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Preterm birth results in significant neurodevelopmental disability. A
neonatal rodent model of chronic sublethal hypoxia (CSH), which
mimics effects of preterm birth, was used to characterize
neurodevelopmental consequences of prolonged exposure to
hypoxia using tissue anisotropy measurements from diffusion
tensor imaging. Corpus callosum, cingulum, and fimbria of the
hippocampus revealed subtle, yet significant, hypoxia-induced
modifications during maturation (P15--P51). Anisotropy differences
between control and CSH mice were greatest at older ages (>P40)
in these regions. Neither somatosensory cortex nor caudate
putamen revealed significant differences between control and
CSH mice at any age. We assessed control and CSH mice using
tests of general activity and cognition for behavioral correlates of
morphological changes. Open-field task revealed greater locomotor
activity in CSH mice early in maturation (P16--P18), whereas by
adolescence (P40--P45) differences between control and CSH mice
were insignificant. These results may be associated with lack of
cortical and subcortical anisotropy differences between control and
CSH mice. Spatial-delayed alternation and free-swim tasks in
adulthood revealed lasting impairments for CSH mice in spatial
memory and behavioral laterality. These differences may correlate
with anisotropy decreases in hippocampal and callosal connectiv-
ities of CSH mice. Thus, CSH mice revealed developmental and
behavioral deficits that are similar to those observed in low birth
weight preterm infants.
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Introduction

Preterm birth is a major cause of neurodevelopmental

disability. Almost 1% of all live births in the United States are

infants weighing less than 1000 g and the survival rate of these

preterm infants is between 60% and 85% (Guyer et al. 1999;

Bassan et al. 2006). Depending on the birth weight of the

studied population and the year of birth, the incidence of major

cognitive handicaps in this population of infants ranges from

30% to 50%. At age of 8 years, more than 50% of these children

require special assistance in the classroom, about 20% are in

special education, and nearly 15% have repeated at least one

grade in school (Saigal and Doyle 2008).

Circulatory disturbances and oxygen deprivation are major

causes of neurodevelopmental disability in preterm infants

(Volpe 1990; Saigal 2000). Prematurely born infants have

prominent reductions in cerebral gray and white matter, as well

as volume reduction in subcortical gray matter regions when

compared with full term infants (Peterson et al. 2000; Inder et al.

2005). Correlations of volumetric changes in brain structure

with adverse neurodevelopmental outcome have been reported

for a variety of measures including the Wechsler IQ, visuomotor

functioning, and behavioral problems at school age and

adolescence (Reiss et al. 2004; Gimenez et al. 2006; Nosarti

et al. 2008). Moreover, the degree of volume loss in the

amygdala, the parietal, temporal, and sensorimotor cortices, as

well as white matter regions including the corpus callosum, are

all considered to be positive predictors of poor cognitive

outcomes (Peterson et al. 2000). Postnatal hypoxia resulting

from lung immaturity and respiratory disturbances in these

infants has been hypothesized to be an important pathophysi-

ological mechanism underlying these devastating neurological

complications.

Consistent with the neuropathologic sequelae in preterm

infants, the brains of rats and mice exposed to chronic

sublethal hypoxia (CSH) within the first weeks of postnatal

life are characterized by decreased cortical volume and paucity

of subcortical white matter (Laroia et al. 1996; Turner et al.

2003; Schwartz et al. 2004). Prolonged chronic hypoxia is

a common problem of very low birth weight preterm infants,

and several investigators have recently employed magnetic

resonance imaging (MRI) to demonstrate that this environ-

mental perturbation significantly alters cerebral structure in

preterm birth (Boardman et al. 2007; Thompson et al. 2007).

The newborn mouse provides a good model to study the

impact of environmental factors on brain development in

preterm birth. The interval during which our CSH rodent

model is employed is generally considered to represent the

third trimester of human gestation, the time during which

many very low birth weight preterm infants experience the

developmental sequence of respiratory distress syndrome,

bronchopulmonary dysplasia, and ultimately chronic lung

disease (Haddad and Jiang 1993; Volpe 1997).

Many of the structural changes that occur during the initial

postnatal period in rodents are consistent with those seen

during the late prenatal period in human brain development.

For example, similar to the end of the second trimester in

preterm human infants, the newborn rodent has completed

cortical neuron generation, while axonal and dendritic growth,

branching and gliogenesis are ongoing (Rothblat and Hayes

1982; Olavarria and Van Sluyters 1985; Ferrer et al. 1992) and

synaptogenesis is beginning (Dobbing 1972). Thus, exposure of

mice to hypoxia from postnatal days 3 to 11 (P3--P11) includes

many of the neurodevelopmental events that may be affected

by hypoxia in preterm human infants. This model was

developed by G.G. Haddad and has been used by numerous

investigators to investigate brain development in the pre-

maturely born (Zhou et al. 2008). In the present study we used

in vivo diffusion tensor imaging (DTI) of CSH and control mice

in conjunction with cognitive tests to assess the structural and

� The Author 2009. Published by Oxford University Press. All rights reserved.

For permissions, please e-mail: journals.permissions@oxfordjournals.org



behavioral consequences of prolonged exposure to hypoxia

during brain development.

DTI with high field MRI is emerging as a sensitive tool for

imaging anatomical connectivity (Mori and van Zijl 1995;

Nakada and Matsuzawa 1995; Xue et al. 1999), microstructural

morphology in the brain (Mori et al. 2001; Zhang et al. 2002,

2003), and for characterizing developmental disorders such as

cerebral palsy (Drobyshevsky et al. 2007). In addition, DTI is

useful for assessing diffuse brain injury (Sizonenko et al. 2007)

and characterizing neurodegenerative diseases such as Waller-

ian degeneration (Mazumdar et al. 2003), Alzheimer’s disease

(Song et al. 2004; Sun et al. 2005), multiple sclerosis (Budde

et al. 2007), and Parkinson’s disease (Boska et al. 2007).

Briefly, we found that some cortical and subcortical regions

(e.g., somatosensory cortex, caudate putamen) were unaffected

by hypoxia, whereas some white matter areas (e.g., corpus

callosum, cingulum, fimbria of the hippocampus) revealed

hypoxia-induced modifications during development. Test results

of open-field activity, spatial-delayed alternation, and free-swim

behaviors were found to correlate with the neuroanatomical

findings revealed using DTI. These results suggest that pro-

longed exposure to hypoxia in neonatal mice results in

anatomical and behavioral deficits in CSH mice that are similar

to those observed in low birth weight preterm infants.

Materials and Methods

CSH Model
C57B/L6 litters (P15--P51), cofostered by CD1 dams, were reared under

hypoxia (CSH; ambient oxygen = 9.5 ± 1.0%) or normal conditions

(control; ambient oxygen = 22 ± 1.0%) from P3 to 11. Hypoxic

exposure was conducted in a Plexiglas chamber (BioSpherix, Ltd,

Lacona, NY) equipped with a small fan to provide forced circulation

and almost instantaneous homogenization of gases within the chamber.

The oxygen content of the chamber was adjusted by a nitrogen/

compressed air gas delivery system that mixes the nitrogen with room

air using a compact oxygen controller (BioSpherix, Ltd, Pro:OX).

Temperature, lighting, and humidity were maintained at standard

vivarium levels and the chamber was opened for 5--10 min biweekly for

routine care. In initial studies, we observed that C57B/L6 dams were

inconsistent in attending to their litters within the hypoxia chamber.

Thus, we cofostered C57B/L6 litters with CD1 dams for both control

and CSH litters of mice. CD1 fostering of C57B/L6 litters was

performed by pairing a timed pregnant CD1 dam and a C57B/L6 dam

in the same cage prior to delivery. One to 2 days after birth, CD1 litters

were culled to 3 pups. A maximum pup census of 13 mice was

maintained in the group cages prior to weaning.

Animal Preparation for DTI
For in vivo DTI studies, 5 groups of male C57B/L6 mice (n = 6 in each

group) aged at P15, P17, P38, P45, and P51 were studied. During DTI

examination, subjects were maintained under urethane anesthesia

using abdominal intraperitoneal lines. Usually a single dose (1 g/kg)

provides sufficient anesthetic depth for the entire DTI scan (i.e., no

longer than 1 h). However, in some cases, supplemental doses (0.1g/

kg/h) were required to maintain an appropriate anesthetic level.

Following induction of anesthesia, the subject was placed prone inside

a cradle designed to minimize movement. A circular 1H surface radio

frequency coil (15 mm diameter) was then placed above the head.

During DTI scanning the subject was kept warm by a hot water blanket

and the core temperature was maintained within 0.5 �C by controlling

the heating elements of the blanket. Whenever possible, blood samples

were removed from a femoral arterial catheter at the end of the

experiment to verify physiology (pH, pO2, pCO2).

DTI Parameters
All DTI experiments were performed using a 15-cm horizontal-bore 9.4T

spectrometer (Bruker, Billerica, MA). Image orientation was coronal and

contiguous slices were obtained to cover the entire brain, spanning from

the olfactory bulb to the cerebellum. The magnetic field homogeneity

was optimized to less than 18 Hz for the entire brain. The DTI

experiment was performed using a Stejskal and Tanner spin-echo

diffusion-weighted sequence (Chahboune et al. 2007): image matrix =
128 3 128 pixels; field of view = 20 3 20 mm; in-plane resolution =
156 3 156 lm; slice thickness = 500 lm; d = 5 ms; D = 8 ms; repetition

time = 1000 ms; echo time = 18 ms. Images were obtained with diffusion

gradients applied in at least sixteen orientations with 2 diffusion

sensitizing factors (0 and 1000 s/mm2). DTI scans were repeated for

purposes of signal averaging and/or reproducibility only if the

physiological conditions allowed prolonged acquisitions.

DTI Data Analysis
The images obtained under the different orientation gradients were

used in a series to test if significant translational movement (e.g.,

significant relaxing of the abdomen) occurred during the scan using

a center of mass (COM) scheme (Chahboune et al. 2007) and the entire

dataset was discarded if noticeable motion artifacts were detected as

assessed from the COM shift by more than 25% of a pixel. All data that

were not excluded due to movement artifact were used to calculate the

independent elements of the diffusion tensor (Westin et al. 2002;

Masutani et al. 2003).

Three eigenvalues (k1, k2, and k3) and their corresponding eigenvec-

tors (e1, e2, and e3) were calculated by matrix diagonalization to provide,

respectively, the shape and orientation information from the diffusion

tensor model (Basser et al. 1994; Jones et al. 1999; Hasan et al. 2001). On

a pixel-by-pixel basis, the 2 most common DTI summary parameters,

apparent diffusion coefficient (ADC) and fractional anisotropy (FA), were

calculated using in-house software written in Matlab (The MathWorks,

Inc., Natick, MA) as defined by the following equations
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ðk2 +k3Þ:

In white matter of the central nervous system, kk and k?, respectively,
represent water diffusivity parallel and perpendicular to myelinated

axonal fibers and is often used to describe the degree of freedom for

water to diffuse (Basser 1995). Because water moves more readily along

the inside of the fiber rather than across it, kk tends to be several times

higher than k? (Song et al. 2002). The kk and k? values are believed to

respectively provide measures of intact fibers and lack of myelin. ADC

and FA maps were used to depict water diffusivity respectively in

nonspecific and directionally dependent manner.

In addition, the primary eigenvectors (e1, e2, and e3) were used to

calculate directionally encoded color (DEC) maps to highlight the

orientation of anisotropic tissues using red (R), green (G), and blue (B)

maps,

�
R;G;B

�
=FA

�
je1x j;

��e1y
��; je1z j

�

where e1 is the eigenvector associated with the largest eigenvalues and

each of these colors represent anisotropy in a directional manner

(Pajevic and Pierpaoli 1999; Ennis and Kindlmann 2006). The RGB

space, accomplished by merging of the 3 colors, can be used to

represent the dominant anisotropy coordinates in the medial--lateral,

dorsal--ventral, and anterior--posterior directions, respectively, in the

coronal perspective for a rodent lying in the prone position inside
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a horizontal-bore magnet (Basser and Pajevic 2003). However each of

the 3 orthogonal anisotropy directions can also be represented

independently (similar to the FAmap) reflecting the dominant directional

anisotropy (Pajevic and Pierpaoli 1999; Ennis and Kindlmann 2006).

To assess the impact of postnatal hypoxia on axonal development in

mouse brain, ADC, FA, DEC, kk, k?, R (medial--lateral anisotropy), G

(dorsal--ventral anisotropy), and B (anterior--posterior anisotropy) maps

were interrogated. Some regions of interest (ROIs)—implicated by

different cognitive tasks (assessing locomotor activity, spatial memory,

and behavioral laterality)—included the corpus callosum, cingulum,

caudate putamen, field CA3 of hippocampus, fimbria of hippocampus,

and cortical areas of the whisker barrel field and the forelimb. The ROIs

were manually placed as guided by a standard mouse brain atlas

(www.mbl.org) and without knowledge of the experimental group of

the subject. All ROIs contained about 36 pixels (in 3-dimensional

space) and varied slightly in shape given their locations across different

brain regions (Fig. 1).

Animal Preparation for Behavioral Testing
Mice used for behavioral analysis were litter mates of mice examined

using DTI scans. Male C57B/L6 mice for behavioral analysis were reared

under hypoxia or normal conditions from P3 to P11 and then

maintained in a normal environment until the time of testing (see

‘‘CSH Model’’).

Open-Field Activity
Spontaneous open-field behavior was evaluated in mice from both

rearing groups at P16--P18 and at P40--P45. CSH (n = 28) and control (n =
21) mice tested between P16 and P18 were placed in a Plexiglas

enclosed open field (25 3 25 3 40 cm) equipped with infrared photo

beams coupled to a computer running TruScan software (Coulbourn

Instruments, Whitehall, PA) to automatically record both horizontal and

vertical movements within the field. Activity was monitored during

a single 12-min session and measures of total distance moved, center

distance, the average velocity of movements, rest time, and center time

were recorded. Data were binned into three 4-min intervals for statistical

analysis. CSH (n = 12) and control (n = 13) mice tested between P40 and

P45 were monitored for open-field activity in a similar way, with the

exception that the Plexiglas chamber was larger (41 3 41 3 40 cm) and

the length of the session was increased to 15 min to compensate for

the increased mobility and size of the animals. Data for this older group

were binned into three 5-min intervals for statistical analysis. Data were

analyzed using a multivariate ANOVA with repeated measures.

Spatial-Delayed Alternation
Using an automated Y-maze we tested CSH (n = 11) and control (n =
13) mice on a delayed alternation spatial memory task. Mice between

P45 and P60 were maintained on a 22-h deprivation schedule in

which they had ad libitum access to food for only 2 h each day,

followed by 22 h of food deprivation. Mice had unlimited access to

water at all times. The 2 h of access to food occurred immediately

following each day’s testing session. Mice were trained to retrieve

highly palatable and reinforcing chocolate sprinkles from food cups

placed at the ends of the 2 choice arms of the Y-maze. The distance

between the food cups at either end of the choice arms of the maze

and the choice point in the start box was 42 cm. Chocolate sprinkles

with a hard coating were used to minimize the potential for olfactory

cues being used to perform the task. Mice initially underwent

a shaping procedure to retrieve the reinforcements from the food

cups. After sufficient shaping, mice were tested on the delayed

alternation task for 10 trials per day until they reached a criterion

performance of 80% correct responses over 2 successive test sessions

at a given delay or failed to reach criterion performance within 200

trials. Successful learning of the task required that animals alternate

the arm entered after retrieving the reinforcement on the previous

trial from the opposite arm. After reaching criteria on the task with no

delay, a 25-s delay was introduced between being placed in the start

box and the opportunity to make the next choice. Following

completion of the task with a 25-s delay, the delay interval was

increased to 1 min and then 5 min. Criterion performance at each

delay advanced the animal on to the next delay interval. Failure to

reach criterion within 200 trials terminated testing and the animal

was not tested at the next longer delay. The initial trial of each session

consisted of baiting both arms of the Y-maze and recording the arm

selected by the animal. Thereafter, only a single arm was baited. The

baited arm for each trial was the arm opposite to the arm selected on

the last reinforced choice. Successful learning of the task required

that the mice remember the arm selected on the previously

reinforced trial and to choose to enter the opposite arm on the next

trial. Following each trial, an intertrial interval or delay was interposed

during which the mouse was placed in the start arm with an opaque

door separating the mouse from the choice arms of the maze. During

this time the common portion of the maze connecting the 3 arms was

wiped with 50% alcohol to prevent the use of odor cues in guiding

the response of the animal during the next trial. The statistical

analysis of delayed alternation task data was performed using a time-

to-event product--limit log rank test to compare the curves for trials

to criteria (Friedman et al. 1998) and number of animals failing to

reach criteria in 200 trials (SPSS, Inc., Chicago, IL).

Figure 1. Depiction of ROIs in DTI data. Representative ROIs in (A) anterior and (B) posterior coronal slices located approximately �0.6 and �2.9 mm relative to bregma from
a C57B/L6 mouse brain atlas (Sidman et al (http://www.hms.harvard.edu/research/brain/atlas.html)). Approximate locations and sizes of the ROIs for corpus callosum (CC),
cingulum (Cg), caudate putamen (CPu), fimbria (fi), and field CA3 (CA3) of the hippocampus, and primary somatosensory areas of the forelimb (S1FL) and whisker barrel field
(S1BF) are shown (top left). Placement of ROIs is also shown in DTI maps (voxel size of 156 3 156 3 500 lm) of a P38 control mouse demonstrating maps of ADC (top right),
FA (bottom left), and DEC maps (bottom right).
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Free-Swim Test
Nine control and 7 CSH mice were tested at 4 months of age. Briefly,

mice were placed in the center of a tank of water with a depth of 33 cm

and measuring 33 cm in diameter. They were allowed to free swim for

5 min while being video recorded by an overhead camera. Three 5-min

sessions were given with an intersession interval of approximately 48 h.

Videotape records of the swimming activity were analyzed by placing

a transparent overlay with 30� axes over the video image of the tank. A

rightward (clockwise) or leftward (counter-clockwise) turn was scored

when the subject actively swam across 30�. A record of the total

number of turns, number of turns in each direction, and the preferred

direction of turns over each 5-min session was recorded. Degree of

laterality was scored as the percent of the total number of turns that

were in the preferred direction and consistency of laterality (preferred

direction) across sessions was also calculated. Data were analyzed using

a MANOVA test with repeated measures.

Results

Figure 1 provides the locations of the ROIs sampled in different

brain areas and depicts the representative in vivo DTI parametric

maps from control mice at near constant temperature (~37 �C)
and normal physiology. The ADC maps represent the degree of

mobility of water protons in the tissue. The FA maps represent

differences between gray and white matter and provides in-

formation about tissue organization. The DEC maps reflect

orientation-specific anisotropies in the medial--lateral, dorsal--

ventral, and anterior--posterior directions with R, G, and B colors,

respectively. In the DEC map, the intensity of each color reflects

the degree of anisotropy in that given direction and therefore the

intensity is the same as the FA map. In addition, axial (kk) and

radial (k?) water diffusivities were used to qualitatively provide

measures of intact fibers and lack of myelin.

Age-Dependent DTI Parameters

Student’s t-tests were performed at each age group to signify

differences of DTI parameters between CSH and control mice.

Developmental profiles of diffusion anisotropy differed between

control and CSH mice in some (corpus callosum, cingulum,

fimbria of hippocampus) but not other (somatosensory cortex,

caudate putamen, CA3 field of hippocampus) regions.

For example, as shown in Figure 2A,B for corpus callosum

and cingulum respectively, FA changes during maturation were

significantly different between control and CSH mice. For

control mice, FA increased over the period between P15 and

P51 in both of these regions. CSH mice also exhibited in-

creasing FA over the same period, but at each age group the FA

values in CSH mice were consistently lower than in control

mice. The differences in FA between control and CSH mice

reached statistically significant levels at P45 (P < 0.02 in corpus

callosum; P < 0.05 in cingulum) and P51 (P < 0.01 in corpus

callosum; P < 0.002 in cingulum). These FA changes had

directional dominance, as shown in Figures 2C,D for corpus

callosum and cingulum respectively. From the respective DEC

maps, it was found that in the corpus callosum the anisotropy

was dominant in the medial--lateral direction (i.e., R color map),

whereas in the cingulum the anisotropy was dominant in the

anterior--posterior direction (i.e., B color map). The matura-

tional profiles for control and CSH mice with respect to

directional anisotropy were similar to the FA changes, but

statistical analysis by ANOVA revealed that the linear de-

velopmental trend in the medial--lateral direction for corpus

callosum (P < 0.0015) and the anterior--posterior direction for

cingulum (P < 0.0016) were significantly different in CSH mice

compared with control mice.

These developmental trends in FA could be visualized in

individual subject data, specifically when comparing DTI

images from early (P15) versus late (P51) in development. An

example of the reduction in FA for the corpus callosum and

cingulum of CSH mice compared with control mice is shown in

Figure 3A. Examples of reductions in directional anisotropy in

medial--lateral direction for corpus callosum and the anterior--

Figure 2. Developmental profile of FA (top) and directional anisotropy (bottom) for control and CSH mice. Changes in FA in (A) corpus callosum and (B) cingulum for control
(black) and CSH (white) mice. FA values increased over development, but in CSH mice the values were reduced throughout maturation. There were significant differences in FA
values between control and CSH mice at P45 (P\ 0.02 in A; P\ 0.05 in B) and P51 (P\ 0.01 in A; P\ 0.002 in B). Changes in anisotropy in terms of (C) medial--lateral
direction in corpus callosum and (D) anterior--posterior direction in cingulum for control (black) and CSH (white) mice. The linear developmental trajectory at the medial--lateral
(P\ 0.0015, ANOVA) and anterior--posterior (P\ 0.0016, ANOVA) anisotropy values for control mice (solid line) were significantly different from CSH mice (dotted line).
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posterior direction for cingulum are shown in Figure 3B,C,

respectively. Similar to the group (Fig. 2) and individual (Fig. 3)

data for corpus callosum and cingulum revealing the hypoxia-

induced anisotropy decreases, Figure 4 shows DTI data from

fimbria of hippocampus, where the FA differences between

control and CSH mice were significant at both P15 (P < 0.02)

and P51 (P < 0.04).

Developmental profiles of diffusion anisotropy in other regions

were not significantly different between CSH and control mice

(data not shown). FA in gray matter areas of the somatosensory

cortex (Fig. 1A) and the CA3 field of hippocampus all revealed

insignificant differences between CSH and control mice or for

maturation-based changes. However, we note that location of the

ROI for field CA3 of hippocampus near the ventricles (Fig. 1B)

makes this region quite difficult for quantification. No significant

differences were found between CSH and control mice for FA in

the caudate putamen. Although control mice displayed a signifi-

cant increase in FA between P15 and P51 (0.07 ± 0.06 to 0.22 ±
0.01) that was most pronounced in the anterior--posterior and

dorsal--ventral directions (Chahboune et al. 2007), we did not

observe any significant maturation-based FA changes in the

caudate putamen of CSH mice.

Figure 3. Representative DTI data of control and CSH mice at P15 and P51 emphasizing the anisotropy differences in corpus callosum (white arrow) and cingulum (black arrow).
(A) FA maps show that older (P51) CSH mice exhibit significantly lower FA values than those of age-matched controls, whereas younger (P15) CSH mice exhibit similar FA values
compared with those of age-matched controls. Anisotropy maps of (B) medial-lateral direction in corpus callosum and (C) anterior--posterior direction in cingulum show that in
older (P51) CSH mice exhibit significantly lower anisotropy values than those of age-matched controls, whereas younger (P15) CSH mice exhibit similar anisotropy values
compared with those of age-matched controls. DTI data from individual subjects, whereas the reference images were obtained from Sidman et al. (http://www.hms.harvard.edu/
research/brain/atlas.html).

Figure 4. DTI data of control and CSH mice at early (P15) and late (P51) in development emphasizing FA differences in fimbria of the hippocampus. CSH mice exhibited lower FA
values compared with their age-matched control. (A) FA values were lower in CSH mice than in their age-matched controls as observed in DTI data from individual subjects. The
reference image was obtained from Sidman et al (http://www.hms.harvard.edu/research/brain/atlas.html). (B) Group average FA values were significantly lower in CSH mice than
in their age-matched controls, both in early (P\ 0.02) and late (P\ 0.04) in development.
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In control mice, ADC values underwent a small but

statistically significant (P < 0.01) developmental decrease in

the corpus callosum (i.e., 0.8 3 10
–3 to 0.5 3 10

–3 mm2/s),

cingulum (i.e., 0.8 3 10
–3 to 0.5 3 10

–3 mm2/s), fimbria of

hippocampus (i.e., 0.9 3 10
–3 to 0.8 3 10

–3 mm2/s), the CA3

field of hippocampus (i.e., 0.8 3 10
–3 to 0.7 3 10

–3 mm2/s),

whisker barrel field (i.e., 0.7 3 10
–3 to 0.6 3 10

–3 mm2/s) and

forelimb (i.e., 0.7 3 10
–3 to 0.5 3 10

–3 mm2/s) areas of the

somatosensory cortex between P15 and P51. ADC values in the

caudate putamen were generally stable throughout normal

adolescence. In CSH mice, however, only slight and non-

significant changes in ADC values were observed in these same

areas. Examination of the ADC maps, which reveals good

contrast between cerebral spinal fluid and brain tissue, showed

no ventriculomegaly in CSH mice at any time points, from P15

to P51. The observed ADC trends over normal development are

in general agreement with our prior results (Chahboune et al.

2007), and the absence of hypoxia-induced ventriculomegaly is

in agreement with our previous results indicating a recovery

for measures of brain weight, cortical volume and ventriculo-

megaly within 7 days following removal from hypoxia (Fagel

et al. 2006).

Radial diffusivity maps (k?) generally followed the trends of

the ADC maps—that is, a statistically significant developmental

decrease in control mice (data not shown). Because the axial

diffusivity (kk) is a few times greater than its radial counterpart,

we examined hypoxia-induced differences early (P15) and late

(P51) in development. The same regions depicting FA changes

between CSH and control mice (i.e., corpus callosum,

cingulum, fimbria of hippocampus; Figs 2--4) revealed slightly

reduced values of kk in CSH mice, both early and late in

development (Table 1).

Locomotor Activity, Spatial Memory, and Behavioral
Laterality

Analysis of open-field activity for CSH mice between P16 and

P18 revealed an elevated pattern of general activity compared

with controls (Table 2). On measures of total distance traveled

(F1,47 = 5.3, P = 0.02), time spent in the center of the open field

(F1,47 = 3.9, P = 0.05), and the average velocity of movements

(F1,47 = 9.1, P = 0.004) CSH mice had significantly elevated

values, while the amount of time spent not moving (rest time)

was significantly decreased (F1,47 = 5.0, P = 0.03). In contrast to

the pattern of elevated activity found early in development,

assessment of open-field behavior between P40 and P45

revealed no significant differences between control and CSH

mice on the same measures (Table 3).

Assessment of spatial memory using the delayed alternation

task revealed significant differences between control and CSH

mice when testing began between P45 and P60. Using a time-

to-event product-limit log rank test (Friedman et al. 1998) to

compare the curves for trials to criteria and failure rates for

CSH and control mice at the 25-s delay revealed no significant

difference in performance (Table 4; Fig. 5A, P < 0.8388). CSH

mice tested with 1-min (Table 4; Fig. 5B, P < 0.0485) and 5-min

(Table 4; Fig. 5C, P < 0.0218) delays required significantly more

trials to criterion than did control mice and a greater number of

the CSH mice failed to reach criterion prior to the 200 trial cut-

off on the 5-min delay. These data indicate that while CSH mice

are capable of performing spatial memory tasks over short

periods of time, when required to hold this information

‘‘online’’ for more prolonged periods, CSH mice exhibit

profound deficits in spatial memory.

Analysis of the degree of behavioral laterality using the free-

swim task revealed lasting differences between CSH and

control mice for the total number of turns per session (Table 5;

F1,14 = 5.2, P = 0.038) and the laterality of turns (Table 5; F1,14 =
5.5, P = 0.035). Assessing the consistency of the preferred

direction of turns across sessions also revealed a significant

difference, with 7 of 9 control mice maintaining the same

directional preference across all 3 sessions while only 1 of 7

CSH mice were consistent across sessions (Table 5; F1,14 = 9.2,

P = 0.09). These data indicate that CSH mice exhibit less

behavioral lateralization and less consistency of lateralized

behavior than do age-matched mice reared under normal

conditions. In addition, the assessment of these behaviors at 4

months of age reveals that these differences are long lasting and

are not significantly modified by exposure to a normal

environment after the early period of hypoxia.

Discussion

Weused in vivo DTI to examine the organization of selected brain

regions duringearly postnatal development and their sensitivity to

morphological change as a result of exposure to chronic hypoxia

during the early postnatal period.Hypoxia affected thematuration

of somewhitematter regions (corpus callosum, cingulum, fimbria

of hippocampus) by stunting developmental changes, fromP15 to

P51, as well as the final level of anisotropy of these axonal

pathways. Sampled areas of gray matter in control and CSH mice

showednegligibleormodestdifferences inDTIparametersduring

this period. In addition, the results fromour analysis of activity and

cognitive behaviors provided some functional correlates for the

white matter injuries identified in CSH mice. Because the CSH

model mimics the effects of preterm birth, we believe that the

results may have clinical relevance.

Developmental Changes in DTI Parameters

We observed significant changes in several DTI parameters for

white matter pathways over the developmental period of P15

Table 1
Water diffusivity parallel to axonal fiber tracts (kk in units of 310�3 mm2/s) of control and CSH mice

Corpus callosum Cingulum Fimbria of hippocampus

P15 P51 P15 P51 P15 P51

Control 1.29 ± 0.01 1.31 ± 0.01 1.02 ± 0.01 1.00 ± 0.01 1.60 ± 0.02 1.69 ± 0.01
CSH 1.21 ± 0.01 1.24 ± 0.01 0.97 ± 0.01 0.92 ± 0.01 1.41 ± 0.01 1.51 ± 0.01
P values \0.05 \0.05 \0.09 \0.05 \0.004 \0.01

Note: Summary of kk values in the corpus callosum, cingulum and fimbria of hippocampus, at early (P15) and late (P51) in development. Results show that kk values were lower in CSH mice than in their

age-matched controls in all regions, however the differences were far more significant in corpus callosum and the fimbria of the hippocampus.
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to P51 in control mice. FA values increased over this period

within each of the pathways examined. Our data indicate that

the corpus callosum had the highest FA value of any of the

areas sampled and that this organizational feature emerges as

early as P15. The early appearance of this high level of coherent

parallel organization, at the earliest ages is consistent with

a lack of divergent trajectories by callosal axons within this

midline pathway even at stages prior to complete myelination

(Vincze et al. 2008). In contrast to the corpus callosum, FA

values in the cingulum were lower throughout the develop-

mental period examined. The reduced directional anisotropy

within the cingulum (anterior--posterior) compared with the

corpus callosum (medial--lateral) may reflect a greater di-

vergence of fiber trajectories within this pathway resulting

from fibers entering and exiting from overlying cortical and

subcortical areas (Barkovich 2000). The ADC (and k?)
decreases were apparent in both gray matter and white matter

with age. However the water diffusivity in white matter was

higher than in gray matter early in development, reflecting

a greater tissue volume of water with less cell compactness and

membrane content. The ADC maps revealed the absence of

ventriculomegaly in hypoxic mice as early as P15 consistent

with our earlier study demonstrating the rapid reversal of the

hypoxia-induced abnormalities in ventricular and cortical

volumes within 7 days of the cessation of the hypoxia at P11

(Fagel et al. 2006).

Figure 5. Results of the spatial-delayed alternation test (Y-maze) for control (black
line) and CSH mice (gray line) for delay intervals of (A) 25 s, (B) 1 min, and (C) 5 min,
late in development (P45--P60). Graph lines indicate the proportion (vertical axis) of
animals within each group failing to reach criterion performance (80% correct
responses in 2 consecutive daily sessions) versus the number of trials needed to
reach criterion (horizontal axis). No significant difference was found in the trials to
reach criteria performance or in the number of animals failing to reach criteria within
200 trials with the 25-s delay (A). However, CSH and control mice were significantly
different in the trials to criteria and the number of animals failing to reach criteria in
200 trials for both the 1-min (B; P\ 0.0485) and 5-min delays (C; P\ 0.0218). See
also Table 4.

Table 2
Results of open-field activity early in development (P16--P18) for control and CSH mice

Total distance
(cm)

Velocity
(cm/min)

Rest time
(s)

Center time
(s)

Control (n 5 21) 1445 ± 144 115 ± 10.8 383 ± 24.9 102 ± 19.5
CSH (n 5 28) z1889 ± 125.4 y158 ± 9.4 z309 ± 21.6 z153 ± 16.2

Note: Measures of total distance traveled, average velocity of movements, average rest time, and

time spent in the center of the open field. While the amount of time spent not moving (i.e., rest

time) was significantly decreased in CSH mice compared with their age-matched controls, all

other measures showed hyperactivity (zP\ 0.05, yP\ 0.01).

Table 3
Results of open-field activity late in development (P40--P45) for control and CSH mice

Total distance
(cm)

Velocity
(cm/min)

Rest time
(s)

Center time
(s)

Control (n 5 13) 4500 ± 240 305 ± 14.4 286 ± 10.5 240 ± 24.1
CSH (n 5 12) 4524 ± 250 301 ± 15.0 285 ± 10.8 237 ± 25.2

Note: Measures of total distance traveled, average velocity of movements, average rest time, and

time spent in the center of the open field. All behavioral measures showed no significant

differences between CSH mice compared with their age-matched controls.

Table 4
Results of spatial-delayed alternation test (Y-maze) for control and CSH mice, late in

development (P45--P60)

Mean trials to criteria % Mice not reaching criteria
after 200 trials

Control—25-s delay 64 0
CSH—25-s delay 71 0
Control—1-min delay 51 0
CSH—1-min delay 110z 0
Control—5-min delay 119 31%
CSH—5-min delay 180y 73%

Note: Mean trials to criteria and percentage of animals failing to reach criteria after 200 trials on

delayed alternation task with 25-s, 1- and 5-min delays. Time-to-event statistics revealed that

control (n 5 13) versus CSH (n 5 11) mice differed significantly at the 1 min (zP\ 0.0485) and

5 minute (yP\ 0.0218) delays. See also Figure 5.

Table 5
Results of free-swim task for control and CSH mice, quite late in development (~4 months)

Mean turns per session Laterality (% turns in preferred direction)

Control (n 5 9) 268.5 84.1%
CSH (n 5 7) z126.8 z71.6%

Note: Measures of turns made per session during a free-swim task and turns made in the

preferred direction (i.e., laterality). Both behavioral measures showed significant differences

between CSH mice compared with their age-matched controls (zP\ 0.03).
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The developmental changes in FA values for regions of the

corpus callosum, cingulum, and fimbria of hippocampus in

control mice can be attributed to various factors. Myelin may

play a role in modulating the degree of anisotropy, yet may not

be sufficient or necessary for expressing the anisotropic

changes. Studies in animals show a similar level of anisotropy

in the unmyelinated olfactory nerve as the anisotropy found in

the myelinated trigeminal and optic nerves of the garfish

(Beaulieu and Allen 1994). These results illustrate the

important role played by axonal membranes, exclusive of

myelin, in determining levels of anisotropy within some fiber

pathways. Other studies in rodents have also reported high

anisotropy in premyelinated embryonic and neonatal brains

(Mori et al. 2001; Zhang et al. 2003). The changes in the cellular

composition of white matter structures, which include in-

crease in the number of microtubule-associated proteins in

axons, a change in axon caliber, and a significant increase in the

number of oligodendrocytes could explain, in part, the

expression of the FA (Huppi and Dubois 2006). Other factors

intrinsic to the axon could also contribute to the production of

anisotropy, for example, changes in fiber diameter, neurofila-

ment development, extracellular--intracellular matrix, and

sodium channel activity (Waxman et al. 1989; Prayer et al.

2001; McGraw et al. 2002; Beaulieu 2006; Mori et al. 2006).

Effects of Hypoxia on DTI Parameters

The most striking difference between CSH and control mice in

our quantitative diffusion measurements of white matter fiber

tracts was the significantly lower anisotropy values in the

corpus callosum, cingulum, and fimbria of the hippocampus in

the CSH mice. The reductions in FA are likely to result from

reduced water diffusivity for the axons of these pathways. In

accord with this view, we found reduced axial diffusivity (kk) in
these regions of CSH mice between P15 and P51, potentially

reflecting damage to the axons as kk is believed to represent

parallel water diffusivity within intact axonal fibers in white

matter of mammalian brains (Song et al. 2002, 2003). The

hypoxia-induced lower kk value may also be consistent with

a disturbance in the development of the axonal trajectories of

these fibers. Studies suggest that hypoxia is associated with

axonal degeneration, axon sprouting, and arrested oligoden-

drocyte lineage (Hu and Strittmatter 2004). These events all

play an important role in both fiber tract alignment and packing

(Rasband et al. 1999; Drobyshevsky et al. 2005). Clinically,

misrouted fiber trajectories have also been documented using

DTI in a hypoxia model of brain insult in prematurely delivered

children (Huppi et al. 2001; Fan et al. 2006). The reduction of

FA and directional anisotropy correlate with histological

alterations in the brains exposed to hypoxia challenge. The

decreased FA value of the corpus callosum, cingulum, and

fimbria of hippocampus can be ascribed to several deficits in

CSH mice. In mice reared under identical conditions to those

used in the present study, we have previously described

changes in myelin, the size of developing fiber pathways,

decrease of neuronal number, and connectivity or alterations in

axonal membrane-associated skeletal protein (Curristin et al.

2002; Westin et al. 2002; Back et al. 2006; Fagel et al. 2006).

Compared with the major axonal pathways of the corpus

callosum, cingulum, and fimbria of the hippocampus, no

maturation-based changes were found for FA values in the

gray matter areas of the hippocampus or the forelimb and

whisker areas of the somatosensory cortex, in either CSH or

control mice between P15 to P51. These data are consistent

with previous studies of mouse brain that have reported that FA

values in these regions do not vary significantly after P10

(Verma et al. 2005; Chahboune et al. 2007). In the immature

brain, white matter appears more vulnerable to hypoxia than

gray matter, with the white matter being selectively damaged

by exposure to hypoxia. This pathogenesis has been related to

various factors, including regional differences in vasculature,

autoregulatory responses, excitatory receptors, and the higher

susceptibility of late oligodendrocyte progenitors to hypoxia in

periventricular white matter (Follett et al. 2000; Rezaie and

Dean 2002; Volpe 2003; McQuillen and Ferriero 2004).

Impact of Hypoxia on Behavior

Previous studies investigating the impact of hypoxia on open-

field behavior in neonatal rats are consistent with the transient

nature of hyperactivity we observed in CSH mice (Dell’Anna

et al. 1991; Iuvone et al. 1996; Speiser et al. 1998). Interestingly,

the elevated levels of activity observed in both mice and rats at

P16--18 are normalized by P45, at a time prior to when we first

identified significant differences in anisotropy values between

control and CSH mice. The disparity in timing of these events

makes it unlikely that the transient hyperactivity that results

from neonatal hypoxic exposure is a consequence of the

observed differences in the maturational profile or directional

organization of axons within the corpus callosum, cingulum, or

fimbria of hippocampus. The lack of correlation between the

expression and subsequent normalization of hyperactivity in

CSH mice and the timing of alterations we have identified for

DTI measures of white matter structures suggests that the

alterations in the maturation and organization of these

connectional pathways are an unlikely substrate for early

expression of hyperactivity. We have previously shown that

cortical neurons, including interneurons, undergo a significant

decrease in number during hypoxia and that following the

return to a normoxic environment at P11 total neuron number

recovers to normal levels by P49 (Fagel et al. 2006).

Additionally, Muller Smith et al. (2008) has demonstrated that

cortical interneurons play an important role in the expression

of hyperactivity in FGF receptor knockout mice. Thus, it may

be the hypoxic induced changes in this inhibitory population

of cells and not the projections of primary neurons that

underlie the expression of hyperactivity in CSH mice early in

development.

In contrast to the transient nature of differences in open-

field behavior between CSH and control mice, analysis of spatial

memory abilities with the delayed alternation task revealed

a lasting and profound impairment present at the time when FA

differences are significant within the corpus callosum, cingu-

lum, and fimbria of hippocampus. The ability of both CSH and

control mice to acquire and perform this spatial memory task

with moderate delay periods indicates that they do not have

a fundamental deficit in basic spatial information processing or

in maintaining memory for this type of information over limited

periods of time. However as the length of time required to

retain this information increased, the CSH mice exhibited

profound performance deficits. The CA3 field of the hippo-

campus and its output via the fimbria has been shown to be

important substrates for the type of short term spatial memory

encoding required by the delayed alternation task (Kesner

2898 DTI and Behavioral Studies of Brain Development under Hypoxia d Chahboune et al.



2007). Lesions of the fimbria of the fornix in rats results in

significant delay dependent deficits in spatial memory (Mar-

kowska et al. 1989). The deficits in this task at long delays are

also consistent with the deficits observed in mice with

prefrontal cortical lesions with increasing delays on radial

arm maze tasks (Touzani and Sclafani 2007). Therefore, the

alterations in cortical neuron number (Fagel et al. 2006) and

hippocampal related outputs, such as the fimbria of the

hippocampus may play an important role in the spatial memory

deficits found in CSH mice. Examination of the persistence of

the FA differences between CSH and control mice performed

in conjunction with the testing of delayed alternation

performance at later ages may provide further insight into

the relationship of these defects in structure and function.

Consistent with the profound and lasting impairment in

spatial memory abilities identified with the delayed alternation

task, our results using the free-swim task also point to lasting

alterations of behavioral laterality in CSH mice. Previous studies

using the free-swim task indicate that variations in rotational

preference and lateralization are linked to patterns of callosal

connectivity. For example, mice with callosal agenesis or

transection of the corpus callosum exhibit greater laterality in

this task than normal mice (Filgueiras and Manhaes 2004,

2005). Further, the earlier the age of callosal alteration, the

greater the impact on long-term laterality (Manhaes et al.

2007). These data coupled with the differences between CSH

and control mice on callosal maturation and organization

revealed by our DTI studies suggest that early hypoxia

exposure may have a significant impact on long-term hemi-

spheric asymmetries and behavioral lateralization. In contrast

to the pattern of increased laterality observed in mice lacking,

or with diminished, callosal connectivity (Filgueiras and

Manhaes 2004, 2005), mice reared under hypoxic conditions

exhibit a reduction in the expression and consistency of

laterality. These data suggest that not only is the presence of

hemispheric connection important for the manifestation of

behavioral asymmetries, but also that the pattern and organi-

zation of connectivity may play an important role in the

expression of behavioral asymmetries. Finally, it remains to be

determined if the modification of lateralization requires long

lasting changes in the organization of callosal connectivity, or

whether disruption or delay of the normal sequence of callosal

maturation is sufficient to produce the lasting alterations we

have identified.

Summary

Understanding the consequences of neonatal hypoxia on

behavioral outcome and connectivity using DTI may provide

important clues for understanding the neurodevelopmental

difficulties affecting very low birth weight preterm infants. In

this study, we have demonstrated that hypoxia has a profound

effect on the temporal maturation and organization of several

major connectional pathways related to the cerebral cortex

and hippocampus. Alterations in these pathways in CSH mice

are consistent with the types of functional impairments in

spatial working memory and behavioral asymmetries that we

have observed following early hypoxic exposure in mice. As

exposure to an enriched environment may increase the size or

number of axons in the corpus callosum and improve

performance in several memory and learning tasks in rats, in

future experiments we could perform longitudinal studies with

DTI to test whether alterations in experience, such as exposing

hypoxic mice to an enriched environment, also results in

observable changes in white matter structures.
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