratio. To obtain
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the g-ratio of each sampled myelinated axon, the diameter of the axon
( D), the diameter of adjacent oligodendrocytic cytoplasm ( O) (if pres-
ent), and the diameter of the myelin sheath ( M) was measured using Fiji
software at 19,400� (Fig. 3C,D). The g-ratio for an axon was determined
from D/((M � O) � D). The measurement of axon diameter was also
used independently of the g-ratio measure to secondarily investigate
whether repeated hypoxia altered axonal caliber. The rules and defini-
tions for measuring the number and diameter of myelinated axons were
as defined previously (Partadiredja et al., 2003; Fig. 3A–D). Briefly, the
diameter of an axon was defined as “the longest profile diameter perpen-
dicular to the longest axis of an axon.” The average g-ratio, number of
myelinated axons per 100 �m 2, and the average diameter of myelinated
axons were calculated for each rat. The latter two measures were then
corrected for processing-induced area and linear shrinkage, respectively,

as described previously (Partadiredja et al., 2003). Data were then
decoded.

Absolute number of GST-�-positive mature oligodendrocytes in the callosal
white matter at P13/P14. Abnormalities in myelin expression without an
overt loss of mature oligodendrocytes are observed clinically in extreme
prematurity (Billiards et al., 2008). The absolute number of GST-�-positive
mature oligodendrocytes in the callosal white matter was measured using
Cavalieri’s method to estimate the Vref and the physical disector method
(Gundersen et al., 1988; Oorschot, 1994) to measure the Nv of oligodendro-
cytes in pairs of adjacent 5 �m sections. The optical disector method was
unable to be performed because of minimal penetration of antibodies
through thicker 50 �m sections of the P13/P14 brain.

To measure the Vref, the medial boundary of the callosal white matter
was defined as indicated in Figure 1. For the lateral boundary in sections

Figure 1. Illustration of the boundaries used to define the callosal white matter. A–D are illustrations of coronal sections through a P4 rat brain proceeding from anterior (A) to posterior (D). The
respective section numbers are 49 (A), 73 (B), 89 (C), and 113 (D), with all sections derived from the same rat. In all sections, the medial border of the callosal white matter (WM) was defined as the
point at which the corpus callosum meets the edge of the section. In the sections anterior to the hippocampus (i.e., A, B), the lateral border of the callosal white matter was delineated by first
measuring the maximum horizontal width of the striatum [i.e., caudate–putamen (CPu)] in each section. The vertical axis for this horizontal measurement was usually the vertical plane of the entire
medial boundary of the caudate–putamen and its adjacent lateral ventricle (LV; see A). When the lateral ventricle abutted on less than one-third of the medial surface of the caudate–putamen, the
superomedial boundary of the caudate–putamen was used as the vertical axis for this horizontal measurement (B). The horizontal measurement was completed on a carefully drawn camera lucida
diagram of all the key brain regions in each section (A, B). Each section was carefully drawn by projecting it onto a whiteboard at 50�. The maximum horizontal width of the caudate–putamen was
then divided by three to yield one-third of the maximum distance. This one-third distance was marked on the diagram from the most lateral edge of the caudate–putamen. A vertical line from this
lateral one-third mark was then drawn superiorly through the white matter, in a plane that was parallel to the vertical line of the medial boundary of the caudate–putamen, to demarcate the lateral
boundary of the callosal white matter (A, B). In the more posterior sections that contained the hippocampus, the lateral border was defined by first finding the most superior point of the
caudate–putamen. A vertical line was then drawn superiorly from this point through the white matter, in a plane that was parallel to the vertical medial boundary of the caudate–putamen (C), to
demarcate the lateral boundary of the callosal white matter. When the caudate–putamen was no longer present in the most posterior sections, the lateral border was defined by first finding the most
superior point of the lateral ventricle. A vertical line was then drawn superiorly from this point through the white matter, in a plane that was parallel to the vertical medial boundary of the section
(D). The white matter below the exclusion line was not sampled, whereas the white matter from above the line around to the medial edge of the corpus callosum was sampled. CCtx, Cerebral cortex;
Hippo, hippocampus.
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Figure 2. Rats exposed to repeated hypoxia from P1 to P3 had a significant loss of O4-positive pre-oligodendrocytes at P4, reduced cerebral myelin at P14 and P545 (i.e., 18 months of age), and
a similar increase in myelin between P14 and P545 when compared with rats exposed to repeated normoxia from P1 to P3. A, Immunohistochemically identified (Figure legend continues.)
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that contained the caudate–putamen, first a line was drawn parallel to the
medial boundary of the brain at the level of the cingulate cerebral cortex.
The lateral boundary of the callosal white matter was then defined by
drawing another line within the brain, parallel to the medial line, at the
most lateral junction between the lateral wall of the lateral ventricle and
the medial surface of the caudate–putamen. For more posterior sections
that did not contain the caudate–putamen but contained the hippocam-
pus, a medial line was drawn as indicated above. A lateral parallel line was
then drawn through the brain at the most lateral boundary of the thala-
mus or midbrain to demarcate the lateral boundary of the callosal white
matter. The superior and inferior boundaries of the callosal white matter
were then defined using the borders of immunostaining for GST-� (Fig.
4 A, B). To measure the Vref of the entire left callosal white matter, a
lattice of regularly arranged points with an interpoint distance of 0.15
mm was superimposed randomly over each sampled reference section at
90� using Stereoinvestigator software. The number of points falling on
the callosal white matter were then counted and summed across all
sections to yield a total sum of points, �P, for the entire hemisphere.
The same Vref formula outlined above was then used to calculate the
Vref of the left callosal white matter for each animal, with t � 0.005
mm and s � 100.

To measure the Nv of GST-�-positive mature oligodendrocytes, each
sampled subvolume in each sampled section pair was viewed using a 40�
objective lens on an Olympus BX-51 light microscope. The microscope
was fitted with a video camera that projected the image onto an adjacent
computer screen. Using Stereoinvestigator software and an automated
stage, the entire callosal white matter of interest in every reference section
of a selected pair was sampled using a random start and systematic sam-
pling of every 20th subvolume thereafter. Each sampled volume in the
reference, and adjacent look-up, section, was digitally photographed.
Digital images of the paired sampled subvolumes were analyzed at 1480�
on another computer using Photoshop CS5 software and an unbiased
sampling frame of 95 � 95 mm, with cell inclusion and exclusion criteria
as defined above.

GST-�-positive mature oligodendrocytes within the callosal white
matter were identified by specific immunostaining in their somal cyto-
plasm and processes (Fig. 4C,D). If the nucleus of a GST-�-positive
oligodendrocyte was in the reference section (Fig. 4 A, C) but not in the
adjacent look-up section (Fig. 4 B, D), the cell was counted as a disector

oligodendrocyte for the reference section (Fig. 4C). If the nucleus of a
GST-�-positive oligodendrocyte was in the look-up section but not in
the adjacent reference section, the cell was counted as a disector oligo-
dendrocyte for the look-up section (Fig. 4D). The average number of
disector oligodendrocytes per sampled subvolume was calculated from
�Q � divided by the total number of sampled subvolumes in the refer-
ence and look-up sections, where �Q � is the total number of identified
disector oligodendrocytes. Each sampled subvolume equaled the area of
the unbiased sampling frame, corrected for magnification, multiplied by
the section thickness (i.e., 95 mm/1480 � 95 mm/1480 � 0.005 mm; see
above). The absolute number ( N) of GST-�-positive cells in the callosal
white matter was calculated from N � (Vref/volume of an individual
sampled subvolume) � (average number of disector oligodendrocytes
per sampled subvolume).

Absolute volume of the cerebral white matter, cerebral cortex, and stria-
tum and the absolute number of neurons in the cerebral cortex and striatum
at P14. Cavalieri’s method (see above) was also used to measure the
absolute volume of the white matter as well as the gray matter of the
cerebral cortex and striatum in Technovit sections at P14. Absolute neu-
ronal number in the cerebral cortex and striatum was calculated using the
optical disector technique in combination with Cavalieri’s method as
described previously (Oorschot, 1996; for additional details, see the foot-
notes for Tables 3 and 4).

Measurement of nuclear volume at P14. A deficit in the average nuclear
volume of striatal medium-spiny neurons, which comprise �97% of
neurons in the rat striatum (Oorschot et al., 2002), may contribute to an
observed deficit, if detected, in the absolute volume of the striatum in
repeated hypoxic rats. The average volume of the neuronal nucleus of
striatal spiny projection neurons was measured using the nucleator
method (Gundersen et al., 1988). After a random start, every 270th sub-
volume in the striatum was sampled. A medium-spiny neuron was iden-
tified as a neuron that has a large, spherical, or slightly ovoid pale nucleus
containing one prominent nucleolus (Oorschot, 1996). Neurons with a
slightly darker homogenous nucleus and a nucleolus were also measured
(Oorschot, 1996). Sampling of neurons was conducted at 3400� and started
at a depth of 10 �m into the section and continued for 15 �m to a depth of 25
�m. If a neuron was fully in focus at 10 �m, its nucleus was measured, and all
neurons that were observed in focus through to 24 �m were measured. A
neuron that was in focus between 10 and 24 �m in the z-plane was only
measured if it was out of focus at 25 �m. Each nucleus was measured at its
specific plane of focus between 10 and 24 �m into the section.

The nucleolus was used as the point from which measures were taken.
The nucleolus was defined as the largest, darkest, centrally located struc-
ture in the nucleus (Tandrup, 1993). A sine-weighted test grid for vertical
sections was placed on top of an 80 � 80 mm unbiased sampling frame
(Gundersen et al., 1988). The midpoint of the l 3 ruler was placed onto the
nucleolus, and a random number table was used to choose an angle on
which to make the first measurement. The two class levels where the ruler
intersected each of the edges of the nucleus were recorded. Another
random angle was chosen and the next two class levels were recorded to
yield a total of four l 3 measurements for each neuron. This procedure was
followed for all unbiasedly sampled medium-spiny neurons in each dis-
ector subvolume. In undertaking these measurements, it was assumed
that the neurons had a global isotropic orientation in three-dimensional
space. This appears to be the case in both light and electron microscopic
observations of these striatal neurons (Oorschot, 1996; Oorschot et al.,
2002), yet quantitative evidence is lacking. This assumption was needed
because the vertical coronal sections used were not cut in random planes
around this vertical axis.

The four l 3 measurements for each neuron were corrected for magni-
fication. The nucleator formula for the mean nuclear volume of a neuron
was then calculated from the following: V (volume) � ln(v) � 4�/3�av-
erage l 3 � 4�/3�(l1

3 � l2
3 � l3

3 � l4
3)/4)�m 3. The average � SD of the

nuclear volume for �100 measured neurons per rat was then calculated.
The data were then decoded and corrected for processing-induced shrink-
age. The shrinkage correction factor was calculated as described above
(Oorschot, 1994).

Coefficient of error of the stereological estimates. Estimates of precision,
termed the coefficient of error (CE), were calculated for the stereological

4

(Figure legend continued.) O4-positive pre-oligodendrocyte (arrow) in the callosal white matter
at P4. Because the O4-positive cells are located in a 50-�m-thick section, other cells are in focus at a
different depth to the arrowed cell. Note also that this image was taken at 1000�, whereas in this
study each O4-positive cell was identified at 3400� and counted as it clearly came into focus (see
Materials and Methods). B, Total (i.e., absolute) number of O4-positive pre-oligodendrocytes in the
callosal white matter at P4. Two groups of rats were used: (1) repeated normoxic (n � 4) and (2)
repeated hypoxic (n�4) (paired two-tailed Student’s t test, *p�0.032). C, D, E, I, Sagittal sections
stained immunohistochemically with myelin basic protein for a P14 repeated normoxic rat (C), P14
repeated hypoxic rat (D, E), and P545 repeated normoxic rat (I). The area indicated with an * in D is
illustrated at higher magnification in E. Note the staining in the internal capsule (ic) and optic tract
(opt) is paler in the repeated hypoxic animal (compare D with C). The sections in C and D were immu-
nostained at the same time, photographed at the same lighting intensity, and have the same section
thickness. This qualitative difference reflects the quantitatively lower absolute lower surface area of
cerebral myelin in the repeated hypoxic group versus the repeated normoxic group at P14 (F). Cycloid
arcs intersectingmyelinatedaxonstomeasuretheSv usinganunbiasedsamplingframeareillustrated
in E at P14 (395�) and I at P545 (330�). Note that the actual quantification of the Sv of myelin was
completed at a magnification of 6800�. The stronger staining in I reflects the amount of myelin in a
P545 brain. In I, a myelin basic protein-positive axon is indicated in the subcortical white matter
(arrow) between the cerebral cortex (CCx) and caudate–putamen (CPu; striatum). F, Absolute (i.e.,
total) surface area of cerebral myelin at P14. Two groups of rats were used: (1) repeated normoxic
(n�8) and (2) repeated hypoxic (n�8) (two-tailed Student’s t test, **p�0.021). G, Absolute (i.e.,
total)surfaceareaofcerebralmyelinatP545(i.e.,18monthsofage).Twogroupsofratswereused:(1)
repeated normoxic (n � 9) and (2) repeated hypoxic (n � 10) (one-tailed Student’s t test, *p �
0.045). H, Absolute (i.e., total) surface area of myelin at P14 and P545 (i.e., 18 months of age). Same
rats as F and G (two-tailed Student’s t test, *p	0.0001, repeated hypoxic rats at P14 compared with
P545; #p 	 0.0001, repeated normoxic rats at P14 compared with P545). Reliable estimates were
obtained for all stereological data in this figure (see also Results). Error bars show SEM.
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Figure 3. Rats exposed to repeated hypoxia from P1 to P3 had significantly thinner myelin per axon (i.e., an increased g-ratio) and a significant reduction in the number of myelinated axons per
100 �m 2 in the periventricular white matter at P14/P15. A–D, Electron micrographs of a sampled area of the periventricular white matter from a repeated normoxic (A, C) or repeated hypoxic (B,
D) brain. The g-ratio and the number of myelinated axons per 100 �m 2 was measured from each sampled area by using the unbiased sampling frame illustrated in (Figure legend continues.)
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estimates. The CE was calculated according to Gundersen et al. (1999) for
the absolute volume and absolute number of neurons in the cerebral
cortex and striatum, the absolute volume of the cerebral white matter and
callosal white matter, and the absolute number of O4-positive pre-

oligodendroglia and GST-�-positive mature oligodendrocytes in the cal-
losal white matter. The CE of the numerical density (i.e., Nv or number
per subvolume) estimate for cortical neurons, striatal neurons, O4-
positive pre-oligodendroglia, and GST-�-positive mature oligodendro-
cytes was calculated as 1/(�Q �) 1/2 (Larsen et al., 2004). The CE for the
estimate of the reference volume and absolute surface area of myelin was
calculated as described by Michel and Cruz-Orive (1988) using the re-
vised formula of Gundersen et al. (1999). The CEs for the number of
myelinated axons per 100 �m 2 and the diameter of myelinated axons
were calculated as described previously (Partadiredja et al., 2003). For the
mean somal volume of the striatal medium-spiny neurons, the CE was
calculated as CE � SEM (ln(v)) � CV/(�Q �) 1/2, where v is the individ-
ual neuronal somal estimates for each rat, and CV is the coefficient of
variation of these estimates within each rat (Dorph-Petersen et al., 2004).

Behavioral testing. Twenty rats (those used in the adult myelin study)
were tested on a staircase test at 2.4 months of age and an eight-arm radial
arm maze at 8.5 months of age (Fig. 5D). A modified version of the
staircase test was used as described previously (Hobbs and Oorschot,
2008). For the radial arm maze, testing occurred from P259 to P266, with

4

(Figure legend continued.) A and B. A representative axon from each sampled area in A and B is
illustrated, respectively, at higher magnification in C and D. C and D illustrate the measurements that
were made to calculate the g-ratio. Specifically, the axon diameter was measured between the two
innermost very short lines that have been drawn perpendicular to the short axis of the axon. The short
axis of an axon was the maximum width perpendicular to the longest axis of an axon. The oligoden-
drocytediameterandthemyelindiameterwere,respectively,measuredbetweenthetwomiddleand
the two outermost very short lines that have been drawn perpendicular to the short axis of the axon.
E, g-Ratio of myelinated axons. Two groups of rats were used: (1) repeated normoxic (n�5) and (2)
repeated hypoxic (n � 5) (paired two-tailed Student’s t test, *p � 0.008). F, Shrinkage-corrected
number of myelinated axons per 100 �m 2. Same rats as E (paired two-tailed Student’s t test, *p �
0.024). Reliable estimates were obtained for the stereological data in this figure (see also
Results). Error bars show SEM.

Figure 4. Rats exposed to repeated hypoxia from P1 to P3 did not have a significant loss of GST-�-positive mature oligodendrocytes in the callosal white matter at P13/P14. A–D, Images of the
callosal white matter and adjacent brain regions from a repeated hypoxic brain. A, C, Reference section; B, D, Look-up section. CCx, Cerebral cortex; Hippo, hippocampus; WM, callosal white matter.
The boxed areas in A and B are magnified in C and D, respectively, to illustrate disector oligodendrocytes. Oligodendrocytes 1– 6 are disector cells for the reference section (C). Oligodendrocytes 7–10
are disector cells for the look-up section (D). Because oligodendrocytes 11–14 have a nucleus in both sections and oligodendrocyte 15 has cytoplasm only in both sections, they were not counted as
disector cells. E, Absolute number of GST-�-positive mature oligodendrocytes. Two groups of rats were used: (1) repeated normoxic (n � 4) and (2) repeated hypoxic (n � 4) [paired two-tailed
Student’s t test, not significant (ns), p � 0.364]. Reliable estimates were obtained for the stereological data in this figure (see also the Results). Error bars show SEM.
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body weight maintained at 85% during testing (Liu and Bilkey, 1999,
2001). The apparatus consisted of a radial eight-arm maze constructed of
clear Plexiglas and raised �60 cm off the ground. The arms were 70 cm
long � 9 cm wide and radiated out from the center platform, which was
34 cm wide. The maze was surrounded by extramaze cues. Before testing,
each rat received two 20 min sessions of habituation to the apparatus. In
the first session, sugar pellets, Coco Pops (Kellogg’s), and food pellets
were used as rewards, scattered throughout the maze and placed at the
ends of the arms so as to be readily visible. Then each rat was placed in the
maze for 20 min to explore (Liu and Bilkey, 1999, 2001). The same
procedure occurred on the second day, except that the only rewards were
three sugar pellets placed at the end of arms so they would be visible from

the center platform. If the rat successfully ate all the sugar pellets, then
one more was placed in each arm to prevent the animal from becoming
bored during the second day of habituation.

Rats were then tested every day for 8 consecutive days from P259 to
P266. One sugar pellet was used as a reward but was hidden from view at
the end of each arm. Each rat had a free choice of arms until they correctly
chose all eight arms, were immobile for a period of 2 min, or 10 min had
passed since the beginning of the test. All arm entries made were re-
corded, as well as the time the rat entered each arm and the total time
taken to complete the maze successfully (Liu and Bilkey, 1999, 2001; Paul
et al., 2009). Errors were recorded as entering an arm that had been
visited previously. Before testing each day, the maze was rotated three

Figure 5. Rats exposed to repeated hypoxia from P1 to P3 had significant deficits in memory and body weight in adulthood but no motor deficits. For both repeated normoxic and repeated
hypoxic rats, less cerebral myelin was associated with more ADHD-like hyperactivity. A, Number of sugar pellets retrieved with the right forelimb and then eaten on the staircase test at 2.4 months
of age. Two groups of rats were used: (1) repeated normoxic (n � 5) and (2) repeated hypoxic (n � 11) (repeated-measures ANOVA, p 	 0.601). The same result was observed for the left forelimb
(data not shown). Four repeated normoxic rats were excluded from this analysis because of their enduring nonperformance (i.e., failure to eat and retrieve �2 sugar pellets per day from days 3–15
of testing). B, C, Performance on the radial arm maze at 8.5 months of age. Two groups of rats were used: (1) repeated normoxic (n � 9) and (2) repeated hypoxic (n � 11). B, Number of errors made
per session (two-tailed Student’s t test, t(14) � 1.884, p � 0.080). C, Number of days 100% success (i.e., no errors) was achieved (two-tailed Student’s t test, *p � 0.040). The repeated normoxic
rats made more correct choices before the first error (5.85 � 0.28) than the hypoxic animals (5.13 � 0.27) and made less arm entries per session (11.35 � 0.48) than the repeated hypoxic animals
(12.63 � 0.68), although both of these measures failed to reach statistical significance (two-tailed Student’s t test, t(18) � 1.895, p � 0.074 and t(18) � 1.523, p � 0.145, respectively). Neither the
total time taken to complete the maze successfully nor the average time spent in each arm was statistically different between the two groups. D, Body weight from P0 to P545 (Oorschot et al., 2007).
Same rats as in A–C (for statistics, see Results). E, Linear regression for the absolute (i.e., total) surface area of myelin at 18 months of age versus the degree of ADHD-like hyperactivity at 16 months
of age (Oorschot et al., 2007). Same rats as in A–D (Pearson’s correlation, p � 0.030). The score for ADHD-like hyperactivity on the x-axis is the average score for each rat at the 11th 10-s segment
of testing on the fixed-interval component of the operant test (Oorschot et al., 2007, their Fig. 3). For A–D, error bars show SEM.
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arms clockwise to prevent the rats using intramaze cues to solve the maze.
Also the maze was wiped out between each animal to prevent odor cues
from being used.

After behavioral testing from 16 months of age (Fig. 5 D, E) to investi-
gate attention deficit hyperactivity disorder (ADHD)-like hyperactivity
and inattention (Oorschot et al., 2007), these rats were anesthetized and
intracardially perfused at P545 (i.e., 18 months of age). Each left hemi-
sphere was then analyzed for the absolute surface area of myelin in the
cerebral white matter, as described above.

Statistical analyses. Averages were expressed as mean � SEM and com-
pared using a Student’s t test. Motor skills on the staircase test were
compared using repeated-measures ANOVA. A possible association be-
tween the long-term myelin and behavioral data was analyzed using
Pearson’s correlation. p 	0.05 was considered statistically significant.

Results
Repeated hypoxia decreased body and brain weight
Mortality from repeated hypoxic exposure was 	15% in all 13
litters. Repeated hypoxic rats had a lifelong deficit in body weight
(Fig. 5D; Oorschot et al., 2007; P2: repeated hypoxia, 7.7 � 0.1 g;
repeated normoxia, 9.3 � 0.3 g; two-tailed Student’s t test, t(18) �
5.518, p 	 0.0001; P509 –P518, which was the last day of testing
for ADHD-like hyperactivity for all rats: repeated hypoxia, 674 �
12 g; repeated normoxia, 761 � 19 g; two-tailed Student’s t test,
t(16) � 3.930, p � 0.001). At P545, there was a statistically signif-
icant decrease in the weight of the whole brain, right cerebrum,
and hindbrain in repeated hypoxic rats (p 	 0.05, two-tailed
Student’s t test for all three brain regions; for the specific statistics
for each brain region, see Table 1).

Repeated hypoxia decreased oligodendroglial precursor cell
number, cerebral myelin, myelin per axon, myelinated axon
number, and white matter volume but not the number of
mature oligodendrocytes
At P4, the mean absolute number of O4-positive pre-oligo-
dendrocytes in the callosal white matter was significantly reduced

by 45% after repeated hypoxia (repeated hypoxia, 32,400 � 4000;
repeated normoxia, 58,700 � 6800; paired two-tailed Student’s t
test, t(3) � 3.775, p � 0.032; Fig. 2B). At P14, repeated hypoxia led
to a statistically significant 29% decrease in the average absolute
surface area of cerebral myelin (repeated hypoxia, 113,070 �
10�3 � 9094 cm 2; repeated normoxia, 160,300 � 10�3 � 17,127
cm 2; two-tailed Student’s t test, t(14) � 2.604, p � 0.021; Fig. 2F).
In the periventricular callosal white matter at P14/P15, repeated
hypoxia led to less myelin per axon (i.e., a statistically significant
2% increase in the g-ratio of myelinated axons; repeated hypoxia,
0.8207 � 0.0088; repeated normoxia, 0.8008 � 0.0061; paired two-
tailed Student’s t test, t(4) � 4.838, p � 0.008; Fig. 3E). Repeated
hypoxia also led to a statistically significant 16% decrease in the
shrinkage-corrected number of myelinated axons per 100 �m2 of
periventricular white matter (repeated hypoxia, 28.21 � 2.02; re-
peated normoxia, 33.68 � 1.92; paired two-tailed Student’s t test,
t(4) � 3.561, p � 0.024; Fig. 3F). There was no significant difference
in the shrinkage-corrected average diameter of myelinated axons in
the periventricular callosal white matter at P14/P15 (repeated hyp-
oxia, 0.671 � 0.041 �m; repeated normoxia, 0.641 � 0.027 �m;
paired two-tailed Student’s t test, t(4) � 0.535, p � 0.621). At P14,
there was a statistically significant decrease in the total overall
volume of cerebral white matter after repeated hypoxia (two-
tailed Student’s t test, t(15) � 4.116, p 	 0.001; Table 2). In the
callosal white matter at P13/P14, there was no statistical dif-
ference in the absolute number of mature GST-�-positive ma-
ture oligodendrocytes for the repeated hypoxic versus
repeated normoxic animals (repeated hypoxia, 494,791 �
46,144; repeated normoxia, 423,303 � 38,105; paired two-
tailed Student’s t test, t(3) � 1.067, p � 0.364; Fig. 4E).

Adult repeated hypoxic rats at 18 months of age had a statis-
tically significant 25% loss in the absolute surface area of cerebral
myelin (repeated hypoxia, 617,963 � 10�3 � 75,203 cm 2; re-
peated normoxia, 823,777 � 10�3 � 96,263 cm 2; one-tailed Stu-
dent’s t test, t(17) � 1.802, p � 0.045; Fig. 2G). Hence, an initial
deficit in myelin in repeated hypoxic rats persists into adulthood
(Figs. 2F–H). For both groups, there was a statistically significant
increase of 80 – 82% in the average total surface area of myelin
between P14 and 18 months of age (repeated hypoxic rats at P14
compared with 18 months of age, two-tailed Student’s t test,
t(16) � 6.263, p 	 0.0001; repeated normoxic rats at P14 com-
pared with 18 months of age, two-tailed Student’s t test, t(15) �
6.786, p 	 0.0001; Fig. 2H).

Repeated hypoxia decreased cerebral cortical and striatal
volume with no neuronal loss or decreased striatal neuronal
nuclear volume
Repeated hypoxia led to a statistically significant 10 –11% reduc-
tion in the absolute volume of the cerebral cortical gray matter
and the striatum at P14 (p 	 0.01 and p 	 0.05, respectively,
two-tailed Student’s t test; for specific statistics, see Table 2).
There was no significant difference in the absolute number of
cerebral cortical neurons or striatal medium-spiny neurons be-
tween the repeated hypoxic and the repeated normoxic groups at
P14 (Table 2). These statistical differences for the total volume of
the cerebral cortex and striatum were also evident after correc-
tion for processing-induced shrinkage (data not shown). There
was no difference in the shrinkage-corrected average nuclear vol-
ume of striatal medium-spiny neurons between repeated hypoxic
(809 � 36 �m 3) and repeated normoxic (833 � 28 �m 3) rats at
P14 (two-tailed Student’s t test, t(14) � 0.548, p � 0.592).

Table 1. Repeated hypoxia decreased brain weight

Brain region
Repeated
normoxia

Repeated
hypoxia

Percentage difference for
repeated normoxia versus
repeated hypoxia

Left cerebral hemisphere
Mean 0.857 0.822 4% reduction, NS
SD 0.048 0.048
SEM 0.017 0.016
CV 0.056 0.058

Right cerebral hemisphere
Mean 0.919 0.870 5% reduction*
SD 0.045 0.039
SEM 0.016 0.013
CV 0.049 0.045

Hindbrain
Mean 0.642 0.606 6% reduction**
SD 0.034 0.030
SEM 0.012 0.010
CV 0.053 0.050

Whole brain
Mean 2.415 2.293 5% reduction***
SD 0.062 0.093
SEM 0.022 0.031
CV 0.026 0.041

Mean � SD of the weight of each brain structure and the percentage difference between male repeated hypoxic
(n � 10) and repeated normoxic (n � 9) Sprague Dawley rats at P545. Statistical data are for a two-tailed Student’s
t test: left cerebral hemisphere, not statistically significant (NS), t(17) � 1.480, p � 0.157; right cerebral hemi-
sphere, t(17) � 2.430, *p � 0.026; hindbrain, t(17) � 2.417, **p � 0.027; whole brain, t(17) � 3.136, ***p �
0.006. CV � SD/mean.
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Reliable stereological data
The mean CEs for the Nv, N, Vref, Sv, somal volume, axonal
diameter, and axonal number measurements ranged from 1 to
10% (Tables 3-5). A mean CE of 10% or less is generally consid-
ered to yield a reliable estimate because the variation (or CV �
SD/mean) between animals for the parameter being assessed is
usually at least 10 –15% (Braendgaard et al., 1990). The observed
mean variance for Vref and Sv (i.e., CE 2; Tables 3-5) was less than
half of the total variance for each parameter for the respective
group (i.e., CV 2; Table 5). This indicated that most of the varia-
tion was attributable to biological variation rather than variation
in the precision of the estimates made with the stereological tech-
niques used (West and Gundersen, 1990; Oorschot, 1996;
Gundersen et al., 1999). Reliable estimates were thus obtained for
these parameters (West and Gundersen, 1990; Oorschot, 1996;
Gundersen et al., 1999). When the CE 2/CV 2 ratio was not 	0.5
(i.e., 0.89 –3.56 for Nv or N for striatal or cortical neurons; 0.76 for
Nv for mature oligodendrocytes; 0.55–1.02 for ln(v) or somal
volume; Table 5), there was a low biological variance (i.e., CV;

Braendgaard et al., 1990; Oorschot, 1996; Slomianka and West,
2005) for the specific parameter (i.e., 4.2– 8.5% for the Nv and N
data; 8.9 –11.7% for somal volume; Table 5). A higher CE 2/CV 2

ratio is acceptable when the biological variance of a parameter is
low or expected statistical outcomes are not jeopardized (Slomi-
anka and West, 2005), as was evident in this study (e.g., neuronal
N and Nv data, mature oligodendroglial Nv data; Tables 2, 5).

Repeated hypoxia led to memory, but not motor, deficits
At 2.4 months of age, repeated hypoxic rats showed no motor
impairments on the staircase test (repeated-measures ANOVA,

Table 2. Repeated hypoxia decreased cerebral white matter volume and cerebral
grey matter volumes but not absolute neuronal number

Measured parameter and
experimental condition

Rats
(n)

Absolute
volume (mm 3)

Nv (10 4/mm 3)
of neurons

N (10 6)
of neurons

Cerebral white matter
Repeated normoxia 8

Mean 8.94 N/A N/A
SD 0.45
SEM 0.17
CV 0.050

Repeated hypoxia 9
Mean 7.70** N/A N/A
SD 0.99
SEM 0.35
CV 0.129

Cerebral cortex
Repeated normoxia 8

Mean 92.48 15.01 13.88
SD 4.90 1.25 1.03
SEM 1.85 0.47 0.39
CV 0.053 0.083 0.074

Repeated hypoxia 9
Mean 81.68* 16.51** 13.47
SD 8.56 1.40 1.53
SEM 3.03 0.50 0.54
CV 0.105 0.085 0.114

Striatum
Repeated normoxia 8

Mean 11.60 22.10 2.50
SD 0.79 1.06 0.11
SEM 0.30 0.40 0.04
CV 0.068 0.048 0.042

Repeated hypoxia 9
Mean 10.30*** 25.60**** 2.60
SD 1.41 3.11 0.20
SEM 0.50 1.10 0.07
CV 0.137 0.122 0.076

Mean � SD of the total number of cerebral cortical and striatal medium-spiny neurons and the total volume of the
cerebral cortex, striatum, and cerebral white matter at P14 for repeated normoxic and repeated hypoxic rats. All data
are for structures in the right cerebral hemisphere. N/A, Not applicable. Statistical data are for a two-tailed Student’s
t test: cerebral white matter volume, t(15) �4.116, **p	0.001; cerebral cortex volume, t(15) �4.026, *p�0.001;
striatal volume, t(15) � 2.159; ***p � 0.048; absolute neuronal number in cerebral cortex, t(15) � 0.614, p �
0.548; absolute neuronal number in striatum, t(15) � 1.198, p � 0.249. Because of a decreased absolute volume,
the neuronal Nv in both the cerebral cortex and the striatum was significantly increased after repeated hypoxia
(Nv in cerebral cortex, t(15) � 24.658, **p 	 0.001; Nv in striatum, t(15) � 2.846, ****p � 0.012). The statistical
differences between repeated hypoxic and repeated normoxic rats for the absolute volume data and the neuronal Nv

in the cerebral cortex and striatum were also evident after correction for processing-induced shrinkage (data not
shown). CV� SD /mean.

Table 3. Final mean CE values of useful parameters from the left callosal white
matter, right cerebral cortex, and right striatum of repeated normoxic and
repeated normoxic rats based on the formula CE � (1/n � 
i CEi

2)1/2

Measured parameter and experimental conditiona CE Vrefb CE Nv
c CE Nd

Absolute number of callosal O4-positive
pre-oligodendrocytes, P4

Repeated normoxia N/A 0.074 0.075
Repeated hypoxia N/A 0.099 0.099

Absolute number of callosal GST-�-positive
mature oligodendrocytes, P13/P14

Repeated normoxia 0.017 0.060 0.062
Repeated hypoxia 0.017 0.052 0.056

Absolute number of cerebral cortical neurons, P14
Repeated normoxia 0.017 0.079 0.080
Repeated hypoxia 0.018 0.080 0.080

Absolute number of striatal medium-spiny
neurons, P14

Repeated normoxia 0.025 0.080 0.080
Repeated hypoxia 0.027 0.079 0.079

aTo measure the absolute number of pre-oligodendrocytes, mature oligodendrocytes, or neurons, 8 –15 sections
were analyzed per brain structure per rat. This generally fulfilled the guideline of sampling 10 or more sections per
brain structure per animal (Gundersen et al., 1999).
bThe mean total number of points counted to estimate the Vref ranged from 149 to 307 for the six groups. This
exceeded the guideline of counting 100 points per structure (Gundersen et al., 1999).
cThe mean number of disector pre-oligodendrocytes or disector neurons sampled per disector volume ranged from
0.50 to 1.42 for the six groups. The mean number of disector neurons was always more than one for the four groups.
This generally complied with the guideline of sampling one to two cells per disector volume (West and Gundersen,
1990). The mean number of disector mature oligodendrocytes sampled per disector volume, using the physical
disector method, ranged from 10.55 to 12.04 for the two groups. Because the most time-consuming part of the
physical disector analysis is matching the landmarks and cells in adjacent sections (Oorschot, 1994), more disector
cells were analyzed per sampling frame for this analysis.
dThe mean total number of disector pre-oligodendrocytes or disector neurons sampled per structure ranged from
106 to 191 for the six groups. This complied with the guideline of counting 100 –200 cells per brain structure per
animal (Gundersen et al., 1988). The mean total number of disector mature oligodendrocytes sampled per callosal
white matter ranged from 298 to 350 for the two groups. This exceeded this guideline.

Table 4. Final mean CE values of useful parameters from the cerebral white matter
of repeated normoxic and repeated normoxic rats based on the formula CE �
(1/n � 
i CEi

2)1/2

Measured parameter and experimental conditiona CE Vrefb CE Svc

Absolute surface area of myelin, P14
Repeated normoxia 0.027 0.013
Repeated hypoxia 0.032 0.016

Absolute surface area of myelin, 18 months old
Repeated normoxia 0.019 0.015
Repeated hypoxia 0.021 0.018

Absolute volume of cerebral white matter, P14
Repeated normoxia 0.018 N/A
Repeated hypoxia 0.020 N/A

aTo measure the absolute surface area of myelin and the absolute volume of cerebral white matter, 10 –12 sections
were analyzed per rat. This fulfilled the guideline of sampling 10 or more sections per animal (Gundersen et al.,
1999).
bThe mean total number of points counted to estimate the absolute reference volume (Vref) ranged from 127 to 367
for the six conditions. This exceeded the guideline of counting 100 points per structure (Gundersen et al., 1999).
cThe mean total number of intercepts counted to estimate the absolute surface volume (Sv) ranged from 314 to 593
for the four conditions. This exceeded the guideline of counting 100 intercepts per structure (Michel and Cruz-Orive,
1988; Gundersen et al., 1999).
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F(1,14) � 0.287, p 	 0.601; Fig. 5A). Repeated hypoxic rats tested
at 8.5 months of age achieved a score of 100% success (i.e., no
errors) on the radial arm maze on significantly fewer days during
the 8 d of testing (repeated hypoxia, 0.82 � 0.34 d; repeated
normoxia, 2.11 � 0.54 d; two-tailed Student’s t test, t(18) � 2.209,
p � 0.040; Fig. 5B,C). During the initial training of the animals
on the radial arm maze, repeated hypoxic and repeated normoxic
rats reached criterion at the same rates. Thus, repeated hypoxic
rats did not learn more slowly. Specifically, the average number of
days taken to achieve five or more correct responses in the first
eight arm entries was 1.45 � 0.22 d (mean � SEM) for the re-
peated hypoxic rats and 1.44 � 0.23 d for the repeated normoxic
rats (two-tailed Student’s t test, t(18) � 0.032, p � 0.975). During
the testing of the animals over 8 d, the animals retained their
learning of the task. Specifically, the average number of correct
choices before the first error did not differ between repeated hy-
poxic and repeated normoxic rats on days 1 and 8 of testing (day
1: repeated hypoxia, 5.09 � 0.50 correct choices before the first
error vs 5.22 � 0.52 for repeated normoxia, two-tailed Student’s
t test, t(18) � 0.190, p � 0.851; day 8: repeated hypoxia, 4.91 �
0.48 correct choices before the first error vs 5.56 � 0.50 for re-
peated normoxia, two-tailed Student’s t test, t(18) � 0.976, p �
0.342). There were also no significant differences when the days 1
and 8 results were compared for repeated hypoxic animals alone
and for repeated normoxic animals alone (repeated hypoxic,
two-tailed Student’s t test, t(20) � 0.276, p � 0.786; repeated
normoxic, two-tailed Student’s t test, t(16) � 0.487, p � 0.633).

Decreased cerebral myelin is correlated with increased
ADHD-like hyperactivity
A statistically significant negative correlation/linear regression
was observed for the absolute surface area of cerebral myelin at 18
months of age versus the degree of ADHD-like hyperactivity at 16
months of age (Pearson’s r � 0.51, p � 0.030; Fig. 5E; ADHD-like
hyperactivity data from Oorschot et al., 2007). Hence, a lower
myelin value was correlated with a higher score for ADHD-like
hyperactivity.

Discussion
We demonstrate for the first time the induction of a rat brain and
behavioral phenotype that mimics human extreme prematurity.
The rat phenotype was induced in males by exposure to repeated
hypoxia over 3 d during the second-trimester equivalent of ex-
treme prematurity. This model mimics the short- and long-term
white matter neuropathology seen in infants and older children
that were born extremely prematurely. A loss of gray matter vol-
ume, without neuronal loss in the cerebral cortex and striatum,
also mimics the brain injury seen in extreme prematurity. Mem-
ory deficits, without major motor deficits, were observed in the
repeated hypoxic rats, which mimics behavioral outcomes of ex-
treme prematurity. The animals used in this study for the long-
term behavioral testing of memory and motor skills have also
been tested for ADHD-like hyperactivity using a multiple-
component fixed-interval extinction test (Oorschot et al., 2007).
We found that adult male rats exposed to repeated hypoxia dur-
ing the equivalent of extreme prematurity exhibit ADHD-like
hyperactivity in response to delayed reward (Oorschot et al.,
2007). The most common behavioral disorder seen in children
and adolescents born extremely prematurely is ADHD (Halsey et
al., 1996). Together, these findings indicate the remarkable sim-
ilarity of the rat brain and behavioral phenotype to that observed
after human extreme prematurity.

Table 5. Summary of the precision of the stereological measurements

Measured parameter and experimental
condition (Mean CE)2 (CV)2 a (Mean CE)2 	 1/2 (CV)2?

Absolute number of O4-positive pre-
oligodendrocytes, P4

Repeated normoxia, Nv
b (0.074)2 (0.211)

2
Yes

Repeated hypoxia, Nv (0.099)2 (0.211)
2

Yes
Repeated normoxia, N (0.075)2 (0.214)2 Yes
Repeated hypoxia, N (0.099)2 (0.199)2 Yes

Absolute surface area of myelin, P14
Repeated normoxia, Vref (0.027)2 (0.159)2 Yes
Repeated hypoxia, Vref (0.032)2 (0.194)2 Yes
Repeated normoxia, Sv (0.013)2 (0.155)

2
Yes

Repeated hypoxia, Sv (0.016)2 (0.157)
2

Yes
Absolute surface area of myelin, 18

months old
Repeated normoxia, Vref (0.019)2 (0.184)2 Yes
Repeated hypoxia, Vref (0.021)2 (0.288)2 Yes
Repeated normoxia, Sv (0.015)2 (0.132)

2
Yes

Repeated hypoxia, Sv (0.018)2 (0.110)
2

Yes
Number of myelinated axons, P14/P15c

Repeated normoxia (0.044)2 (0.114)2 Yes
Repeated hypoxia (0.051)2 (0.143)2 Yes

Diameter of myelinated axons, P14/
P15c

Repeated normoxia (0.062)2 (0.104)2 Yes
Repeated hypoxia (0.074)2 (0.122)2 Yes

Absolute volume of cerebral white
matter, P14

Repeated normoxia, Vref (0.018)2 (0.050)2 Yes
Repeated hypoxia, Vref (0.020)2 (0.129)2 Yes

Absolute number of GST-�-positive
mature oligodendrocytes, P13/
P14

Repeated normoxia, Vref (0.017)2 (0.114)2 Yes
Repeated hypoxia, Vref (0.017)2 (0.106)2 Yes
Repeated normoxia, Nv

b (0.060)2 (0.069)
2

No, 6.9% CV is lowd

Repeated hypoxia, Nv (0.052)2 (0.250)
2

Yes
Repeated normoxia, N (0.062)2 (0.156)2 Yes
Repeated hypoxia, N (0.056)2 (0.162)2 Yes

Absolute number of cerebral cortical
neurons, P14

Repeated normoxia, Vref (0.017)2 (0.053)2 Yes
Repeated hypoxia, Vref (0.018)2 (0.105)2 Yes
Repeated normoxia, Nv (0.079)2 (0.083)

2
No, 8.3% CV is lowd

Repeated hypoxia, Nv (0.080)2 (0.085)
2

No, 8.5% CV is lowd

Repeated normoxia, N (0.080)2 (0.074)2 No, 7.4% CV is lowd

Repeated hypoxia, N (0.080)2 (0.114)2 Yes
Absolute number of striatal medium-

spiny neurons, P14
Repeated normoxia, Vref (0.025)2 (0.068)2 Yes
Repeated hypoxia, Vref (0.027)2 (0.137)2 Yes
Repeated normoxia, Nv (0.080)2 (0.048)

2
No, 4.8% CV is lowd

Repeated hypoxia, Nv (0.079)2 (0.122)
2

Yes
Repeated normoxia, N (0.080)2 (0.042)2 No, 4.2% CV is lowd

Repeated hypoxia, N (0.079)2 (0.076)2 No, 7.6% CV is lowd

Somal volume of striatal medium-spiny
neurons, P14

Repeated normoxia, ln(v) (0.082)2 (0.089)2 No, 8.9% CV is lowd

Repeated hypoxia, ln(v) (0.087)2 (0.117)2 No, 11.7% CV is relatively
lowd

aCV � SD/mean.
bFor an explanation of the abbreviations used, see Materials and Methods.
cThe total number of axons measured per animal ranged from 92 to 163. The average was 129 measured axons per
repeated normoxic animal and 113 measured axons per repeated hypoxic animal.
dFor comments, see Results.
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A major advantage of this new rat model is that it mimics the
clinical context of human extreme prematurity at multiple levels.
These include the use of a developmental brain age that is akin to
the human, the use of repeated hypoxia rather than chronic (Mi-
kati et al., 2005) or acute (Back et al., 2002) hypoxia, and global
brain hypoxia is mimicked in contrast to unilateral brain injury
(Back et al., 2002). The novel rat model exposes immature rat
pups to repeated hypoxia from P1 to P3. The P1–P3 rat brain is
very similar to the human brain at 24 –26 weeks of gestation in
terms of amino acid neurotransmitter maturation, white matter
maturation, oligodendroglial lineage, and cortical and axonal de-
velopment (Hagberg et al., 1997; Balasubramaniam and Del Bi-
gio, 2006). Other major advantages (Chapados and Cheung,
2008) of the new rat model include a survivability that permits
long-term behavioral and pathological analyses, the reproduc-
ibility of the observed deficits, and an association between a be-
havioral and anatomical result (i.e., ADHD-like hyperactivity is
correlated with decreased cerebral myelin). There is a paucity of
long-term neuropathological and behavioral data in the currently
available rodent models of hypoxic brain injury during the
second-trimester equivalent (Scafidi et al., 2009).

In large-animal models, such as the fetal sheep and fetal ba-
boon, comparable studies measuring long-term memory, motor
skills, and ADHD-like hyperactivity do not appear to be pub-
lished. Although large-animal studies are useful for obtaining
physiological measures, the prohibitive costs and difficulties of
behavioral testing and long-term assessment of neuropathology
in these models means that they are largely unsuitable for inves-
tigating mechanisms of injury and new treatment options in the
first instance (Scafidi et al., 2009). Relevant long-term behavioral
and pathological effects occur in the rat model, even though the
gray matter/white matter ratio in the brain of larger animals (e.g.,
sheep) is more similar to humans (Silbereis et al., 2010).

A loss of O4-positive pre-oligodendrocytes and/or a halt in
their progression into mature myelin-producing cells is likely to
be responsible for the ongoing white matter volume loss and
impaired myelination detected in infants, children, and adoles-
cents born extremely prematurely (Volpe, 2009). It is highly
likely that the loss of white matter volume and the long-term
decrease in the surface area of myelin in this rat model result from
the decreased number of O4-positive pre-oligodendrocytes at P4.

The absolute number of mature oligodendrocytes was re-
stored by P13/P14, yet myelin deficits were evident. These find-
ings mimic abnormalities in myelin expression, without an overt
loss of mature oligodendrocytes, seen in extreme prematurity
(Billiards et al., 2008). Mature oligodendrocytes at P13/P14 may
be regenerated from stem cells in the subventricular zone (Levi-
son et al., 2001), yet they were unable to restore myelination.
After P14, rats exposed to repeated hypoxia during P1–P3 have a
normal capacity for producing myelin. They had a similar in-
crease in myelin from P14 to 18 months of age as the normoxic
group. This suggests that damage to the myelin system occurs in
the first 2 weeks postnatally, directly after exposure to repeated
hypoxia. Detailed characterization of oligodendrocytic develop-
ment and myelination during P0 –P14 will have important impli-
cations for preventing myelin deficits after repeated hypoxia.

Myelin and O4-positive pre-oligodendrocytes were measured
in the left and right cerebral hemispheres, respectively. Myelin
was examined in the left cerebrum because dopaminergic deficits
occur specifically in the right cerebrum (Brake et al., 2000; Arn-
sten, 2009). Dopaminergic analyses of the right cerebrum are the
focus of a parallel study. Based on the literature, an asymmetry in

the hemispheric response for oligodendrocytes and myelin is un-
likely (Sahin et al., 2001; Partadiredja et al., 2003).

The white matter damage and hypomyelination that occurs in
diffuse PVL in human infants is thought to contribute to the high
incidence of memory and learning deficits (Ment et al., 2009), as
well as other neurodevelopmental disorders, seen in children and
adolescents who were born extremely prematurely. At 16 years of
age, deficits in visuospatial reasoning and working memory are
still evident (Taylor et al., 2004). The radial arm maze is a test for
spatial learning ability that measures working memory (Paul et
al., 2009). Performance on the radial arm maze was impaired in
adult repeated hypoxic rats. It is likely that decreased myelination
and white matter volume in these rats is contributing to the cog-
nitive impairment detected on this task. This could result from
slower conductance velocities in myelinated axons attributable to
the observed thinner myelin and decreased number of myelin-
ated axons. Possible associations between white matter and
memory deficits were not undertaken in this study because these
specific measures were undertaken 10 months apart to accom-
modate measurement of ADHD-like hyperactivity (Oorschot et
al., 2007).

A reduction in cerebral white matter volume is common in
humans with ADHD (Castellanos et al., 2002). Thus, the white
matter volume and myelination deficits seen in repeated hypoxic
rats may also be related to the development of ADHD-like hyper-
activity, as well as deficient cognitive processing. We report here
that a decreased absolute surface area of cerebral myelin was
significantly correlated with a higher score for ADHD-like
hyperactivity (Oorschot et al., 2007). This is the first evidence
in animals that myelin deficits are associated with ADHD-like
hyperactivity.

Potential hypotheses for the volume loss, in the absence of
neuronal loss, in the cerebral cortex and the striatum in repeated
hypoxic rats may include decreased arborization of axons and/or
glial cells in these structures. For the striatum, data from this
study indicate that it is unlikely to be attributable to a deficit in the
average nuclear volume of the spiny projection neurons, which con-
stitute �97% of rat striatal neurons (Oorschot et al., 2002).

Male children born extremely prematurely have a long-term
deficit in body weight that is evident in adolescence and at 20
years of age (Hack et al., 2003). Modern neuroimaging tech-
niques in infants and children consistently report a decreased
volume of the cerebrum and cerebellum for infants with diffuse
white matter injury (Ment et al., 2009). A long-term deficit in
body weight and in the weight of the cerebrum and hindbrain,
including the cerebellum, were observed in male repeated hy-
poxic rats at 18 months of age. These findings provide additional
evidence that the rat model mimics human extreme prematurity.

Future work using this model should investigate the follow-
ing: (1) the biological basis for a long-term deficit in body weight;
(2) potential associations between myelin loss, global white mat-
ter loss, and either memory loss (Northam et al., 2011) or diffu-
sion tensor imaging (Tao et al., 2012); (3) whether reactive/
hypertrophied astrocytes are evident in the cerebral white, but
not gray, matter at later stages of diffuse brain injury because this
is evident in humans born extremely prematurely (Golden et al.,
1997; Haynes et al., 2003; Back et al., 2007); and (4) the effect of
infection on repeated hypoxic rats because the animals were
healthy in this animal model, whereas most infants born ex-
tremely prematurely are born very sick with attendant systemi-
cally elevated levels of cytokines (Matoba et al., 2009).

In summary, a novel rat model has been discovered that
closely mimics the short- and long-term brain injury found in
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infants born extremely prematurely. This includes a loss of oligoden-
droglial precursor cells, decreased white matter volume, hypomyeli-
nation, and gray matter volume loss without overt neuronal loss in
the cerebral cortex and striatum. It also includes spatial memory
impairment on the radial arm maze, without motor deficits on the
staircase test, and long-term deficits in myelination that persist into
adulthood. Previously, we reported ADHD-like hyperactivity in
adult rats after repeated hypoxic exposure during development
(Oorschot et al., 2007). Here we report that myelin deficits are cor-
related with ADHD-like hyperactivity. This rat model will provide a
valuable new tool to investigate treatment interventions aimed at
preventing or ameliorating the spectrum of brain injuries and asso-
ciated deficits seen in children born extremely prematurely.
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