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Early Postnatal Development of Rat Brain:
In Vivo Diffusion Tensor Imaging
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Perinatal hypoxia is a major cause of neurodevelopmental deﬁcits. Neuronal migration patterns are particularly sensitive to perinatal hypoxia/ischemia and are
associated with the clinical deﬁcits. The rat model of
hypoxia/ischemia at P7 mimics that of perinatal injury
in humans. Before assessing the effects of postnatal
injury on brain development, it is essential to determine
the normal developmental trajectories of various brain
structures in individual animals. In vivo longitudinal diffusion tensor imaging (DTI) was performed from postnatal day 0 (P0) to P56 on Wistar rats. The DTI metrics,
mean diffusivity (MD), fractional anisotropy (FA), axial
(ll) and radial (lt) diffusivities, were determined for four
gray matter and eight white matter structures. The FA
of the cortical plate and the body of corpus callosum
decreased signiﬁcantly during the ﬁrst 3 weeks after
birth. The decrease in the cortical plate’s FA value was
associated mainly with an increase in lt. The initial
decrease in FA of corpus callosum was associated with
a signiﬁcant decrease in ll. The FA of corpus callosum
increased during the rest of the observational period,
which was mainly associated with a decrease in lt.
The FA of gray matter structures, hippocampus, caudate putamen, and cortical mantle did not show signiﬁcant changes between P0 and P56. In contrast, the
majority of white matter structures showed signiﬁcant
changes between P0 and P56. These temporal
changes in the DTI metrics were related to the neuronal
and axonal pruning and myelination that are known to
occur in the developing brain. VC 2008 Wiley-Liss, Inc.
Key words: hypoxia; diffusion tensor imaging; brain
development

Prenatal and perinatal hypoxia is a major cause of
neurodevelopmental deﬁcits and the resultant motor, behavioral, and cognitive outcomes. Moreover, perinatal
hypoxia is frequently associated with epilepsy (Arpino
et al., 2001; Toet et al., 2005). To develop rational therapeutic strategies, it is necessary to characterize the perturbations in brain development associated with perinatal
hypoxia/ischemia. Speciﬁcally, those developmental changes,
including neuronal migration, that are associated with
' 2008 Wiley-Liss, Inc.

deﬁcits present in the patient population over time
(Rice and Barone, 2000). One useful model is the rat
P7 model of hypoxia/ischemia that is commonly
employed to study the effects of variety of perinatal brain
injuries (Vannucci et al., 1999; Hagberg et al., 2002).
For example, brain development at P7 in rats is comparable to that of premature or full-term infants (Vannucci
et al., 1999; Hagberg et al., 2002). For example, hypoxic
injury at P7 in the rat is considered a model of cerebral
palsy (Qiao et al., 2004). Thus, perinatal brain injury in
rodents mimics that of prenatal injury in humans. Thus,
longitudinal characterization of brain development during the early postnatal period in rats has considerable signiﬁcance in terms of prenatal brain injury in humans.
However, before assessing the effects of postnatal injury
on brain development, it is essential to determine the
normal developmental trajectories of various brain structures in individual animals.
Diffusion tensor imaging (DTI) is a powerful technique for probing the microstructural organization of
brain tissue (Mori and Zhang, 2006). DTI has been
employed by a number of groups to follow brain development in rodents (Mori et al., 2001; Zhang et al.,
2003, 2005; Verma et al., 2005; Chahboune et al., 2007;
Huang et al., 2007; Larvaron et al., 2007; Sizonenko
et al., 2007). However, most of these studies were performed on ex vivo brains. As summarized in Table I,
published quantitative values of fractional anisotropy
(FA), a measure of diffusion anisotropy that is used to
infer the developmental trajectory of brain, greatly differ
from study to study, sometimes even from the same
group (Verma et al., 2005; Zhang et al., 2006). The difContract grant sponsor: NIH; Contract grant number: 5P01HD039833
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TABLE I. Summary of the Published DTI Results in Rodents*
Reference
Boretius et al., 2004
Chahboune et al., 2007
Guilfoyle et al., 2003
Larvaron et al., 2007
Lee et al., 2006
Mayer et al., 2007
Numano et al., 2006
Sizonenko et al., 2007
Verma et al., 2005
Nair et al., 2005
Xue et al., 1999
Zhang et al., 2006
Zhang et al., 2002

Species

Mode

Time points
(total number)

Diffusion
gradients

Brain
structures

FA bcc

FA scc

FA gcc

FA cp

FA cm

r, m
m
m
m
r
r
r
r
m
r
r
m
m

i
i
i, e
i
i
i
i
i
e
i
i
e
e

u (1)
P15–45 (4)
u (1)
P5–54 (4)
a (1)
P90, P240 (2)
P126 (1)
P3, P6 (2)
P2–80b (3)
P56–70b (1)
a (1)
E13–a (6)
a (1)

6
16
6
6
32
6
6
6
6
6
6
6
6

2
5
1
9
2
2
3
2
14
1
2
7
2

7
0.60 (P45)
0.75 0.78
–
0.32
–
0.50
–
–
0.52
–
0.80a (a)
–

–
–
–
0.79
–
0.45b
–
–
0.38
–
–
–
–

–
–
–
0.73
–
0.42b
–
–
0.32
–
–
–
–

–
0.16a (P45)
–
0.38a
–
–
0.26a
0.36
0.11
–
–
0.15a
–

–
0.16a (P45)
–
0.38a
–
–
0.26a
0.21
0.12
–
–
0.15a (a)
–

*r, rat; m, mouse; i, in vivo; e, ex vivo; u, unknown; a, adult.
No differentiation between cortical plate (cp) or mantle (cm).
b
Average; a, adult; u, unknown; bcc, scc, gcc, body, splenium, and genu of corpus callosum.
a

ferent tissue ﬁxation techniques with the variable intervals between the ﬁxation and DTI studies could explain
some of the differing results. As pointed out by Huang
et al. (2006), although post-mortem-based studies are
highly useful for morphological description of anatomy,
they are probably not reliable for quantiﬁcation of MRI
metrics such as spin-spin relaxation (T2), spin-lattice
relaxation time (T1), FA, and mean diffusivity (MD) values. It is, therefore, important to measure the temporal
changes in diffusion anisotropy in live animals to minimize these artifacts.
Temporal changes in the diffusion anisotropy
in vivo have been recently reported for rodents by
Chahboune et al. (2007), Larvaron et al. (2007), and
Sizonenko et al. (2007). These studies were performed
at a relatively few time points (n 5 4) and may not be
adequate to deﬁne the developmental trajectory. In addition, these studies focused on a few brain structures.
Again, as shown in Table I, the measured values differed
among different studies. Most DTI studies in rodent
brain development focused on mice. However, rats are
more commonly used as animal models to study prenatal
hypoxic ischemic injury (Rice et al., 1981; Fabian et al.,
2007), and in vivo studies that document the development of rat brain at early perinatal age are not available.
In these studies, we measured in vivo DTI metrics
of various gray matter and white matter structures in
Wistar rats at 10 time points from P0 (day of birth) to
P56. The measured temporal changes in the DTI metrics
were related to neuronal and axonal pruning and myelination that are known to occur in the developing brain.
MATERIALS AND METHODS
Animals
Pregnant Wistar rats were shipped to our facility 1 week
prior to expected delivery. The litters were culled to 10 pups.
The pups stayed with the mother until they were weaned at
the age of 4 weeks or later. MRI studies were performed on
Journal of Neuroscience Research

44 rats, on postnatal days 0, 2, 4, 6, 8, 14, 21, 28, 42, and 56.
The numbers of animals included at each time point were six
at P6, ﬁve at P28 and P56, and four at all other time points.
MRI Protocol
All MRI scans were performed on a 7T Bruker Biospec
horizontal bore scanner (USR70/30; Bruker, Karlsruhe, Germany) with a S116 gradient insert that can produce a maximal
gradient amplitude of 400 mT/m with a settling time of less
than 80 msec. A 72-mm-inner-diameter volume coil supplied
by Bruker was used for radiofrequency (RF) transmission. For
improved signal-to-noise ratio (SNR), a custom-designed 22mm-outer-diameter circular surface coil was used for signal
reception. This coil consists of two split rings placed on two
sides of a dielectric substrate (RT/Duroid 5870; Rogers Co.,
Chandler, AZ) to minimize the stray electric ﬁelds. The rings
were rotated 1808 with respect to each other. This design
avoided additional dielectric losses resulting from coupling
between the electric ﬁeld and the tissue (Kamel et al., 2007).
Animals were initially anesthetized with 4% isoﬂuorane
and an air/oxygen mixture (7:3). The isoﬂuorane level was
lowered to 2.0% 6 0.5% during the magnetic resonance
imaging (MRI) scans. Because of the small size, the heads of
animals younger than 4 weeks were placed in a custom-built
tube-shaped mask (13 mm outer diameter), which was connected to the anesthesia system (ventilator: Inspira asv, Harvard Apparatus, Holliston, MA; vaporizer: VMS Anesthesia
Machine, MDS Matrix, Orchard Park, NY). Older animals’
(>4 weeks) heads were ﬁxed in a commercial holder (Bruker)
using ear and tooth bars. Throughout the MRI scan, the animal’s body temperature was kept at 368C 6 18C with a feedback-controlled warm air system (SA Instruments, Stony
Brook, NY). The respiration and rectal (for older animals) or
surface body temperature (for younger animals) were continuously monitored with a small-animal monitoring system (SA
Instruments). Young animals weigh only a few grams and
have not yet not developed a bony skull. Therefore, after an
exposure of about 1 hr to a ﬂow of warm air, it is reasonable
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to assume that the core temperature of the brain does not signiﬁcantly differ from the surface temperature. For older animals, the rectal temperature is shown to correlate strongly
with the core temperature (Eshraghi et al., 2005; Greer et al.,
2007). The oxygen level and heart rate were monitored with
an MRI-compatible pulse oximeter (NONIN, Plymouth,
MN). The average time for which animals were under anesthesia for MRI was less than 2 hr. The animals woke up
within 10 min after turning off the anesthesia. The survival
rate of animals in these studies was about 95%.
Anatomical images. Following the tripilot scan,
‘‘Fastmap’’ (ParaVision; Bruker), an automatic magnetic ﬁeld
shimming procedure, was used to maximize the magnetic ﬁeld
homogeneity over a 15 mm 3 15 mm 3 15 mm cube. The
power levels of the RF excitation pulses and the receiver gain
were manually adjusted. Multislice, contiguous coronal images
were acquired with dual-echo rapid acquisition and relaxation
enhancement (RARE) sequence with the following parameters: TE1/TE2/TR 5 22 msec/66 msec/5,000 msec, where
TE1 and TE2 are the echo times and TR is the repetition
time; RARE factor 5 4; slice thickness 5 0.5 mm; square
ﬁeld of view (FOV) 5 35 mm; acquisition matrix 5 256 3
192, which was zero ﬁlled to 256 3 256. The number of slices was between 20 and 40, depending on the size of the
brain.
Diffusion-weighted
imaging. Diffusion-weighted
imaging (DWI) data were acquired with a four-shot spin-echo
EPI sequence with geometry and location identical to those of
the RARE scan. A rotationally invariant icosahedral encoding
scheme with 21 alternating polarity encoding directions (total
number of encoding directions, Ne 5 42; Madi et al., 2005)
with a diffusion sensitization or b-factor of either 700 or
1,050 sec/mm2 was used to acquire DWI. The relatively high
MD in pups results in poor SNR at high b-factor values.
Therefore, a lower b value was used for imaging pups. The
acquisition parameters were: TE/TR 5 38 msec/4,000 msec;
diffusion gradient pulse duration, d, 5 2.3 msec; gradient separation, D 5 22 msec, sweep width 5 200 kHz; acquisition
matrix 5 128 3 128, spatial resolution of 0.27 mm 3
0.27 mm 3 0.5 mm, number of repetitions 5 9 with b 5 0
(reference or b0 images), number of repetitions 5 4 with diffusion-weighting per encoding direction. Navigator echoes
were used to correct for the ghost artifacts. Each scan resulted in
up to 8,800 images. The average acquisition time was 35 min.
As a part of our quality assurance (QA) program, we
regularly evaluate the performance of our system using DTI
measurements on water phantoms. As described elsewhere,
this regular QA program ensures excellent spatial and temporal
stability of our DTI measures (Madi et al., 2005).
Data processing. All the data processing was performed on a PC (Dell Pentium 4, 3 GHz, 2 GB RAM) operating under Windows XP. A custom-made program written
in IDL (ITTVis, Boulder, CO) automatically identiﬁed and
eliminated images with signiﬁcant ghosting. The images were
magnitude-averaged and automatically cropped to a 71 3 71
matrix for reducing the amount of data processing. The data
were ﬁltered, followed by a Rician bias correction (Hahn
et al., 2004, 2005). Extrameningeal tissues were manually
cropped in ImageJ (NIH, Bethesda, MD) for a set of images

acquired with one gradient encoding direction. This mask was
applied to images acquired with all other encoding directions
and to the b0 images for brain extraction. The diffusionweighted images were warped to the corresponding b0 images
using AIR (align_warp, 3D, model 2; Woods et al., 1998a,b)
for minimizing the image distortions by the eddy currents
induced by strong diffusion gradients. All the above-mentioned processing steps (except the manual stripping of extrameningeal tissue) were fully automatic and were processed as
batch jobs.
The mean diffusivity (MD), axial (ll) and radial (lt)
eigenvalues (or diffusivities), and FA maps were generated
from the preprocessed DWI data sets using the DTI toolbox
(Hasan et al., 2004, 2005). Because the axial and radial diffusivities (or eigenvalues) are shown to provide more speciﬁc information about the microstructural environment than FA
alone (Song et al., 2002; Deo et al., 2006), we have calculated
both ll and lt using the procedure described elsewhere
(Hasan and Narayana, 2006). The DTI parameters of various
structures were measured using the ‘‘ROI manager,’’ which is
a part of ImageJ. This allowed the measurements of identical
sets of ROIs in the parametric maps. The results were
imported into Excel spreadsheets. Statistical analysis (ANOVA,
P < 0.05, Scheffe’s test, if not indicated otherwise) was performed with Intercooled Stata 9 software (StataCorp, College
Station, TX).
The measurements included four gray matter structures:
hippocampus (hi), caudate putamen (cpu), cortical plate (cp),
cortical mantle (cm), and eight white matter structures: body
(bcc), genu (gcc), and splenium (scc) of corpus callosum (cc),
external (ec) and internal capsule (ic), ﬁmbria (ﬁ), anterior
commisure (ac), and cingulum (cg). Data were collected from
three slices, which included the scc, or ﬁ, ic, and bcc, or gcc.
All the structures were identiﬁed by comparing both anatomical images and FA maps with the Paxinos and Watson (2005)
atlas. Measurements were performed in each hemisphere,
except for structures located at the midline (bcc, scc, and gcc).
Measurements of the cortical mantle (close to the external
capsule) and the cortical plate (close to the dura) were performed on all three slices in each hemisphere. We did not
observe signiﬁcant differences in the parameters from the homologous structures from individual hemispheres, so these parameters were averaged over the two hemispheres. The FA,
MD, ll, and lt values were measured from a total of 98
ROIs for each animal.

RESULTS
Figure 1 displays the FA maps modulated by the
principal eigenvector in the coronal plane from P0 to
P56. In these color-coded maps blue, green, and red
represent caudal-rostral, dorsal-ventral, and left-right
directions, respectively. Consistent with the published
studies, the cortical plate showed high anisotropy in
pups (McKinstry et al., 2002; Gupta et al., 2005; Verma
et al., 2005; Zhang et al., 2006; Mori and Zhang, 2006;
Sizonenko et al., 2007). The color-coded FA maps
clearly demonstrate the radial orientation of the cortical
microstructure (Fig. 1). The highest contrast between cp
Journal of Neuroscience Research
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green, parietal segments red. The ec and bcc display a tangential orientation (P28). opt (P8), df, and cg (P42) are coded blue, indicating
their caudal-rostral orientation. cg And df became visible 2 weeks after birth. exm indicates the extrameningeal tissue and is the result of
imperfect stripping.

Fig. 1. RGB-FA maps of rat brain from P0 (top left) to P56 (bottom
right). The FA maps are color coded to indicate the orientation of
the anisotropy: blue, caudal-rostral; red, left-right; and green, dorsal
ventral. Highest contrast between cp and cm is observed at P0. Also,
note the radial orientation of the cortex: topical segments appear

TABLE II. DTI Parameters in Different Structures at Days P0 (left) and P56 (right)y
FA 3 1,000
Structure
gcc
scc
ﬁ
ac
ic
bcc
Ec
Cg
Cp
Cm
Cpu
Hi

P0
582
692
605
392
500
628
469
236
531
169
117
108

6
6
6
6
6
6
6
6
6
6
6
6

P56
104
90
20
90
93
67
59
35
17
15
33
13

855
822
784
708
681
676
623
423
286
134
123
119

6
6
6
6
6
6
6
6
6
6
6
6

41*
42*
74
59*
55*
95
122
16*
22*
14
22
25

MD (3 1026 mm2/sec)
P0
P56
1,025
917
898
718
944
948
1,061
1,145
799
1,067
1,278
1,174

6
6
6
6
6
6
6
6
6
6
6
6

111
253
247
65
245
212
236
161
206
130
345
221

846
904
929
759
783
810
845
791
738
772
758
788

6
6
6
6
6
6
6
6
6
6
6
6

kl (3 1026 mm2/sec)
P0
P56

24
21
50
35
34
73
23
21*
52
17*
33*
24*

1,958
2,020
1,786
1,198
1,547
1,927
1,779
1,505
1,450
1,291
1,466
1,336

6
6
6
6
6
6
6
6
6
6
6
6

98
324
217
315
161
284
289
138
102
64
342
202

2,018
2,069
2,057
1,564
1,703
1,509
1,507
1,192
978
896
861
900

6
6
6
6
6
6
6
6
6
6
6
6

kt (3 1026 mn2/sec)
P0
P56
79
136
80
100
310
190
240
34
45*
20*
47*
26*

689
507
591
597
694
593
793
1,017
576
987
1,223
1,119

6
6
6
6
6
6
6
6
6
6
6
6

155
59
48
58
54
52
120
82
64
82
331
192

314
320
364
402
400
459
514
595
606
699
712
731

6
6
6
6
6
6
6
6
6
6
6
6

95*
50*
92
67*
74*
67
109
8*
74
37*
17*
26*

y

The FA values of most white matter structures and the cortical plate were signiﬁcantly different.
*Signiﬁcant difference between P0 and P56. All statistical tests were performed over the complete data set using ANOVA with Scheffe’s post hoc test
(P < 0.05).

and cm occurred at P0 but was still present even at P56.
The optical tracts (opt; shown at P8 in Fig. 1), dorsal
fornix, and cingulum (df and cg, shown at P42 in
Fig. 1) are oriented in the rostral-caudal directions and
consequently appear blue in the color-coded maps. The
optic tracts were not visible until P2 (Fig. 1). Both cg
and df were clearly visible in the second week. The
Journal of Neuroscience Research

small sizes of opt and df prevented reliable measurements
of the DTI metrics in these two structures. The ec, ﬁ,
cc, and ic were visible at P0 and continued to be visible
with greater prominence during the entire study period
(P28; Fig. 1).
Table II summarizes the FA, MD, ll, and lt values
at P0 (left column) and P56 (right column). The tempo-
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Fig. 2. Temporal changes in the FA values of gray matter structures.
The FA of cp (~) decreased signiﬁcantly during the ﬁrst week (P0:
0.531 6 0.017; P14: 0.254 6 0.008). The FA of cp remained at
a level of 0.3 after a signiﬁcant increase between P14 and P21
(0.301 6 0.008; P 5 0.0291). The FA of cm (!) and cpu (h) did
not show signiﬁcant changes during the observation period.

Fig. 3. Temporal changes in the diffusivities in cp. The decreased FA
(Fig. 2, ~) appears to be mainly associated with an increase in lt
(~) between P0 and P8 and paralleled the decrease in ll (*). As a
result, MD remained unchanged between P2 and P8, followed by a
decrease up to P28. This behavior of MD is typical for all other gray
and white matter structures.

ral changes in the DTI metrics were observed to be
dependent on the spatial location of the brain structure.
In general, the FA increased and MD decreased monotonically with age. However, as described below, not all
structures exhibited a monotonic behavior.

value of lt of all these three structures decreased signiﬁcantly with age up to P21 (P  0.001) and remained
constant over the rest of the observational period (P >
0.995; P21 vs. P56). Both MD and ll for all these three
structures decreased signiﬁcantly from P0 to P21 (P 
0.033) and stayed constant afterwards (P  0.968;
P21 vs. P56).

Gray Matter Structures
The FA of cortical plate at P0 showed the largest
value among all the gray matter structures (0.531 6
0.017). Its value reached a minimum of 0.254 6 0.008
(P0 vs. P14; P < 0.0001) at P14 and thereafter continued to increase and reached an asymptotic value of
0.286 6 0.022 (P 5 0.0291; P14 vs. P56; Fig. 2). As
shown in Figure 3, the temporal changes in lt of cp
were observed to be nonmonotonic. lt Increased signiﬁcantly from P0 (0.576 6 0.064 3 10–3 mm2/sec) to P8
(0.822 6 0.062 3 10–3 mm2/sec; P 5 0.009) with a
subsequent steady and signiﬁcant decrease up to P28
(0.599 6 0.029 3 10–3 mm2/sec; P 5 0.015) and stayed
constant thereafter (P 5 1.000; P28 vs. P56, ). In contrast, ll showed a steady and signiﬁcant decrease from
P0 (1.450 6 0.083 mm2/sec) to P28 (0.978 6 0.045 3
10–3 mm2/sec; P < 0.001) and stayed constant over the
remaining observational period (P28 vs. P56, P 5 0.753;
Fig. 3). The MD of the cortical plate showed no signiﬁcant changes between P0 and P8 (0.799 6 0.206 3 10–3
mm2/sec; P 5 0.361) and was followed by a signiﬁcant decrease up to P28 (P 5 0.043) that reached a
steady value at later time points (P 5 1.000; P28 vs.
P56).
As can be seen in Figure 2, the FA values of cortical mantle, caudate putamen, and hippocampus (not
shown to reduce the clutter in the ﬁgure) essentially
remained the same from P0 to P56 (P  0.381). The

White Matter Structures
Corpus callosum. The temporal changes in the
DTI metrics were observed to be different for different
parts of corpus callosum (Fig. 4). The FA value of the
body of the corpus callosum (bcc) showed a rapid
decrease from P0 (0.628 6 0.067; P 5 0.03) and
reached a minimum at P21 (0.444 6 0.044). After P21,
it steadily and signiﬁcantly increased up to P56 (P 5
0.001) such that the value at P56 was not signiﬁcantly
different from that at P0 (P 5 0.995). lt Showed an
increasing trend (but not statistically signiﬁcant; P 5
0.08) from P0 to P8 and thereafter decreased signiﬁcantly (Fig. 5). The axial diffusivity showed a signiﬁcant
decrease between P0 and P21, but no signiﬁcant changes
were observed between P21 and P56 (Fig. 5). MD
showed an increasing trend from P0 to P4 (P 5 0.065)
and a steady and signiﬁcant decrease from P4 to P56.
The FA of both scc and gcc signiﬁcantly increased
between P0 and P21 but showed no further signiﬁcant
changes thereafter. The values of lt decreased with time
(P  0.046; P0 vs. P21) but remained the same until
P56 (P  0.92; P21 vs. P56), whereas ll did not show
signiﬁcant changes in both genu and splenium. MD of
splenium and genu showed a behavior similar to that of
the body of corpus callosum.
Journal of Neuroscience Research
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Fig. 4. Temporal changes in the FA values of three corpus callosum
structures. The FA values of gcc (h) and scc (!) signiﬁcantly
increased between P0 and P56. The FA value of bcc (~) signiﬁcantly decreased between P0 and P21. After P21, the FA completely
recovered by P56 (P 5 0.995; P0 vs. P56 and P 5 0.001; P21 vs.
P56).

External capsule. No signiﬁcant variation was
observed in FA from P0 to P6. Afterward, the FA significantly increased up to P28 but remained unchanged
thereafter (P 5 1.00; P28 vs. P56). lt Increased signiﬁcantly between P0 and P8, followed by a signiﬁcant
decrease. ll Did not show signiﬁcant changes between
P0 and P56. MD showed temporal changes similar to
those of lt.
Internal capsule, ﬁmbria, anterior commisure,
and cingulum. The temporal behavior of the DTI
metrics of internal capsule, ﬁmbria, anterior commisure,
and cingulum was similar to that observed in external
capsule.
DISCUSSION
We believe that these are the ﬁrst quantitative
studies that report in vivo postnatal development of DTI
metrics in multiple structures at multiple postnatal time
points in the developing rat brain. The data on normal
animals in our studies should be useful in understanding
the effect of brain injury on normal brain development.
Overall, our results are in good agreement with the
DTI data recently obtained in mice (Guilfoyle et al.,
2003; Zhang et al., 2006; Chahboune et al., 2007; Larvaron et al., 2007) and rats (Boretius et al., 2004; Sizonenko et al., 2007) but not with other published values
(Xue et al., 1999; Verma et al., 2005; Lee et al., 2006;
Mayer et al., 2007; Table I). Some of the reported FA
values in these studies were up to 50% smaller than what
we measured (Xue et al., 1999; Verma et al., 2005; Lee
et al., 2006; Mayer et al., 2007; Table I). It has been
shown by Landman et al. (2007) that ﬁxation by immersion, not perfusion, could have a dramatic effect on the
Journal of Neuroscience Research
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Fig. 5. Temporal changes in the axial and radial diffusivities in the
body of corpus callosum (bcc) along with changes in myleination.
The decrease in ll (*) between P0 and P21 appears to be the main
reason for the initial decrease of the bcc’s FA displayed in Figure 4,
possibly indicating axonal pruning and/or apoptosis. lt (~) Appears
more stabile in the initial period but decreases after P14, which might
indicate the onset of myelination. Changes in ll are less prominent
during this period, suggesting the end of axonal pruning and/or apoptosis. The right y-axis (reverse scaling) determines the degree of
myelination (h) in percentage (P0 5 0%, P42 5 100%), evaluated
by absorption spectroscopy of stained tissue extracts (Hamano et al.,
1998). The remarkable similarity in the temporal pattern between
myelination and lt can easily be appreciated in this ﬁgure.

FA values measured ex vivo. However, the differences
between our results and the published in vivo studies
could be attributed, at least in part, to the methodological issues. The gradient-encoding scheme plays an important role on the estimated values of DTI metrics.
The gradient-encoding scheme that we employed in
these studies is balanced and rotationally invariant, which
minimizes bias in estimation of the DTI metrics. In contrast, most of the studies employed six gradient directions, a scheme that is not rotationally invariant (Table I).
In our studies we employed 42 gradient directions with
excellent SNR, which results in reduced estimation bias
(Madi et al., 2005). This, coupled with the stringent
quality-control methods that we have implemented
(Madi et al., 2005), resulted in accurate DTI metrics.
The encoding scheme used in these studies employs
alternating gradient polarities, which minimized the
effect of cross terms and background gradients on the
estimated FA values (Madi et al., 2005). Finally, we performed multiple ROI measurements on at least four animals at each time point.
The temporal changes in the cortical anisotropy
observed in our studies are consistent with human fetal
studies (McKinstry et al., 2002; Neil et al., 2002; Maas
et al., 2004; Deipolyi et al., 2005; Gupta et al., 2005;
Huang et al., 2006; Huppi and Dubois, 2006). In
humans, cp shows a dramatic increase of FA between
gestational age 100 and 200 days (FA  0.1 and 0.6,
respectively), followed by a very steep decrease to 0.1 at
day 0 (Gupta et al., 2005). In rats, the decrease in FA
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occurs during the ﬁrst week after birth (Fig. 2). Similar
in vivo results were reported for mice by Huang et al.
(2007) and for rats by Sizonenko et al. (2007).
We observed in rats a decrease in MD with age
similar to that in neonates and children (Neil et al.,
2002; Huppi and Dubois, 2006). The decrease was present in all structures, with the most prominent changes
between P8 and P28.
We can divide the temporal dynamics of DTI metrics into four phases, based on the current study. First
was a very early phase immediately after birth, between
P0 and P2, in which rapid changes in the DTI metrics
were observed. The second phase from P2 to about P8
did not show any dramatic changes except in cc, cp, and
ec. In the third phase, from P8 to P21, all DTI metrics
showed changes. In the fourth period, from P21 to P56,
the DTI metrics of all structures, with the exception of
the body of the corpus callosum, reached a plateau.
Based on the published literature, several factors may
contribute to the observed changes in the postnatal age
in rats.
1. The proliferation and migration of cells in rats
begin at gestational day 9.5 (G9.5) and ends at about
P15 (Rice and Barone, 2000). In this phase, highly anisotropic radial glia cells support the migration of neurons
from the ventricular zone to the pial surface of the cortex (Campbell and Gotz, 2002; Hatten, 1999). This, for
example, should result in the high anisotropy that was
observed in cp at P0 (Figs. 1, 2) and is consistent with
the trend reported in human fetus (McKinstry et al.,
2002; Neil et al., 2002; Maas et al., 2004; Deipolyi
et al., 2005; Gupta et al., 2005; Huang et al., 2006;
Huppi and Dubois, 2006). However, this period represents the end stage of neuronal proliferation/migration.
As pointed out by Rakic et al. (2003) and Volpe et al.
(2001), this period of neocortical maturation is associated
with transition of radial glia to astrocytes and proliferation of glial cells. Consequently, one would expect a
decline in the diffusion anisotropy during this period.
This is consistent with our observed temporal behavior
of FA in the cortical plate (Fig. 2).
In contrast to cp, the FA values in cm, cpu, and
hp remain almost constant from P0 to P56. One possible
explanation is that in these structures the neuronal proliferation/migration pattern is complete earlier than P0.
However, we are not aware of any literature that supports this speculation.
2. Apoptosis and axonal pruning are considered a
reﬁnement of the embryonic nervous system during its
development (Kantor and Kolodkin, 2003). In this period, overabundant cells, such as radial glia, experience
programmed cell death, resulting in decreased tissue anisotropy. One could speculate that apoptosis and axonal
pruning are responsible for the observed decrease in FA
value of cp (Fig. 2). This might also be responsible for the
decrease in the FA of bcc between P0 and P21 (Fig. 4), a
period during which midline glia cells that support the
formation of the cc are eliminated (Richards et al., 2004;
Ren et al., 2006; Lindwall et al., 2007). Additionally, axo-

Fig. 6. Temporal changes in myelination (h) and lt (~) in the internal capsule (ic): The left y-axis refers to lt values determined in
this study. The right y-axis (reverse scaling) is a measure for the
degree of myelination (P0 5 0%, P42 5 100%) determined by in
vitro staining techniques (Hamano et al., 1998). The remarkable similarity in the temporal pattern between myelination and lt can easily
be appreciated in this ﬁgure.

nal pruning could contribute to decreased FA in the bcc.
This process reduces intermingling axon branches or
overabundant axons (Richards et al., 2004; Ren et al.,
2006). Axonal pruning shortens the length of axons and
consequently reduces the diffusivity in directions of the
ﬁbers, ll. As can be seen in Figure 5, most dominant
changes in ll occur between P8 and P28.
3. Myelination increases the FA value (Verma
et al., 2005). Myelination in rat brain starts after P10,
reaches its maximum at about P20, and decreases until
P45. Afterward, myelination continues at a low but constant level (Wiggins, 1986). Myelination of the cc starts
after P12, reaches its maximum at about P45, and
decreases until P120. The FA of cc increased from P21
(Fig. 4), consistent with Wiggins’ (1986) observations.
Because lt is known to be more sensitive to the state of
myelination (Song et al., 2002; Deo et al., 2006), we
have plotted the temporal changes in lt along with the
reported myelin concentration (Hamano et al., 1998), as
assessed by the myelin basic protein (MBP) staining for
bcc and ic (Figs. 5,6). In these plots, the value a P0 was
set to 0% and 100% myelination at P42. The remarkable
similarity in the temporal variation between myelin
increase and decrease in lt can be easily appreciated
from these ﬁgures. This suggests that the decreased radial
diffusivity from P10 is the result of myelination of these
white matter structures.
4. Synaptogenesis begins in the cortex at P10 and
ends at P30 (Rice and Barone, 2000), increasing the
connectivity between cells. All gray matter structures
showed a signiﬁcant decrease in lt (except cp) and ll
between P0 and P21. This matches with the measured
density of synaptic junctions in the parietal cortex of rats
(O’Callaghan, 1992).
Journal of Neuroscience Research
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To understand the observed temporal behavior of
various DTI metrics, we have separated various developmental events. This is too simplistic. In reality, however,
temporally the processes of proliferation and migration
overlap with apopotosis and axonal pruning (Rice and
Barone, 2000).
CONCLUSIONS
In summary, we have reported the temporal
changes in the in vivo DTI metrics of various white and
gray matter structures in Wistar rats starting from P0 to
P56. We related the observed changes in DTI metrics to
the known brain developmental milestones. The results
of these studies are expected to provide necessary normative data that can be used to assess the effect of perinatal brain injury on normal brain development.
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