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Abstract
Fetal alcohol spectrum disorders (FASDs) comprise a wide range of neurological deficits that
result from fetal exposure to ethanol (EtOH), and are the leading cause of environmentally related
birth defects and mental retardation in the western world. One aspect of diagnostic and therapeutic
intervention strategies that could substantially improve our ability to combat this significant
problem would be to facilitate earlier detection of the disorders within individuals. Light
microscopy-based investigations performed by several laboratories have previously shown that
morphological development of neurons within the early-developing cerebral cortex is abnormal
within the brains of animals exposed to EtOH during fetal development. We and others have
recently demonstrated that diffusion MRI can be of utility for detecting abnormal cellular
morphological development in the developing cerebral cortex. We therefore assessed whether
diffusion tensor imaging (DTI) could be used to distinguish the developing cerebral cortices of ex
vivo rat pup brains born from dams treated with EtOH (EtOH; 4.5 g/kg, 25%) or calorie-matched
quantities of maltose/dextrin (M/D) throughout gestation. Water diffusion and tissue
microstructure were investigated using DTI (fractional anisotropy, FA) and histology (anisotropy
index, AI), respectively. Both FA and AI decreased with age, and were higher in the EtOH than
the M/D group at postnatal ages (P)0, P3, and P6. Additionally, there was a significant correlation
between FA and AI measurements. These findings provide evidence that disruptions in cerebral
cortical development induced by EtOH exposure can be revealed by water diffusion anisotropy
patterns, and that these disruptions are directly related to cerebral cortical differentiation.

1. Introduction
Fetal alcohol spectrum disorders (FASDs) are the leading cause of environmentally related
birth defects and mental retardation in the western world (Moore and Ganglier 2010),
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affecting between an estimated 0.6 and 4.5 of every 1,000 live births in the United States
(Centers for Disease Control and Prevention). Individuals with FASD suffer from
neurological deficits, including impairments in cognitive ability and behavioral control
(Guerri et al. 2009). While current criteria for diagnosis of FASD are reliable, present
diagnoses predominantly occur in mid to late childhood (Elliot et al. 2008, Streissguth et al.
2004). Due to the potential to use magnetic resonance imaging (MRI) technology non-
invasively in vivo, MRI research has been applied to the study of cerebral cortical
development in FASD in order to identify new biomarkers that can be used to facilitate early
diagnostic and treatment strategies (Astley et al. 2009, Godin et al. 2010, Leigland et al.
2013, Nardelli et al. 2011, O’Leary-Moore et al. 2010, Parnell et al. 2009, Sowell et al.
2001, 2008, Yang et al. 2011, Zhou et al. 2011). Structural imaging in humans has been
performed in children and adolescents affected by FASD, revealing decreased brain volume,
cerebral cortical volume and abnormal cerebral cortical thickness caused by prenatal
exposure to alcohol (Astley et al. 2009, Nardelli et al. 2011, Sowell et al. 2001, 2008, Yang
et al. 2011, Zhou et al. 2011). Additionally, animal studies focused on earlier developmental
time points have demonstrated reduced brain and cerebral cortical volume, reduced cerebral
cortical thickness, and reduced cerebral cortical surface area resulting from prenatal ethanol
(EtOH) exposure at time periods that correspond to late gestation and early postnatal periods
in humans (Godin et al. 2010, Leigland et al. 2013, O’Leary-Moore et al. 2010, Parnell et al.
2009).

Thus far, most imaging research into early cerebral cortical development in FASD has
focused on macrostructural developmental abnormalities such as brain size and shape
(Astley et al. 2009, Godin et al. 2010, Leigland et al. 2013, Nardelli et al. 2011, O’Leary-
Moore et al. 2010, Parnell et al. 2009, Sowell et al. 2001, 2008, Yang et al. 2011, Zhou et al.
2011). However, histological studies have also reported cellular-level anomalies in early
cerebral cortical development caused by prenatal exposure to EtOH (Cui et al. 2010, Davies
and Smith 1981, Fabregues et al. 1985, Hammer and Scheibel 1981, Stoltenburg-Didinger
and Spohr 1983, Yanni and Lindsley 2000). Specifically, in rodent studies of the effects of
fetal EtOH exposure, atypical cellular morphology has been observed in the developing
cerebral cortex that potentially contributes to cognitive and behavioral problems associated
with FASD (Cui et al. 2010, Davies and Smith 1981, Fabregues et al. 1985, Hammer and
Scheibel 1981, Stoltenburg-Didinger and Spohr 1983, Yanni and Lindsley 2000). Diffusion
tensor imaging (DTI) non-invasively provides information about the morphological
complexity of microanatomical structures in the brain through measurements of the
directional dependence of water diffusion, reflected in the parameter fractional anisotropy
(FA) (see Mori and Zhang 2006 for review). Given the sensitivity of DTI to microstructural
properties of tissue, we have set out to determine whether this neuroimaging modality has
the potential to detect FASD at early phases of central nervous system development.

A number of recent studies have demonstrated that diffusion MRI measurements are
sufficiently sensitive to detect perturbations to normal cerebral cortical cellular morphology
including those induced in response to perinatal hypoxia-ischemia in the rat (Sizonenko et
al. 2007) and sheep (Dean et al. 2013), gliosis in response to traumatic brain injury in the rat
(Budde et al. 2011) and visual sensory deprivation in the form of neonatal enucleation in the
ferret (Bock et al. 2010). In order to facilitate the ability to interpret diffusion MRI
measurements in terms of tissue properties related to neuron morphology, recent efforts have
lead to the development of strategies to directly quantify the orientation distribution of
axonal and dendritic processes using images obtained by light microscopy (Budde and Frank
2012, Jespersen et al. 2012, Leergard et al. 2010). However, it remains to be tested whether
diffusion MRI can be used to detect abnormal cortical development in FASD, and whether
differences in diffusion measurements between brains of control and fetal-EtOH-exposed
individuals can be related to aberrant microstructural properties of the cerebral cortex.

Leigland et al. Page 2

Neuroimage. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Herein, DTI measurements of water diffusion anisotropy were used to investigate effects of
prenatal exposure to EtOH on early cerebral cortical development in a previously described
rat model of FASD (Leigland et al. 2013), and were also compared with histological
measurements reflecting tissue microstructure (Budde and Frank 2012). The research
presented here shows that abnormal neuronal differentiation caused by prenatal exposure to
EtOH, specifically a disruption in the formation and development of neuronal processes
such as axons and dendrites in the developing cerebral cortex, can be detected by DTI in
experimental versus control animals at ages corresponding to late gestation in humans.

2. Methods
2.1 Animal Care

Long-Evans rats were purchased from Harlan Laboratories (Livermore, CA), and were
delivered to the Department of Comparative Medicine at Oregon Health & Science
University. Virgin female dams (N=7) were ages 9 – 10 weeks and body masses were
approximately 200 – 224 g. Proven breeder males (N=4) were ages 14 – 15 weeks, and body
masses were approximately 325 – 349 g. All animals received standard chow, and
participated in approximately one week of handling before experimental procedures began.

Breeding procedures are the same as those published previously (Leigland et al. 2013).
Pregnant dams were assigned to one of two treatment groups: EtOH-treated (EtOH; n=4) or
Maltose/Dextrin-treated (M/D; n=3). Alcohol and maltose/dextrin administration, as well as
blood EtOH concentration collection procedures were the same as those previously
published.

All possible measures were taken to minimize animal pain or discomfort. All experiments
were carried out in accordance with the NIH “Guide for the Care and Use of Laboratory
Animals” (NIH publication no. 86-23, revised 1987) and were approved by the OHSU
animal care and use committee.

2.2 Tissue Collection
At 3 postnatal time points (P0, P3, P6), pups from the dams were sacrificed, and their brains
collected for analysis (n = 3–4/age/group; a total of 22 pups from 7 litters). Pups were given
an i.p. injection of approximately 0.5 mL euthasol (Butler-Schein Animal Health Supply,
Dublin, OH). Heparin (0.01 mL/10 mL), with phosphate buffered saline (1x PBS), was
injected into the left cardiac ventricle until the fluid of the right cardiac atrium was clear.
Phosphate-buffered paraformaldehyde (PFA; 2%, approximately 40 mL) was then injected
into the left cardiac ventricle. The brains were extracted and placed in PFA (2%,
approximately 40 mL) for 24 hours. Samples were then transferred to 1X PBS at 4°C.
During the course of this study it was found that FA is systematically lower in brain tissue
exposed to alkaline pH than in non-alkaline exposed tissue (Leigland et al. in preparation).
To remove PFA alkalinity as a possible confound, all tissue underwent a step in which it was
incubated for 24 hrs in pH 11 phosphate buffer. After at least 48 hours in 1X PBS at 4°C,
olfactory bulbs were removed from the brains at the lateral olfactory tract, and remaining
spinal cord was severed between the C1 dorsal root of the spinal cord and the medulla. Left
and right hemispheres were separated, and right hemispheres of each brain were utilized for
all subsequent procedures (a subset of the hemispheres were used in previously described
experiments presented in Leigland et al. 2013).

2.3 MRI procedures
Hemispheres were placed in a modified 3 mL syringe filled with 1X PBS, and allowed to
equilibrate to room temperature. Samples were placed into a one-turn solenoid RF coil
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manufactured in the laboratory (transmit/receive, tuned and matched to 500MHz), and the
entire apparatus was placed in the isocenter of an 11.7 Tesla magnet (Bruker, Germany)
interfaced with a 9 cm inner-diameter magnetic field gradient coil insert (maximum gradient
strength of 70 G/cm per x, y and z axis).

A multi-slice spin-echo pulse sequence incorporating a Stejskal-Tanner diffusion
sensitization gradient pair was used to acquire DTI data. Axial slices, 200 μm thick, of the
entire hemisphere were imaged (TR = 4000 – 5000, TE = 42.7 ms, FOV = 5.20 × 1.28 cm,
Matrix = 250 × 64, Voxel size = (0.2 mm)3, Averages=6, Scan time = 12 hours). The
diffusion weighting factor (b value) was 2500 s/mm2 with a gradient duration and separation
of δ = 12 ms and Δ = 21 ms, respectively. Two scans were acquired in which b=0, and
diffusion anisotropy was measured using a 25-direction, icosahedral sampling scheme as
described previously (Jespersen et al. 2012, Kroenke et al. 2009). Scanning time was
approximately 12 hours total per sample.

2.4 DTI analyses
FA and apparent diffusion coefficient (ADC) maps were generated from DTI data using
software provided by Bruker (Bruker, Rheinstetten, Germany). Additionally, maps of axial
and radial diffusivity were made using the eigenvalues of the diffusion tensor (λ1 or λ|| and
(λ2 +λ3)/2 or λ⊤, respectively). FA images were transferred into ITK-SNAP (Yushkevich et
al. 2006) where λ⊤ whole brain masks were created by removing the cerebellar area from
individual images. Three dimensional masks of the entire isocortex were delineated on the
FA parametric maps for each hemisphere using ITK-SNAP software (Yushkevich et al.
2006). For visualization purposes, cerebral cortical FA was projected onto mid-cortical
surfaces constructed using the CARET software package (Van Essen et al. 2001,
www.brainvis.wustl.edu/caret, St. Louis, MO) for one EtOH and one M/D hemisphere at
each age examined (Figure 1). At each surface node, mean FA for all isocortical voxels
within a 9 voxel cube (1.8 mm)3 centered on the node was projected onto the surface. The
Figure 1 insets illustrate the positions of the isocortical mask and mid-cortical surfaces for
the E and M/D hemisphere. The isocortex/allocortex boundary was defined laterally by the
rhinal fissure, and rostrally by the lateral olfactory tract. Only data from the isocortex was
used for analysis, as allocortical regions do not undergo the same sequence of cellular
differentiation throughout development as the isocortex (Sidman and Rakic1973, 1982), and
thus the allocortex has diminished FA relative to other cortical regions (Kroenke et al. 2007,
2009). The medial boundary of the isocortex was identified at the junction with the corpus
callosum. Isocortical masks were made individually for each subject, taking care not to
include white matter. Brain and isocortical volumes were calculated based on the number of
voxels in the whole brain and isocortical masks, respectively. The voxel number was
multiplied by the volume of one voxel (0.2 mm)3 and multiplied by 2 so as to represent total
brain and total isocortical volumes (as opposed to hemispheric volumes). Mean FA, ADC,
axial diffusivity and radial diffusivity values over the entire isocortex were calculated.
Volume and FA values were calculated in Matlab (Matlab, The Mathworks, Boston, MA).
Directional FA maps were created to view the primary orientation of water diffusion
obtained via DTI.

2.5 Histological methods
Subsequent to DTI scanning, hemispheres were sectioned coronally on a vibratome at a
thickness of 200 μm. One rostral-coronal, one mid-coronal (half-way between the rostral
and caudal extent of the brain) and one caudal-coronal section per subject were chosen for
histological processing. Slices were dehydrated in increasing concentrations of EtOH (25%,
50%, 75%, 100%), then submerged in DiI (DiI[1,1′-Dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine; Anaspec) stain (0.25 mg/mL EtOH) for approximately 3
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minutes. Coronal slices were then rehydrated by reversing the order of EtOH concentrations
used for dehydration. Sections were mounted on slides using Prolong Antifade Gold
mounting medium (Invitrogen, Molecular Probes). Virtual slices of slides were obtained
with the MBF Bioscience StereoInvestigator using an Apochomat 10X objective
(Morphology and Imaging Core, Oregon National Primate Research Center), and individual
10X images were then combined to make a montage of the entire tissue slice using
Stereoinvestigator software (MBF Bioscience, Williston, VT). Histological measures of
anisotropy were derived from fluorescent whole-slice images according to the procedure
described by Budde and Frank (Budde and Frank 2012). A measure of in-plane anisotropy
(anisotropy index, AI) was determined using structure tensor analysis to obtain AI maps at a
resolution of (0.74 μm)2. In brief, the structure tensor is a second-order symmetric positive
matrix that describes the dominant direction of the gradient of staining intensity within a
local neighborhood of each pixel. The AI is calculated using the eigenvalues of the structure
tensor, and is a measure of tissue microstructure analogous to FA that ranges from 0 (no
anisotropy) to 1 (extreme anisotropy), and describes anisotropy in the the local structure of
stained elements. Analogous to the directional FA maps, the primary orientation of fibers
obtained by structure tensor analysis in the AI maps was color coded according to a red
(medial-lateral) and green (dorsal-ventral) color scheme. Masks of the isocortex were
manually drawn on individual AI maps, and mean AI values over this area were calculated.

2.6 Histology and DTI comparisons
A subset of subjects and slices were included in histological analyses and comparisons
(subject n = 1 – 3/age/group, slice n = 3 – 8/age/group with 1 – 3 each of rostral-, mid- and
caudal-coronal slices). In order to directly compare FA and AI values, mean isocortical FA
values from the slices in the FA maps corresponding to the histological images were
collected. Additionally, directional FA and AI maps were created to compare the orientation
distribution of neuronal processes in similar slices. Considering the AI maps capture only in-
plane structure, the directional FA maps depict only the in-plane components of the
diffusion tensor for direct comparison (Figure 3).

2.7 Statistics
Unpaired t-tests were utilized to examine possible body mass differences between EtOH and
M/D dams. A two-way ANOVA (analysis of variance) model was used to determine effects
of the independent variables, treatment group (EtOH and M/D) and age group (P0, P3, P6),
on dependent variables: brain volume, isocortical volume, FA, ADC, axial diffusivity and
radial diffusivity and AI. Upon determining interaction effects between group and age, post-
hoc unpaired t-tests were used to determine separate effects of age and/or group on the
dependent variables. Correlation analyses were used to examine the relationship between FA
and AI. Uncorrected alpha was set at p=0.05 for all analyses. Statistics were implemented in
Statview [SAS, Cary, NC]).

3. Results
3.1 EtOH Administration and Macrostrucutral Outcomes

As observed in earlier studies using this EtOH administration procedure (Leigland et al.
2013), mean maternal mass values at the beginning and end of the 20-day period, in which
gavages were administered, did not differ significantly between treatment groups, nor did
the body masses gained throughout pregnancy. Additionally, the EtOH dosing procedure
resulted in blood EtOH concentrations in excess of the standard threshold for intoxication in
humans (> 0.8 mg/ml) over a period extending more than 3 hours per day (data not shown).
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To compare the effects of fetal EtOH exposure on macroscopic and microstructural
properties of brain tissue, structural image analyses were performed to ensure that the
previously-observed reductions in brain size resulting from EtOH exposure were also
observed here. For 14 of the 22 hemispheres examined in this study, the cerebral cortical
thickness of the opposite brain hemisphere was characterized in previously published work
(Leigland et al. 2013). Consistent with the earlier report, brain volume and isocortical
volume increased significantly with age (brain volume: F2,16=183, p<0.0001, isocortical
volume: F2,16=168, p<0.001). Additionally, both brain and isocortical volumes were higher
in the M/D group and lower in the EtOH group (brain volume: F1,16=21.8, p<0.001,
isocortical volume: F1,16=20.4, p<0.001) (Figure 2 A and B). Mean brain volume for the
EtOH group was 0.285 cm3, which was 27.9% lower than the mean for the M/D group,
0.340 cm3. Mean isocortical volume for the EtOH group was 0.112 cm3, or 18.8% lower
than the mean for the M/D group, 0.138 cm3. Differences in brain sizes are illustrated for
two typical brains from each treatment group at each age in Figure 1. There was no
significant interaction between age and treatment groups for either brain or isocortical
volume (brain volume: F2,16=2.12, p=0.15, isocortical volume: F2,16=2.91, p=0.08). These
data suggest that prenatal EtOH exposure results in decreased brain and isocortical volumes
at early postnatal time points in the rat, a time that corresponds to the second half of
gestation of human central nervous system development.

3.2 Microstructural Outcomes
In order to characterize microstructural features of EtOH-exposed brains potentially
associated with the observed brain volume reductions, DTI and histological measurements
were compared between EtOH and M/D groups. Consistent with other DTI-based studies of
rat cerebral cortical development (Bockhorst et al. 2008, Huang et al. 2008, Sizonenko et al.
2007), isocortical FA decreased significantly with age over the P0 to P6 range in both
treatment groups (F2,16=117, p<0.0001). Further, isocortical FA and was found to be higher
in the EtOH group than the M/D group at all ages (F1,16=24.1, p<0.001). Mean FA for the
EtOH group was 0.204, which was 12.7 % higher than the mean for the M/D group, 0.178.
There was no interaction between age and treatment group (F2,16=3.36, p=0.06) (Figure 2
C). Coronal views of FA parameter maps shown in Figure 1 illustrate the differences in
isocortical FA observed between EtOH and M/D hemispheres obtained from P3 rats. As can
be seen in the lateral views of cortical surfaces, FA differences are not localized to a single
area, but are spread throughout the entire cerebral cortex. Additionally, as visible in the raw
FA images in Figure 1, higher FA is most clearly seen in the superficial layers of the cortex
in the EtOH versus M/D subject. Thus, throughout the age range spanning P0 to P6,
isocortical FA is increased in EtOH animals relative to age-matched M/D controls.

ADC, as well as axial and radial diffusivities were investigated to help interpret any age
group or treatment group effects on FA during development. ADC was found to increase
with age (F2,16=4.20, p<0.05), but was not significantly different between treatment groups
(F1,16=3.64, p=0.07), and there was no interaction between factors (F2,16=2.34, p = 0.13).
There were no age group or treatment group effects on axial diffusivity (age: F2,16=0.445,
p=0.65 treatment: F1,16=1.03, p=0.33), and no interaction between factors (F2,16=2.35,
p=0.13). Interestingly, radial diffusivity was found to increase with age (F2,16=11.23,
p<0.001) and was lower in the EtOH than the M/D group (F1,16=5.38, p<0.05). No
interaction was found between factors in regard to radial diffusivity (F2,16=2.28, p=0.13).
Thus, increased FA observed in EtOH brains appears to be mediated by reduced radial
diffusivity.

It was also of interest to determine whether DTI could detect an effect of prenatal EtOH
exposure on white matter maturation during the P0 – P6 time period. To address this, an
exploratory analysis of differences in FA in white matter was conducted. Regions of interest
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(ROI) were drawn within the corpus callosum of each subject, and mean FA within these
ROIs was determined. FA was not significantly different between treatment groups
(F1,16=2.46, p=0.14) or among age groups (F2,16=0.442, p=0.65), and no statistical
interaction was found (F2,16=0.724, p=0.50).

For a subset of the hemispheres examined by DTI, the tissue was subsequently processed
and analyzed with histological methods. Figure 3 shows an FA map (left), a 2D directional
FA map (center), and a 2D directional AI map (right) for a mid-coronal slice of a
hemisphere obtained from a P6 M/D rat. In the 2D directional maps, the magnitudes of the
diffusion tensor and histological structure tensor components parallel to the dorsal/ventral
axis are encoded by green color, and parallel to the medial/lateral axis are encoded by the
red color (note that while blue coloring is typically used to represent water diffusion
anisotropy oriented in the dorsal – ventral plane (e.g. Huang et al. 2008), green coloring was
substituted here to increase contrast for visualization purposes). Throughout the coronal
slice, a high degree of similarity is observable, indicating close agreement in the orientation
of the measures derived from diffusion imaging and light microscopy.

Further comparisons between FA and AI measurements were performed by analyzing the
effects of age and fetal EtOH exposure on AI. As shown in Figure 2D, AI exhibited patterns
that exactly paralleled the patterns observed for isocortical FA. Specifically, AI decreased
significantly with age (F2,25=44.4, p<0.0001), AI was higher in the EtOH than in the M/D
group (F1,25=6.36, p<0.05), and there was no significant interaction between age and
treatment group (F2,25=1.07, p=0.36). Mean AI for the EtOH group was 0.208, which was
13.5 % higher than the mean for the M/D group, 0.180. In order to further refine the
comparison between FA and AI, ANOVA was repeated for isocortical FA in the same tissue
in which light microscopy data was available. As expected, this analysis revealed the same
statistically significant effects [isocortical FA decreased significantly with age (F2,25=45.7,
p<0.0001), FA was higher in the EtOH than in the M/D group (F1,25=5.80, p<0.05), and
there was no significant interaction between age group and treatment group (F2,25=0.991,
p=0.39)].

Last, a correlation analysis was conducted to compare AI and FA values from the same
tissue areas in the same subjects. There was a significant overall correlation between FA and
AI (R=0.861, p<0.0001, Figure 4). This correlation indicates that FA is reflective of AI, and
suggests that FA measurements are sufficiently sensitive to detect abnormal properties of
tissue microstructure caused by prenatal exposure to EtOH.

4. Discussion
We have used a rat model of FASD to demonstrate that fetal exposure to EtOH (4.5 g/kg/
day of 25% EtOH throughout 20 days of gestation) disrupts subsequent early postnatal
morphological differentiation of the cerebral cortex in a manner that results in abnormally
elevated water diffusion anisotropy relative to cerebral cortices of age-matched control
animals. Previous work has shown that EtOH exposure during early cerebral cortical
development results in cell number reductions (Burke et al. 2009, Dunty et al. 2001),
abnormal cerebral cortical microscopic organization (e.g. Granato 2006, Margret et al. 2005)
and dendritic abnormalities (Cui et al. 2010, Davies and Smith 1981, Fabregues et al. 1985,
Hammer and Scheibel 1981, Stoltenburg-Didinger and Spohr 1983, Yanni and Lindsley
2000). Therefore, in this study, we aimed to produce rats with similar perturbations to
cerebral cortical development, to test the hypothesis that such effects could be detected with
diffusion MRI. In the early developing cerebral cortex, FA measurements in the isocortical
gray matter begin high and decrease with age concurrently with the differentiation of
neurons (Leigland and Kroenke 2011). Disrupted development in the form of fewer and
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shorter dendritic branches would allow for fewer pathways, parallel to the pial surface, along
which water can diffuse. We therefore reasoned that FA would be higher as a consequence
of disrupted development of cellular processes. The direction of the observed effect, in
which cerebral cortical FA is higher in EtOH animals compared to M/D controls, indicates
the morphological complexity of axonal and dendritic processes is lower in EtOH treated
animals. This is in accordance with past literature that has shown dendritic abnormalities in
response to pre- and perinatal exposure to EtOH in animals at time points similar to those
studied here (Cui et al. 2010, Davies and Smith 1981, Fabregues et al. 1985, Hammer and
Scheibel 1981, Stoltenburg-Didinger and Spohr 1983, Yanni and Lindsley 2000). These
findings were confirmed in the current study by performing a direct comparison of tissue
characterized by MRI and structure tensor analysis (Budde and Frank 2012) of light
microscopy images.

In an investigation of ADC, axial and radial diffusivities, an increase in ADC with age was
found. While some human studies of early development note a general decrease in ADC
with age (Huppi et al. 1998, Neil et al. 1998), one human study looking at development
before to gestational week 30 found an increase in ADC prior to a steady decline similar to
that found in previous studies (McKinstry et al. 2002). Specifically, McKinstry and co-
workers found an increase in ADC during gestational weeks 26 through 32, which
corresponds to approximately P3 through P5 in the rat (Workman et al. 2013). Not all
studies are in agreement regarding ADC patterns in the cerebral cortex during this time
period, with one study in the rat showing constant mean diffusivity from P0 – P8 (Bockhorst
et al. 2008), and another showing a decrease in the rat from P3 – P6 (Sizonenko et al. 2007).
However, an increase in ADC very early on in development has been explained by
McKinstry and colleagues (McKinstry et al. 2002) as potentially reflecting programmed cell
death in the cerebral cortex. The lack of treatment group differences in ADC suggests that
the biological mechanisms underlying this phernomenon are not affected by prenatal
exposure to ethanol.

Interestingly, in the present experiment, axial diffusivity remained constant while radial
diffusivity increased with age. Again, there does not appear to be any consensus among
previous studies regarding axial or radial diffusivity patterns. At time points similar to those
studied here, rodent studies either confirm no change in axial diffusivity within the cerebral
cortex (Larvaron et al. 2007), or report reductions in axial diffusivity with maturation
(Bockhorst et al. 2008, Calabrese and Johnson 2013, Huang et al. 2008). Regarding radial
diffusivity, either increases similar to those seen here are reported (Bockhorst et al. 2008,
Calabrese and Johnson 2013), or no change in radial diffusivity is reported (Huang et al.
2008, Larvaron et al. 2007). Considering a loss of FA during early cortical development, an
increase in radial diffusivity corresponds to an increase in complexity of dendritic arbors
seen with maturation over this time period (Leigland and Kroenke 2011). Of note, the
significantly lower radial diffusivity values in the EtOH compared to the M/D group may
correspond to fewer or shorter collateral dendritic arbors seen in FASD (as discussed
above). This lends further support to the theory that there is disrupted isocortical
development seen with prenatal ethanol exposure detectable by FA measurements.

Interestingly, no differences in white matter ROIs within the corpus callosum were found
during this age period. Previous research suggests that there may be increases in white
matter FA at time periods immediately after those investigated here in normally-developing
rats (e.g. Calabrese and Johnson 2013). However, from P0 to P6, FA in the cerebral cortex
appears to be more sensitive to the deleterious effects of EtOH exposure on brain
development than FA within white matter. In the future, studies may benefit from
investigating both gray and white matter structures, as they provide important independent
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information that reflects distinct neurodevelopmental events throughout maturation of the
central nervous system.

Previously, we have found that fetal EtOH exposure is associated with reduced cerebral
cortical volume, both as a consequence of reduced cerebral cortical surface area and
thickness, throughout postnatal development (Leigland et al. 2013). Such findings are
consistent with results from studies of human subjects affected by FASD, in which fetal
EtOH exposure is associated with subsequently reduced cerebral cortical volume and
thickness (Zhou et al. 2011) (but see also Sowell et al. 2008, Yang et al. 2011, in which
increased cortical thickness relative to total brain size in FASD individuals has also been
observed). Cerebral cortical volumetric reductions were also observed in the rats studied
here. The link between cerebral cortical FA in the early postnatal rat brain and tissue
microstructure therefore suggests that abnormalities in development of the neuropil and
cerebral cortex differentiation may also underlie observed macroscopic volume differences
between the treatment groups.

In the research presented here, alcohol was administered throughout gestation in the rat
(corresponding to the first to middle-second trimester in humans), during which time
neuronal generation, proliferation and migration take place. The effects of this insult were
investigated during periods of rapid neuronal differentiation, corresponding to the early
postnatal period in the rat and the late second trimester in humans. While immediate effects
of alcohol administration have been demonstrated during cellular generation (Dunty et al.
2001), we observed that alcohol administration at this time also has consequences on the
subsequent events relevant to the development of neural circuits, such as dendritic
differentiation.

The lack of an observed interaction between the effects of treatment group and postnatal age
on cerebral cortical FA and AI are consistent with our previous findings related to
isocortical volume, which remained constant throughout adolescence and into adulthood.
This suggests the microstructural differences observed with diffusion MRI may be persistent
rather than transient with CNS development, and this is further supported by histological
evidence of long-term effects of prenatal alcohol exposure on cell numbers in the rat
(Chappel et al. 2007). However, as others have shown in rodents (Bockhorst et al. 2008,
Huang et al. 2008, Larvaron et al. 2007, Mori et al. 2001, Sizonenko et al. 2007, see also
Calabrese and Johnson 2013) and we and others have shown in other species (deIpolyi et al.
2005, Kroenke et al. 2007, 2009, McKinstry et al. 2002, reviewed in Leigland and Kroenke
2011) cerebral cortical FA decreases toward an asymptotically low value during the early
postnatal period (corresponding to the second half of gestation in humans; Leigland and
Kroenke 2011). While FA is higher in EtOH animals throughout the time period studied
here, an age-dependent reduction in FA is still observable in this group. Additionally, while
two-way ANOVA failed to reveal an interaction between age and group, group differences
do appear to decrease with age (e.g. compare FA differences at P0 to differences at P6 in
Figure 2C). Cerebral cortical FA is expected to decay a further 33% of its range subsequent
to P6, the latest time point examined herein, based on estimates derived from normally-
developing rats (Olavarria et al. 2012). Thus, it may be possible that the treatment group
differences shown here are transient. It may also be possible that at later ages, differences
between treatment groups may not be detectable due to an inability to differentiate between
low FA values. However, further research is necessary to definitively distinguish between
permanent and transient effects of prenatal exposure to EtOH. Regardless, even if diffusion
MRI-based investigation of the cerebral cortex is of limited utility at developmental periods
that follow morphological maturation of the cerebral cortex and its associated reduction of
water diffusion anisotropy, the data presented here strongly suggest this technique offers
potential for early detection of neurodevelopmental sequelae of fetal EtOH exposure.
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In quantitative anatomical studies of neuron morphology there are a number of outcomes
that have been reported, including branch length, overall dendrite arbor length, branch order,
radius and path distance from the soma (e.g. Donohue and Ascoli 2008). In general, such
measurements are time consuming, because completely labeled neurons must be identified,
and then comprehensively characterized. In this regard, an advantage of diffusion MRI
compared to traditional anatomical techniques is the ease with which quantitative parameters
reflecting morphological properties of ensembles of cells can be obtained, with the
additional benefit of characterizing tissue microstructure in living subjects. In order to
validate the proposed interpretation of diffusion MRI, specialized automated procedures
have recently been developed for efficiently characterizing tissue microstructural peroperties
related to cell morphology that are expected to be most closely related to diffusion MRI-
based measurements, such as those measuring axonal and dendritic orientation distribution
and AI (Budde and Frank 2012, Jespersen et al. 2012). For the current application, AI has
been found to be a particularly robust measurement that can be used to characterize large
areas of the cortex (or large numbers of dendrites), compared to methods requiring single
dendrites. Although structure tensor analysis measures the overall morphology of tissues
rather than isolated neurons and their processes, it provide an automated and quantitative
measure of anisotropy that is directly analogous to measures of water diffusion anisotropy.
These features have been used here to demonstrate correspondence between treatment-
related differences in FA and characteristics of tissue microstructure.

5. Conclusion
This research identifies water diffusion anisotropy within the developing cerebral cortex as a
measurement that is capable of detecting abnormal morphological differentiation resulting
from fetal EtOH exposure. The proposed interpretation of the diffusion MRI results is
supported by histological validational measurements, is consistent with previous animal
model studies of other neurodevelopmental disorders, and therefore is supportive of our
hypothesis that neuroimaging biomarkers focused on early cerebral cortical development are
of value for detecting early anatomical signatures of fetal-EtOH-induced damage. Given the
recent rapid pace of methodological advances to facilitate in utero MRI procedures, with
specific emphasis on diffusion-based contrast (see Studholme 2011 for review) the findings
presented here have potentially significant implications for the study of FASD in humans.
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Highlights

• Ex vivo DTI was performed on fetal ethanol exposed and control rat pup brains

• Cerebral cortical diffusion anisotropy was higher in ethanol pups than controls

• Perturbed microstructure was confirmed with histological structure tensor
analysis

• Diffusion MRI of the immature cerebral cortex offers promise as an FASD
biomarker
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Figure 1.
The two middle columns of images are laterally-facing mid-cortical surface models of one
rat postnatal day (P)0, P3 and P6 right hemisphere for each treatment group (ethanol (EtOH)
and maltose/dextrin (M/D)), on which cortical FA at each mid-cortical surface node is
projected. The outer columns represent mid-coronal FA maps for the right hemisphere of the
same subjects depicted in the middle columns. Cortical FA decreased significantly with age.
Additionally, cortical FA was largest, and isocortical volume smallest, in the EtOH group
compared to the M/D group. This group difference is most visible in the outer layers of the
cortex. Error bars represent one standard error. Scale bar is 4 mm. D = dorsal, V= ventral, M
= medial, L= Lateral, Cd = Caudal, R = Rostral.
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Figure 2.
A, B. Brain volume and isocortical volume in the rat (n = 3 – 4/age/group) increased
significantly with age in both groups, and were both significantly lower in the EtOH than in
the M/D group at all three ages [postnatal day (P)0, P3, P6]. C. Isocortical FA in both
treatment groups decreased significantly with age. Additionally, across age groups, the
maltose/dextrin (M/D) had the lowest mean isocortical FA, while the ethanol (EtOH) group
had the highest FA. D. The anisotropy index (AI) for a subset of subjects (1–3/age/group), in
both treatment groups decreased significantly with age. Additionally, across age groups, the
maltose/dextrin (M/D) group had the lowest mean isocortical AI, while the ethanol (EtOH)
group had the highest AI. Numbers of subjects in each group at each age are represented on
the x-axes above the age group labels. Please note that for the brain volume, isocortical
volume and FA analyses, numbers represent numbers of subjects. For the AI analysis
numbers represent the numbers of histological slices included in the analysis. Statistical
results for effects of age and group on each dependent variable are represented in each graph
in the form of p-values.
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Figure 3.
An FA map for one P6 M/D subject is shown on the left corresponding to the directional FA
map (center). The directional FA map is shown for the same section with only the in-plane
orientation for direct comparison with the directional AI map (far right), which is
necessarily constrained in two dimensions. Green color indicates tissues oriented in a dorsal-
ventral direction, while red indicates a medial-lateral direction. Please note that while blue
coloring is typically used to represent water diffusion anisotropy oriented in the dorsal –
ventral plane (e.g. Huang et al. 2008), green coloring was substituted here to increase
contrast for visualization purposes. There is a close correspondence between the directional
FA and AI maps.
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Figure 4.
A regression analysis investigating the relationship between AI and FA resulted in a
significant direct overall association between AI and FA (p < 0.001). This relationship was
also significant in both treatment groups separately (EtOH p < 0.0001, M/D p < 0.0001).
This suggests that the morphological characteristics of neurons, represented by AI, underly
FA meausurements in the developing cerebral cortex, and that this is true in both normal as
well as FASD development.
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