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Abstract
Diffusion tensor imaging (DTI) is increasingly utilized as a sensitive tool for studying brain maturation and injuries dur-
ing the neonatal period. In this study, we acquired high resolution in vivo DTI data from neonatal rat brains from postnatal 
day 2 (P2) to P10 and correlated temporal changes in DTI derived markers with microstructural organization of glia, axons, 
and dendrites during this critical period of brain development. Group average images showed dramatic temporal changes 
in brain morphology, fractional anisotropy (FA) and mean diffusivity (MD). Most cortical regions showed a monotonous 
decline in FA and an initial increase in MD from P2 to P8 that declined slightly by P10. Qualitative histology revealed rapid 
maturation of the glial and dendritic networks in the developing cortex. In the cingulate and motor cortex, the decreases in 
FA over time significantly correlated with structural anisotropy values computed from histological sections stained with 
glial and dendritic markers. However, in the sensory and visual cortex, other factors probably contributed to the observed 
decreases in FA. We did not observe any significant correlations between FA and structural anisotropy computed from the 
axonal histological marker.
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Introduction

The perinatal period is a critical phase of cortical develop-
ment. Key developmental events during this period include 
maturation of neurons and glia as well as the formation of 
synaptic networks in the cortex (Bourgeois and Rakic 1993; 
Zecevic et al. 1989; Miller and Gauthier 2007). These imma-
ture cells and networks are susceptible to a wide range of 
insults, e.g., neonatal encephalopathy and systemic infec-
tions (Bourgeois and Rakic 1993; Hagberg et al. 2015; Fer-
riero 2004), which can lead to significant alterations in the 
physiological program of brain development and impacts on 
long-term neurological health.

Animal models are critical to our understanding of the 
molecular and cellular mechanisms governing perinatal cor-
tical development and the effects of injuries during develop-
ment. Previous studies on cortical development have used 
animal models ranging from rodents to cats and baboons 
(Kroenke et al. 2007; Sizonenko et al. 2007; Takahashi 
et al. 2011). Although models based on large animals pro-
vide better parallels to human brain development in terms of 
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gyrification, timing, and other neurophysiological aspects, 
rodent models have been widely used due to our extensive 
cellular and molecular level understanding of their develop-
ment (Brazel et al. 2003; Sidman and Rakic 1973; Rakic 
2009; Thompson et al. 2014). During the perinatal period, 
the rodent brain is at the final stage of neurogenesis (Alt-
man and Das 1966; Feliciano and Bordey 2013) with focus 
on axonal and dendritic growth. The size of the brain and 
cortex both increased significantly with massive increases 
in both neuronal and non-neuronal cells (Bandeira et al. 
2009). During this phase, radial glial fibers gradually degen-
erate and radial glial cells transform into cortical neurons 
(Miyata et al. 2001) and mature glia cells such as astrocytes 
(Semple et al. 2013; Noctor et al. 2001). Myelination in the 
rat cortex starts around postnatal day 10 (P10), with only 
traces of myelin in the corpus callosum appearing around P7 
(Downes and Mullins 2014). In terms of the cellular matura-
tion of axons, dendrites, radial glial fibers, and astrocytes, 
this period corresponds to the human fetal brain in its third 
trimester (Semple et al. 2013). Therefore, studies of neonatal 
rodent brain development can lead to important insights into 
human brain development and the effects of injuries at com-
parable developmental stages (Northington 2006; Vannucci 
and Vannucci 2005).

Non-invasive imaging techniques such as magnetic 
resonance imaging (MRI) have now been routinely used to 
examine perinatal brain injuries in the clinics (McKinstry 
et al. 2002b; Ment et al. 2009; Miller et al. 2002; Johnston 
2003; Leigland et al. 2013). While conventional T1 and T2 
MRI provides limited tissue contrast in the perinatal brain, 
diffusion MRI (Le Bihan 2003), in particular, diffusion 
tensor imaging (DTI) (Basser et al. 1994; Mori and Zhang 
2006; Basser and Jones 2002), provides superb tissue con-
trasts in the fetal and neonatal human brain (Neil et al. 2002; 
Mukherjee et al. 2001; Lodygensky et al. 2010; Yoshida 
et al. 2013; Huang et al. 2006; Hermoye et al. 2006) as well 
as the developing rodent brain (Zhang et al. 2003; Chuang 
et al. 2011; Bockhorst et al. 2008; Calabrese and Johnson 
2013). DTI measures the extent of water molecule diffusion 
restricted by the presence of microstructural tissue barriers 
such as axonal membranes or the directional organization of 
white matter fibers (Beaulieu 2002). Although more sophis-
ticated diffusion MRI techniques such as neurite orientation 
dispersion and density imaging (NODDI) (Jespersen et al. 
2007, 2012; Zhang et al. 2012) have been developed that 
provide more specific information on the cortical micro-
structure, their application in neonates remains limited due 
to lengthy acquisition and subject motion. In contrast, DTI 
has been increasingly used to examine the perinatal brain 
(Rose et al. 2015; Roze et al. 2015; van der Aa et al. 2013; 
Limperopoulos and Clouchoux 2009). In both humans and 
rodents, several reports have suggested that DTI is sensi-
tive to the transformation of the immature radial-columnar 

structure (McKinstry et al. 2002a; Mori et al. 2001) to the 
densely connected laminar organization of the mature cortex 
(Neil et al. 1998; Huang et al. 2008; Kroenke et al. 2007). It 
was shown that both the DTI-derived mean diffusivity (MD) 
and fractional anisotropy (FA), which measures the extent 
and directional anisotropy of water diffusion, respectively, 
decrease as the cortex matures (Neil et al. 1998; Yoshida 
et al. 2013; Ball et al. 2013; Bockhorst et al. 2008). Simi-
lar trends in FA changes and regional differences have also 
been reported in post-mortem rat, ferret, and baboon brains 
(Huang et al. 2008; Kroenke et al. 2007, 2009). While it 
has been suggested that maturing axonal/glial/dendritic 
cytoarchitecture shape the spatial pattern of water diffusion 
from being primarily perpendicular to the cortical surface to 
a more heterogeneous organization (McKinstry et al. 2002a; 
Sizonenko et al. 2007), the correlation between changes in 
DTI-derived markers and cellular-level changes in the cortex 
during this developmental period remain to be investigated.

Several groups have studied the correlations between DTI 
and histological markers in the premature cortex. Sizonenko 
et al. showed an increase in microtubule-associated protein 
2 (MAP2) staining, a marker for dendrites, and a decrease 
in Nestin staining, a marker for radial glial cells, in the rat 
cortex from P3 to P6 (Sizonenko et al. 2007). Jespersen et al. 
used Golgi staining to characterize the organization of axons 
and dendrites in the developing cortex of ferrets and reported 
significant correlations between FA and an anisotropy index 
derived from Golgi staining (Jespersen et al. 2012). Wang 
et al. recently examined changes in microstructural organi-
zation in the fetal rhesus monkey cortex using glial, den-
dritic, and axonal staining and demonstrated significant 
correlations between structure tensor anisotropy measured 
from histology and FA at two gestational stages (Wang et al. 
2017).

In this study, in vivo high-resolution DTI data were 
acquired to characterize detailed spatiotemporal changes in 
FA and MD in the neonatal rat brain from P2 to P10 under 
normal physiological conditions. Moreover, we correlated 
in vivo DTI derived markers and histological markers of the 
microstructural organization of glia, axons, and dendrites 
in different cortical regions. We chose the P2–P10 period 
because both glial and dendritic networks undergo major 
remodeling while active cortical myelination is still mostly 
dormant. Therefore, imaging during this developmental 
period excludes the potential confounding effects of myeli-
nation on DTI signals. Fourier analysis (Budde et al. 2011) 
was used to quantitatively measure structural anisotropy of 
glia, axons, and dendrites from histological samples derived 
from the same animals. The DTI-derived metrics and his-
tology-derived structural anisotropy were then correlated 
to characterize the relationship between in vivo imaging 
measurements and microstructural changes in these cellular 
components.
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Materials and methods

Animals and MRI acquisition

All experimental procedures were approved by the Animal 
Use and Care Committee at the Johns Hopkins Univer-
sity School of Medicine. A total of 30 healthy neonatal 
Wistar rats were randomly assigned at birth for imaging 
at postnatal day 2 (P2), P4, P6, P8, or P10 (n = 6 animals 
for each time point). In vivo MRI was performed on a hori-
zontal 11.7 Tesla MR scanner (Bruker Biospin, Billerica, 
MA, USA) with a triple-axis gradient system. Images were 
acquired using a quadrature volume excitation coil (72 mm 
diameter, for excitation) and a receive-only 4-channel 
phased array mouse head coil (Bruker Biospin, Billerica, 
MA, USA) placed on top of the head. During imaging, 
the rat pups were anesthetized with isoflurane (1–1.5%) 
together with air and oxygen mixed at a 3:1 ratio via a 
vaporizer. Respiration was monitored via a pressure sensor 
(SAII, Stony Brook, NY, USA) and maintained at 40–60 
breaths per minute. After imaging, animals recovered 
within 5 min.

In vivo multi-slice T2-weighted images were acquired 
using the rapid acquisition with relaxation enhance-
ment (RARE) sequence with the following param-
eters: TE/TR = 42/6000  ms, six signal averages, 
FOV = 16 mm × 16 mm, a matrix size of 192 × 192, 54 
slices with a slice thickness of 0.3 mm, and an imaging 
time of 15 min. Based on the T2-weighted images, all ani-
mals had normal overall brain morphology without any 
apparent abnormalities, such as enlarged ventricles or 
asymmetry between the left and right hemispheres. DTI of 
the neonatal rat brains was performed using a modified 3D 
diffusion-weighted gradient and spin echo (DW-GRASE) 
sequence (Aggarwal et al. 2010) with the following param-
eters: echo time (TE)/repetition time (TR) = 28/600 ms, 
2 signal averages, 20 imaging echoes (4 spin echoes dis-
tributed along the phase encoding direction and 16 gradi-
ent echoes distributed along the slice selection direction) 
after each excitation with twin navigator echoes in the end 
for motion and phase corrections, 12 diffusion directions, 
b = 1000 s/mm2, field of view (FOV) = 16 mm × 16 mm × 
16.2 mm, a matrix size of 128 × 128 × 120, and a native 
imaging resolution = 0.125 mm × 0.125 mm × 0.125 mm. 
With respiratory gating, the time for the DTI acquisition 
was approximately 1.5 h.

MRI data analysis

The 3D images acquired using the DW-GRASE sequence 
were reconstructed from raw data in MATLAB (www.

mathw​orks.com). The twin navigator data were used 
to correct any phase incoherence between k space data 
acquired after each excitation as well as any phase inco-
herence between echoes acquired after the same excita-
tion, due to subject motions or instrument instabilities as 
described in (Mori and van Zijl 1998). The average diffu-
sion weighted (aDW) images were generated by computing 
the average of the 12 diffusion-weighted images. Using 
the log-linear fitting method implemented in DTIStudio 
(http://www.mrist​udio.org), the diffusion tensor was cal-
culated for each pixel along with the apparent diffusion 
coefficient (ADC), fractional anisotropy (FA), and pri-
mary eigenvector. Directionally encoded colormap (DEC) 
images were generated by combining the FA and primary 
eigenvector maps, so that, at each pixel, the intensity val-
ues reflected the FA value, and the ratio of the red, green, 
and blue components corresponded to the x, y, and z 
components of the primary eigenvector. The total time for 
image reconstruction and DTI fitting was approximately 
30 min on a desktop workstation with a 3.0 GHz CPU and 
8 GB of memory. Using ROIEditor (http://www.Mrist​udio.
org), the following regions of interest (ROIs) were manu-
ally defined in the DEC images of all the rat brains follow-
ing the definitions in the Paxinos’ rat brain atlas (Paxinos 
and Watson 2013): genu and splenium of the corpus cal-
losum, cingulate cortex in three consecutive coronal sec-
tions, body of the corpus callosum and external capsule at 
five consecutive sections, the visual, auditory, sensory and 
motor cortices in five consecutive sections (Fig. 1). Fol-
lowing the protocol used by Huang et al. in postmortem rat 
brains (Huang et al. 2008), we further subdivided the ROIs 
for the sensory and motor cortices into superficial, middle, 
and deep layers (with equal thickness). Due to the limited 
spatial resolution, we were able to reliably define two lay-
ers with equal thickness (superficial and deep layers) for 
the visual and auditory cortices, which were thinner than 
the motor and sensory cortices. No subdivision of the cin-
gulate cortex was defined as it appeared wedge-shaped in 
the axial images. The mean values of ADC and FA were 
obtained for each ROI. The time required to define ROIs 
for one rat brain was approximately 2 h.

For each developmental stage, group average images 
were generated from the 3D data using the iterative meth-
ods described in (Chuang et al. 2011; Kovacevic et al. 2005), 
first using intensity-based linear affine transformation and 
then dual channel (aDW + FA) Large Deformation Diffeo-
morphic Metric Mapping (LDDMM) (Ceritoglu et al. 2009) 
implemented in Diffeomap (http://www.mrist​udio.org), 
which took approximately 24 h on a linux cluster. FA and 
aDW images were used for image registration because they 
provide complementary contrasts that define the brain and 
ventricular boundaries (from the aDW images) and inter-
nal white matter tracts (from the FA images). Furthermore, 

http://www.mathworks.com
http://www.mathworks.com
http://www.mristudio.org
http://www.Mristudio.org
http://www.Mristudio.org
http://www.mristudio.org
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mappings between group average images of the P2, P4, P6, 
P8, and P10 rat brains were constructed using dual channel 
(aDW + FA) LDDMM using the group average images of 
the P6 rat brains as the template, and voxel wise statisti-
cal analysis were performed across developmental stages to 
identify regions with significant temporal changes in ADC, 
FA, and local tissue volume (as measured by Log-Jacobian). 
We chose the P6 brain template to minimize the effects of 
changing cortical FA values on image mapping quality, and 
the mapping results showed no apparent tissue distortions. 
The rates of changes in these parameters over time were 
estimated at each pixel assuming simple linear relationships. 
The use of a linear model instead of more complex piece-
wise or nonlinear models to approximate the FA changes 
was justified due to the short period of time studied.

Immunohistochemistry

All animals were sacrificed after imaging. Rats were anes-
thetized with i.p. injections of chloral hydrate (300 mg/kg) 
and perfused with phosphate-buffered saline (PBS) followed 
by 4% formalin. The brains were extracted and fixed in for-
malin for 20 h followed by 24 h of 15% sucrose and 24 h of 
30% sucrose. Then the brains were frozen on dry ice and 

sectioned at 40 µm on a cryostat. After incubation in block-
ing solutions, slides were incubated in primary antibody 
solutions overnight at 4 °C. Glial fibrillary acidic protein 
(Anti-GFAP Z0334, Dako, Richmond, VA, USA, 1:2500) 
was used for the detection of radial glia cells, microtubule 
associated protein 2 (Anti-MAP2, M1406, Sigma-Aldrich, 
St. Louis, MO, USA, 1:1000) for the detection of dendrites, 
and Anti-Pan-Axonal Neurofilament Marker (SMI-312R, 
Covance, Princeton, NJ, USA, 1:2000) for the detection 
of axons. Antibody binding was visualized using an ABC 
ELITE kit (Vector Labs, Burlingame, CA, USA) and DAB 
reaction.

Brain sections were imaged using a Zeiss Axio Imager 
microscope (Zeiss Microimaging, LLC, Thornwood, NY, 
USA) with bright-field imaging under standardized illu-
mination and image acquisition settings. Z-stack images 
were acquired with optical sections of 5 µm each and were 
taken under a 20× objective in anatomically selected areas 
corresponding to the cortical ROIs defined in MRI data. Z 
layers were collapsed using Zeiss Axiovision’s wavelet algo-
rithm and mosaic images were stitched together using Zeiss 
Axiovision software. Bright-field images were exported as 
loss-free compressed TIFF files to MCID Core (InterFocus 
Imaging Ltd., Cambridge, UK).

Fig. 1   Group-averaged in vivo 
diffusion tensor images of 
the developing rat brain. a 
Group-averaged FA, ADC, and 
directionally encoded colormap 
(DEC) images of the P6 rat 
brain at four coronal sections. 
The bottom row shows the 
superficial/middle/deep regions 
of interest (ROIs) used in this 
study. The DEC images show 
the estimated primary direction 
of tissue water diffusion, and the 
color scheme is: red: left–right; 
green: dorsal–ventral; blue: 
rostral-caudal as shown by the 
color arrows on the right. The 
abbreviations are: C cingulate 
cortex, A auditory cortex, M 
motor cortex, S sensory cortex, 
V visual cortex and ec external 
capsule. b Coronal group-aver-
aged FA images of the rat brain 
from P2 to P10
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Fourier analysis of histological data

Fourier analysis was performed on histological images to 
generate microscopic anisotropy measurements as described 
in (Budde et al. 2011). Briefly, a moving 200 pixel × 200 
pixel (~ 0.1 mm × 0.1 mm) window was used to extract data 
from the histological images, the window moved along the 
horizontal or vertical axes with a step size of 20 pixels. 
Intensity values within the 200 × 200 window were filtered 
by a Tukey window (α = 0.4) and normalized to zero mean 
before 2D Fourier transformation, after which a radial his-
togram was calculated as described in (Budde et al. 2011). 
Using principle component analysis, the directional anisot-
ropy in 2D, called “structural anisotropy” (SA) here, was 
calculated from the two eigenvalues (λ1 and λ2, with λ1 
greater or equal to λ2) of the covariance matrix based on the 
radial histogram as SA = 1 − �

2
∕�

1
 . For more details, please 

see (Budde et al. 2011). The maps of SA and the mean inten-
sity values within the moving windows were then used for 
ROI-based analysis. Similar ROIs as defined in the MRI data 
were manually drawn on the original histological images and 
down-sampled to the maps of microstructural anisotropy and 
mean intensity maps to obtain the mean.

Statistical analysis

Pearson correlation coefficients were computed using linear 
regression to describe decreases in FA between P2 and P10. 
A Kruskal–Wallis test with correction for multiple compari-
sons was used to compare values between the time points. 
For each ROI, linear regression was performed between the 
mean intensity and structural anisotropy values from GFAP, 
MAP2, and SMI-312 stained histological sections and DTI-
derived FA and MD values in the matching ROI. Statistical 
analyses of ROI data were performed with Prism 6 (Graph-
Pad Software, Inc. La Jolla, CA, USA). p values of < 0.05 
were considered significant. Voxel-based regressions of 
FA, MD, and Jacobian values were performed using Matlab 
(Mathworks.com) with corrections for multiple comparisons 
(the false discovery rate was set at 0.05).

Results

In vivo DTI of the neonatal rat cortex

Group averaged FA images of the P6 rat cortex (Fig. 1a) 
revealed a superficial (external) portion with relatively high 
diffusion anisotropy and a deep (internal) portion with low 
diffusion anisotropy. This pattern was consistent through-
out the rostral and caudal cortices, although the superficial 
portion with high FA tended to be larger in the rostral than 
in the caudal cortex. In the ADC maps, no clear distinction 

between the superficial and deep cortex was observed. The 
primary directions of water diffusion in the high FA por-
tion of the cortex, as visualized by the directionally encoded 
colormap (DEC) images, were mostly along the radial direc-
tion, perpendicular to the cortical surface. Group averaged 
diffusion tensor images from P2 to P10 rat brains (Fig. 1b) 
further showed consistent radial patterns but gradual reduc-
tions in FA in the superficial cortex over time. To examine 
this inhomogeneity of cortical anisotropy, we placed mul-
tiple cortical ROIs at five sections along the rostrocaudal 
axis (Fig. 1a, ROI) as described by Huang et al. (2008). For 
each cortical region except the cingulate cortex, we defined 
two or three ROIs (superficial, middle, and deep) with equal 
thickness in the FA images.

Regional changes in structural volumes 
and diffusion measurements

ROI-based analyses showed significant reductions in FA 
from P2 to P10 in most cortical ROIs, but no apparent 
change in the selected subcortical white areas (Fig. 2a and 
Table 1). Results of linear regression suggested that the 
superior layers had stronger correlations between their FA 
values and postnatal stage than the deep layers (Fig. 2a). 
Cortical MD values generally showed significant increases 
from P2 to P8 followed by a slight decrease by P10 (Fig. 2b 
and Table 2). The decreases in MD values were significant 
in the superior layers of the motor and sensory cortices and 
the deep layer of the visual cortex (Table 2). Due to these 
non-monotonic changes in MD values, linear fitting was not 
performed. In the corpus callosum, no significant change 
in FA was detected over the same period, but a significant 
increase in MD was detected in the body of the corpus cal-
losum (bcc, p = 0.0006).

Voxel-based regression analysis showed significant tem-
poral changes in FA, MD, and local tissue volume through-
out the brain (Fig. 3). From P2 to P10, the estimated rate 
of FA reduction was greater in the superficial layers in the 
sensory and visual cortices than other parts of the forebrain. 
From P2 to P8, significant increases in MD were found in 
the superficial portions of the motor, sensory, and visual cor-
tices, as well as in the striatum and external capsule. From 
P2 to P10, most brain regions showed significant growth in 
volumes, with the cingulate cortex, superficial layer of the 
motor and sensory cortices, striatum, and external capsule 
showing more rapid expansion than other regions.

Histological examination of the neonatal rat cortical 
development and structural anisotropy analysis

GFAP, MAP2, and SMI-312 stained sections of the neona-
tal rat cortex showed radial organization patterns (Fig. 4). 
Structural anisotropy (SA) generated from these sections 
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could sensitively detect anisotropic organization of stained 
cellular processes. The corpus callosum and external cap-
sule had higher SA values than the cortex, due to the dense 

and orderly organization of structures there. Subtle features 
in the cortical microstructural organization could also be 
detected in the SA maps. In the GFAP stained section, the 

Fig. 2   Time dependent FA and MD changes from P2 to P10 in 
selected ROIs. a FA changes in cortical and subcortical ROIs. The 
dashed lines show the results of linear regression. b MD changes in 
cortical and subcortical ROIs. Kruskal–Wallis test, corrected for mul-

tiple comparison. The abbreviations are: MCX motor cortex, SCX 
sensory cortex, VCX visual cortex, bcc/gcc/scc body/genu/splenium 
of the corpus callosum. Error bars indicate SDs

Table 1   FA values of several 
cortical regions in the 
developing rat brain from P2 
to P10

Mean and standard deviation values are shown
*Indicates significant change (p < 0.05, Kruskal–Wallis test with corrections for multiple comparisons) 
from P2

Ages Cingulate MCX SCX VCX

Superficial Deep Superficial Deep Superficial Deep

P2 0.28 ± 0.02 0.35 ± 0.02 0.22 ± 0.01 0.43 ± 0.04 0.24 ± 0.02 0.56 ± 0.04 0.29 ± 0.01
P4 0.27 ± 0.02 0.32 ± 0.04 0.18 ± 0.02 0.37 ± 0.05 0.17 ± 0.02 0.41 ± 0.03 0.24 ± 0.03
P6 0.26 ± 0.01 0.29 ± 0.01 0.18 ± 0.01 0.33 ± 0.01 0.17 ± 0.01 0.36 ± 0.02 0.18 ± 0.01
P8 0.19 ± 0.01 0.26 ± 0.01* 0.18 ± 0.01 0.25 ± 0.01* 0.14 ± 0.01* 0.29 ± 0.01* 0.16 ± 0.01*
P10 0.18 ± 0.01* 0.25 ± 0.01* 0.16 ± 0.01* 0.23 ± 0.01* 0.13 ± 0.01* 0.28 ± 0.01* 0.18 ± 0.02*
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region just beneath the cortical surface (region 1 in Fig. 4) 
showed more radially organized processes than the mid cor-
tex (region 2), and the SA maps showed higher SA in region 
1 than region 2. In the MAP2 stained sections, the motor 
cortex (region 1) showed more densely organized processes 
radial to the cortical surface than the cingulate cortex (region 
2), and the SA maps showed higher SA in the motor cortex 
than the cingulate cortex. In the SMI-312 stained sections, 
neuronal bodies were stained in the superficial portion of 
the cortex (region 1), whereas the axons were more easily 
identified in the deep portion (region 2). In comparison, the 
SA map showed slightly higher SA in the deep portion than 
the superficial portion.

At P2, GFAP stained sections showed prominent radial 
glia fibers reaching from subcortical areas to the cortical 
surface. Figure 5a shows representative sections from the 
cingulate cortex and motor cortex. Throughout the cortical 
layer there were some interspersed immature astrocytes, and 
clusters of immature cells could be distinguished in internal 
cortical areas. At P10 only remains of the radial glia cell 
scaffold could be discerned, whereas an isotropic network 
of astrocytes had formed. Quantitative analysis showed no 
apparent change in the mean intensity of GFAP staining 
throughout the cortex. SA based on GFAP showed signifi-
cant time-related decreases in the cingulate cortex and the 
superficial portion of the motor cortex (Fig. 5a). Several 

Table 2   MD values of several cortical regions in the developing rat brain from P2 to P10

The unit is ×10−3 mm2/s
Mean and standard deviation values are shown
*Indicates that the value is significantly different from the corresponding value at P2 (p < 0.05, Kruskal–Wallis test with corrections for multiple 
comparisons)
**Indicates that the value is significantly different from the corresponding value at P8 (p < 0.05, Kruskal–Wallis test with corrections for multi-
ple comparisons)

Ages Cingulate MCX SCX VCX

Superficial Deep Superficial Deep Superficial Deep

P2 0.74 ± 0.03 0.77 ± 0.02 0.84 ± 0.03 0.70 ± 0.02 0.80 ± 0.03 0.64 ± 0.01 0.79 ± 0.04
P4 0.80 ± 0.04 0.81 ± 0.05 0.94 ± 0.02 0.76 ± 0.03 0.90 ± 0.02 0.75 ± 0.05 0.87 ± 0.03
P6 0.78 ± 0.02 0.81 ± 0.01 0.94 ± 0.01 0.77 ± 0.02 0.92 ± 0.01 0.75 ± 0.02 0.89 ± 0.02
P8 0.81 ± 0.02* 0.80 ± 0.01 0.98 ± 0.02* 0.79 ± 0.02* 0.94 ± 0.03* 0.76 ± 0.02* 0.93 ± 0.02*
P10 0.78 ± 0.03 0.76 ± 0.02** 0.93 ± 0.04 0.73 ± 0.01** 0.92 ± 0.02 0.76 ± 0.05 0.89 ± 0.04

Fig. 3   Voxel-wise estimation of the rates of FA and MD as well as 
local tissue volume changes. Only voxels with significant change are 
shown here. The color scheme uses blue to green to indicate the rate 
of decline in values and red to yellow to indicate the rate of increase 

in values. Corrections for multiple comparisons were performed for 
the voxel-based analysis with false discovery rates less than 0.05. The 
unit for the rate of FA or volume change is 1/day, and the unit for the 
rate of MD change is mm2/s/day
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other cortical regions also showed significant decreases in 
SA from P2 to P10, including the motor cortex (deep layer; 
R2 = 0.86, p = 0.024), sensory cortex (deep layer; R2 = 0.80, 
p = 0.040, Fig. S2 in the supplementary materials), and 
visual cortex (deep layer, R2 = 0.88, p = 0.018, Fig. S1 in 
the supplementary materials). Other cortical regions did not 
show significant changes in GFAP-based SA (as shown in 
Figs. S1 and S2 in the supplementary materials).

At P2, MAP2 immunostaining showed thick radially 
oriented tract-like structures. At P10, the radial orientation 
was still visible, but less pronounced. Quantitative analy-
sis showed no apparent change in the mean intensity of 
MAP2 staining throughout the cortex. SA based on MAP2 

stained sections, however, showed significant time-related 
decreases in the cingulate cortex and deep portion of the 
motor cortex (Fig. 5b). Other regions that showed signifi-
cant decreases in SA included the motor cortex (superficial 
layer; R2 = 0.84, p = 0.029) and visual cortex (superficial 
layer; R2 = 0.78, p = 0.046, Fig. S1 in the supplementary 
materials). SA based on SMI-312 stained sections showed 
significant time-related decreased SA values in the cin-
gulate cortex (R2 = 0.98, p = 0.011, Fig. S3 in the supple-
mentary materials), whereas portion of the sensory cor-
tex showed significant increases in SA values (deep layer; 
R2 = 0.95, p = 0.0047). No overall change in the mean 
intensity of SMI-312 staining was observed in the cortex.

Fig. 4   Comparison of immunohistochemistry (GFAP, MAP2, SMI-
312) and corresponding SA maps of a P6 frontal cortex. White 
arrows indicate the locations of subcortical white matter structures. 

Distinct spatial patterns of cellular processes in selected regions in 
the histological sections (inside boxes 1 and 2) are enlarged to show 
the spatial patterns of cellular processes
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Fig. 5   Temporal changes in SA from GFAP (a) and MAP2 (b) 
stained sections containing the cingulate cortex and superficial por-
tion of the motor cortex at P2, P6, and P10. Note the development of 

dense radial fibers at P2 to a more diffuse fiber orientation at P10 in 
the enlarged images
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Correlations between histology and DTI‑based 
anisotropy measurements

In the cingulate cortex, the FA significantly correlated 
with the SA values from GFAP-based histology (Fig. 6, 
R2 = 0.656, p = 0.0045). In the motor cortex, the superfi-
cial layer FA values correlated significantly with SA from 
MAP2-stained histology (R2 = 0.7773, p = 0.0007). Other 
areas that showed correlations include the superficial 
layer of motor cortex with anisotropy from GFAP stained 
histology (R2 = 0.5953, p = 0.0089), and the superficial 
layer of visual cortex with anisotropy from MAP2 stained 
histology (R2 = 0.5659, p = 0.0121). SMI-312-stained 
histology did not show any significant correlation with 
MRI-based measurements. No significant correlation was 
observed between the mean intensity of histology and FA 
or MD values. In comparison, there was only a marginal 
correlation between MD and SMI-312 SA values in the 
superficial layer of the motor cortex (Fig. 7a). Several 
other cortical regions also showed significant correlations 
potentially due to an outlier at P2 (Fig. 7). 

Discussion

In this study, we used in vivo high-resolution DTI to exam-
ine the spatial patterns of cortical FA and MD values and 
follow their temporal changes in several cortical regions of 
the neonatal rat. As the cortex consists of several layers, 
each with distinct cellular microstructural organization, 
high-resolution data can potentially distinguish layer specific 
microstructural patterns. 3D high-resolution imaging data 
with isotropic spatial resolution can also facilitate mapping 
of spatiotemporal changes during cortical development using 
a common template as shown in Fig. 3.

The study focused on a short neonatal period (P2–P10), 
before the start of myelination processes in most brain 
regions, with a relatively high temporal resolution (every 
2 days). The ability to acquire in vivo diffusion MRI sig-
nals allowed us to examine tissue properties under normal 
physiological conditions compared to post-mortem stud-
ies, in which tissue properties can be altered by cell death 
and chemical fixation (Shepherd et al. 2009). For instance, 
ex vivo MD values are significantly lower than in vivo meas-
urements (Zhang et al. 2011; Sun et al. 2003). Although 
several studies have shown that FA values of normal white 
matter tracts in adult mouse brains from ex vivo DTI are 
comparable to in vivo measurements (Sun et al. 2003), 

Fig. 6   Correlations between SA and FA. a Correlation between SA from GFAP staining and FA. b Correlation between SA from MAP2 staining 
and FA. c Correlation between SA from SMI-312 staining and FA. The labels next to the symbols indicate the age
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ex vivo FA values can deviate from in vivo FA values under 
certain pathological conditions (Sun et al. 2006). Due to the 
potential neurotoxicity associated with repeated exposure to 
isoflurane or other anesthetic agents (Zanghi and Jevtovic-
Todorovic 2017), we did not adopt a longitudinal study 
design, but instead performed a cross-sectional study with 
the benefit that MRI and histological data from the same 
animals could be directly correlated.

The high-resolution in vivo imaging data enabled us to 
map regional differences in the in cortical FA and MD over 
time. Consistent with two previous studies of post-mortem 
rat brains (Huang et al. 2008; Calabrese and Johnson 2013) 
and one in vivo study (Bockhorst et al. 2008), significant 
decreases of FA were observed in most superficial cortical 
regions from P2 to P10 (Fig. 2). A recent report on time-
dependent changes in FA in preterm and normal infants (Ball 
et al. 2013) also showed that the rates of FA changes were 
not homogeneous, with the prefrontal, sensory association, 
and visual association cortices showing more rapid reduc-
tions in FA than other cortical regions at 28–40 post-con-
ceptional weeks. Although it is difficult to directly compare 
observations from the rat brain with those from the human 
brain, the observed relationships between the DTI-derived 
markers and cortical cyto-architectural changes may provide 
important insights for human studies.

The voxel-based results (Fig.  3), which mapped the 
extents and locations of FA changes, further demonstrated 
that the superficial portion of the sensory and visual cortices 
exhibited the most rapid reductions in FA values, and the 

cingulate and superficial layer of the motor cortex showed 
moderate reductions in FA values. The results, however, 
depended on the accuracy of image registration, and the 
observed significant changes in cortical FA values over time 
certainly posed a challenge. From P2 to P10, changes in FA 
values of major white matter tracts (e.g., the corpus callo-
sum) were relatively small (Fig. 2a) as suggested by previ-
ous studies (Bockhorst et al. 2008; Calabrese and Johnson 
2013), probably due to the lack of active myelination during 
this time period. With relatively stable white matter contrast 
in FA maps and the use of the P6 brains as template, our 
mapping results showed no apparent mis-registration within 
cortical regions. For studies that involve altered brain devel-
opment or injuries, with potential changes in brain morphol-
ogy and tissue contrasts, image registration results should 
be examined carefully to avoid such confounding factors.

Interestingly, we found significant increases in MD val-
ues between P2 and P8 in several internal cortical regions, 
followed by gradual decreases from P8 to P10. Previously, 
Bockhorst et al. (Bockhorst et al. 2008) reported a similar 
initial increase in cortical MD values followed by a pro-
longed decline from P8 to approximately P30. Most previ-
ous studies in humans only showed monotonic decreases 
in cortical MD values over time, e.g. (Ball et al. 2013), 
however, McKinstry et al. reported initial increases in cor-
tical MD values, which peaked at approximately 33 weeks, 
followed by decreases in MD values afterwards (McK-
instry et al. 2002a). These studies attributed the decrease 
in MD to the formation of densely interconnected mature 

Fig. 7   Correlations between 
cortical MD and SA. a Correla-
tion between MD and SA from 
SMI-312 staining. b Correla-
tion between MD and SA from 
GFAP staining
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cortical networks, including dendrites, synapses (Ball 
et al. 2013), and myelination (Bockhorst et al. 2008), but 
it was not clear what caused the early increases in cortical 
MD values. In our study, we did not find robust correla-
tions between MD and glia and dendritic markers, which 
suggest that increases in MD were not directly related to 
degeneration of the radial glia scaffold or increased den-
dritic arborization.

The increases in cortical MD values may reflect a rapid 
decrease of neuronal density in the neonatal rat cortex. Pre-
viously, Bandeira et al. studied the numbers of neuronal and 
non-neuronal cells in the developing rat brain (Bandeira 
et al. 2009). Their results showed that, during the first week 
of postnatal development, the neuronal density in the rat cor-
tex decreased significantly by more than fourfold, whereas 
the number of non-neuronal cells increased mostly during 
the second and third week. This timing of changing neuronal 
numbers and density during the first week agrees well with 
our MRI findings. Our results showed that the superficial 
portion of the sensory and visual cortices had both faster 
increases in MD and decreases in FA than most other corti-
cal regions (Fig. 3). It is possible that the rapid increases in 
MD in these regions reflect active decreases in neuronal den-
sity, which may also contribute to the declines of FA values.

Several groups have quantitatively examined the rela-
tionships between cortical FA values with underlying tis-
sue microstructures via structural tensor analysis or simi-
lar methods, e.g., (Budde and Annese 2013; Budde and 
Frank 2012; Wang et al. 2017; Salo et al. 2017). In particu-
lar, Wang et al. (Wang et al. 2017) showed in fetal mon-
key brains that FA values correlated with structural tensor 
based anisotropy values from Vimentin (a glial marker) and 
MAP2 stained sections but not from SMI-312 stained sec-
tions, which agrees with our results from the neonatal rat 
brain (Fig. 5). Fourier analysis has also been used to study 
microstructural organizations, in particular the orientation 
and directional anisotropy in comparison with DTI results, 
in the monkey and rat brains (Budde et al. 2011; Choe et al. 
2012). Compared to structural tensor analysis, results of 
Fourier analysis are of lower spatial resolution but sufficient 
for comparison with the DTI data. Current evidence sug-
gests that two processes likely contribute to the decreases in 
FA between P2 and P10 in the cingulate and motor cortices 
(superficial layer): (1) the transition from the radial glial 
fiber scaffold to an isotropic glial network, and (2) dendritic 
arborization. In contrast, no significant temporal change in 
GFAP and MAP2 SA values was detected in the superficial 
layers of the sensory and visual cortices (Figs. S1 and S2), 
although they showed the most rapid declines in FA values. 
Since Fourier analysis may not capture all the microstruc-
tural changes in glial, dendritic, and axonal networks, the 
origins of the FA changes in these two regions remain to be 
investigated further.

It is necessary to mention some of the limitations of this 
study. First, DTI cannot resolve complex microstructural 
organization, e.g., crossing of axons or dendrites, which 
is common in the cortex, even at prenatal and neonatal 
stages. The ability to resolve crossing fibers may allow 
us to better characterize the cortical axonal and dendritic 
networks. More sophisticated diffusion MRI methods than 
DTI (Frank 2001; Tuch et al. 2002; Wedeen et al. 2005; 
Jespersen et al. 2007, 2012; Zhang et al. 2012) have been 
developed to resolve crossing fibers or quantify neurite 
density, which are important for studying cortical develop-
ment. However, these techniques require lengthy acquisi-
tion times, which is challenging for in vivo studies at high 
spatial resolution. Second, the ability of the histological 
markers used in this study to bind to target structures and 
their biological distributions may vary during cortical 
development. Third, the histological images and analy-
sis in this study were two dimensional, whereas the DTI 
results reflect water diffusion in three dimensional corti-
cal tissues. Therefore, their correlations may not capture 
their exact relationship. Even though we do not expect 
cortical microstructural organization to change drastically 
along the rostral-caudal direction compared to the other 
two directions within the resolution of the DTI acquisi-
tion (0.125 mm), 3D microstructural information from 
serial confocal images, as shown in recent reports (Schil-
ling et al. 2016; Khan et al. 2015), would provide more 
complete information on microstructural changes in the 
developing cortex. Recent development in other imaging 
modalities, such as 3D polarized light imaging (Axer et al. 
2011; Mollink et al. 2017) and 3D Fourier analysis of 3D 
electron microscopy (EM) data (Salo et al. 2018), may also 
benefit future studies in this area.

In summary, our results demonstrate the spatiotempo-
ral changes in FA and MD in neonatal rat cortex from 
P2 to P10. We found significant increases in MD in sev-
eral cortical regions from P2 to P8 without any signifi-
cant correlations between MD and histological markers 
used in this study. In contrast, in the cingulate and motor 
cortex, the decreases in FA over time were significantly 
correlated with structural anisotropy values from histo-
logical sections stained with glial and dendritic markers. 
However, in the sensory and visual cortex, other factors 
probably contribute to the decreases in FA. Future studies 
that utilize more sophisticated diffusion MRI and micros-
copy techniques with a wider array of histological mark-
ers (e.g. markers for myelination and neurons) may reveal 
the exact link between diffusion MRI-based markers and 
the evolving microstructural landscape in the developing 
cortex. Such knowledge in both normal developing brains 
and models of early brain injuries, such as inflammation 
or hypoxia ischemia, will pave the way to better use of 
diffusion MRI-based markers in the clinics.
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