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Abstract

Objective—Absence epilepsy is a common seizure disorder in children which can produce chronic
psychosocial sequelae. Human patients and rat absence models show bilateral spike-wave discharges
(SWD) in cortical regions. We employed diffusion tensor imaging (DTI) in rat absence models to
detect abnormalities in white matter pathways connecting regions of seizure activity.

Methods—We studied Wistar albino Glaxo rats of Rijswijk (WAG/RIj), genetic absence epilepsy
rats of Strasbourg (GAERS), and corresponding nonepileptic control strains. Ex vivo DTI was
performed at 9.4T with diffusion gradients applied in 16 orientations. We compared fractional
anisotropy (FA), perpendicular (A_L) and parallel (A;) diffusivity between groups using t-maps and
region of interest (ROI) measurements.

Results—Adult epileptic WAG/RIj rats exhibited a localized decrease in FA in the anterior corpus
callosum. This area was confirmed by tractography to interconnect somatosensory cortex regions
most intensely involved in seizures. This FA decrease was not present in young WAG/RIj rats before
onset of SWD. GAERS, which have more severe SWD than WAG/RIj, exhibited even more
pronounced callosal FA decreases. Reduced FA in the epileptic animals originated from an increased
AL with no significant changes in ;.
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Interpretation—Reduced FA with increased AL suggests that chronic seizures cause reduction in
myelin or decreased axon fiber density in white matter pathways connecting regions of seizure
activity. These DTI abnormalities may improve the understanding of chronic neurological difficulties
in children suffering with absence epilepsy, and may also serve as a noninvasive biomarker for
monitoring beneficial effects of treatment.

Introduction

Absence seizures affect 10-15% of children with epilepsy, and can significantly impair quality
of life. Onset is typically at age 5-7 years, with frequent staring spells and spike-wave
discharges (SWD) on electroencephalography (EEG). There is also milder impaired attention
between absence episodes (Levav et al., 2002;Mirsky and VVan Buren, 1965), and long-term
psychosocial sequelae are not uncommon (Camfield and Camfield, 2002;Wirrell et al.,
1997). Improved noninvasive methods are needed to study the long-term consequences of this
disorder, to better understand the pathophysiology, and to investigate potential beneficial
effects of treatment.

Previous studies suggest that typical SWD in absence epilepsy depend on long-range cortico-
thalamic and cortico-cortical network interactions (Avoli and Gloor, 1982;Blumenfeld,
2005;Blumenfeld and McCormick, 2000;Meeren et al., 2005). Although considered
“generalized” (ILAE, 1981), there is substantial evidence that specific networks are intensely
involved in absence epilepsy, while others are spared (Blumenfeld, 2003,2005). On human
EEG, SWD amplitude is typically greatest in midline frontal regions, and smaller in occipital
regions (Holmes et al., 2004;Rodin and Ancheta, 1987;Weir, 1965). Numerous fMRI studies
of patients with spike-wave epilepsy have also shown changes in bilateral cortex and thalamus
during SWD (Archer et al., 2003;Berman et al., 2008;Gotman et al., 2005;Hamandi et al.,
2008;Moeller et al., 2008). The corpus callosum is a crucial conduit for synchronizing intense
SWD activity in the two hemispheres, since cutting the corpus callosum in rodent and feline
models of absence leads to independent SWD on the left and right without contralateral
synchrony (Musgrave and Gloor, 1980;Vergnes et al., 1989). Given the importance of network
interactions in SWD generation, we expected that neuroimaging methods geared towards
networks would be particularly well suited to measuring chronic structural brain abnormalities
in this disorder.

Investigation of the corticothalamic networks crucial to SWD generation have been greatly
enhanced by a number of experimental animal model systems (Avoli et al., 1990;Crunelli and
Leresche, 2002). Rodent models, such as Wistar albino Glaxo rats of Rijswijk (WAG/Rij rats),
and the genetic absence epilepsy rats from Strasbourg (GAERS), resemble the human disorder
in behavior during seizures, EEG, and response to medications (Coenen et al., 1992;Danober
etal., 1998). Like in humans, investigation of these models has shown bilateral cortical
involvement during SWD. Thus, numerous electrophysiological, fMRI, and molecular studies
have demonstrated intense involvement of the anterior brain perioral and barrel (S1BF)
somatosensory cortex, while occipital cortex is almost entirely spared during seizures (Klein
etal., 2004;Meeren et al., 2002;Nersesyan et al., 2004a;Nersesyan et al., 2004b;VVergnes et al.,
1990).

Animal models have also been important for recent investigations of the beneficial effects of
early treatment on spike-wave epilepsy. We found that early treatment of a genetic rat absence
model can improve the phenotype, reducing seizures and preventing long-term molecular

changes associated with this disorder (Blumenfeld et al., 2008). These findings raised the hope
that as the genetics of absence epilepsy becomes better understood, it will be possible to predict
the risk of this disorder, and improve outcome through early therapeutic intervention. To

implement this treatment approach, it will be necessary to develop non-invasive biomarkers,
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first in animal models, and ultimately in human treatment trials, to monitor long-term
microstructural changes in the brain associated with the abnormal phenotype and its prevention
by treatment.

Several imaging approaches have been used to measure chronic changes in idiopathic
generalized epilepsy, including MR spectroscopy and morphometric analysis (Bernasconi et
al., 2003;Chan et al., 2006;Duncan, 2004, 2005;Woermann et al., 1998). However, these
imaging approaches have not emphasized the network dysfunction known to play a critical
role in the generation of SWD (Avoli et al., 1990;Blumenfeld, 2005;Crunelli and Leresche,
2002). Diffusion tensor imaging (DTI) provides a method for assessing the microstructural
integrity of long-range white matter networks, based on the diffusion properties of water in
tissue (Basser and Jones, 2002;Chahboune et al., 2007;Kale et al., 2006;Mori and Zhang,
2006). DT has emerged as a useful tool for measuring subtle white matter changes in numerous
disease states including Alzheimer’s disease, multiple sclerosis, stroke, schizophrenia and
others (Assaf and Pasternak, 2008;Boska et al., 2007;Budde et al., 2007;DeBoy et al.,
2007;Mori et al., 2002;Song et al., 2004). In epilepsy, DTI has also found growing use in both
human patients (Eriksson et al., 2001;Grant, 2005;Kimiwada et al., 2006;Luat and Chugani,
2008;Rugg-Gunn et al., 2001;Rugg-Gunn et al., 2002;Thivard et al., 2005) and in animal
models (Obenaus and Jacobs, 2007) by identifying potentially epileptogenic lesions, providing
information about pathways for seizure propagation, and detecting abnormalities even when
conventional MRI is normal. In this study, we have therefore used DTI in the WAG/Rij absence
rodent model at two different developmental stages, before and after the onset of epilepsy to
first identify DTI changes related to epileptogenesis. We then used a different animal model
of absence (GAERS) to determine the specificity of these changes. These ex vivo DTI results
in spike-wave epilepsy models are an important step for understanding neurological difficulties
in children suffering from absence epilepsy, demonstrating that white matter abnormalities
could contribute to chronic dysfunction in what has classically been considered a gray matter
disorder. In addition, this approach may be useful for developing noninvasive methods to
evaluate potential beneficial effects of early treatment.

All procedures were in full compliance with approved institutional animal care and use
protocols. Animals studied were female Wistar albino Glaxo rats of Rijswijk (WAG/RIj)
((Harlan, Indianapolis, Indiana, USA) at 1.7 and 8 months and age-matched nonepileptic
(control) Wistar rats from Charles River Laboratories (Raleigh, NC, USA), as well as female
genetic absence epilepsy rats of Strasbourg (GAERS) and its nonepileptic control (NEC) (both
strains bred at Cardiff University, originating from Strasbourg) at 4.2 months. GAERS have a
mature SWD phenotype by about 2 months of age, while WAG/RIj rats have fully developed
SWD by about 4 months (Depaulis and van Luijtelaar, 2005), so both the adult WAG/Rij and
adult GAERS groups exhibited fully developed SWD at the time of the experiment. Six groups
of animals were studied: adult WAG/Rij (n=9), adult Wistar control (n=7), young WAG/Rij
(n=6), young Wistar control (n=5), adult GAERS (n=5), adult NEC (n=5). To match conditions
for recording, perfusion, and imaging (Kim et al., 2007), all procedures were performed in
parallel in age-matched epileptic and non-epileptic animals.

Electrode implantation

For WAG/RIj and nonepileptic Wistar controls, under ketamine (100mg/kg), xylazine (10mg/
kg), and acepromazine (1mg/kg) anesthesia, we implanted stainless steel tripolar electrodes

(Part# MS333/3-A, Tripolar electrode uncut untwisted 0.005; Plastics One Inc., Roanoke, VA;
Internal control #8LMS3333XXXE, Pedestal Height: 8 mm.) using a stereotactic frame (David
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Kopf Instruments, Tujunga, CA). To provide good electrical contact before wrapping around
skull screws, the ends of the recording electrodes were prepared by scraping off all the
polyimide insulation and exposing stainless steel wire up to 10 mm from the tip, leaving
insulation intact proximally, as verified under the microscope. Level of anesthesia was
monitored by respiration, heart rate, glabrous skin perfusion, and response to foot pinch. Small
burr holes (using Micro Drill Steel Burrs, 2.3mm shaft diameter, 44mm overall length; Item #
19007-14, Fine Science Tools (USA), Inc.) were made in the skull without damaging the dura
and electrodes were secured to the skull using stainless steel screws (Plastics One, Part #
0-80X1/16, Internal control # 8L.010121201F with shaft length=1.60 mm, head diameter=2.50
mm, shaft diameter=1.57 mm). EEG recording electrodes were placed at frontal cortex (AP
+2.0, ML +2.0 mm), and parietal cortex (AP —6.0, ML +2.0 mm) and a ground electrode was
placed in the midline over the cerebellum. An anchoring screw, without electrode, was placed
ML —2.5 mm, at an equal distance between the coronal suture and the lambdoidal suture. Dental
acrylic (Cat # 1255710; Henry Schein Inc, Indianapolis, IN; Lang Jet Denture Repair Acylic)
was used to fix the electrode pedestal in place. Similar procedures were used for GAERS and
NEC, except that rats were anaesthetized with isoflurane (0.8-1%), and implanted with gold
plated screws (standard gold screw posts, Minerva Dental Limited, UK).

EEG recordings

Epileptic and nonepileptic animals were given a 1 week recovery period after surgery. For
WAG/RIj and Wistar control rats, EEG signals were recorded via commutator (Plastics One,
Inc.) using a Grass CP 511 amplifier (Grass- Telefactor, Astro Med, Inc., West Warwick, RI).
Band pass frequency filter settings were 1-300 Hz. Signals were digitized at a sampling rate
of 1 kHz with an NI USB-6008 A/D converter and LabView 7.1 software (National
Instruments, Austin, TX), and analyzed using Spike 2 (Cambridge Electronic Design,
Cambridge, UK). Similar recording procedures were used for GAERS and NEC except that
signals were amplified using a Neurolog 104 differential amplifier (Digitimer, Welwyn Garden
City, UK), digitally acquired and processed using pClamp 9 (Molecular Devices). For all
animal groups, continuous EEG data were recorded for 3 hours from awake behaving rats
between 10:00 a.m. and 5:00 p.m. Since even ordinary (unselected) Wistar rats can occasionally
show a SWD phenotype (Coenen et al., 1992;Coenen and Van Luijtelaar, 2003), the non-
epileptic control rats were screened by EEG and if significant SWD occurred, they were
eliminated from the experiment. No selection procedure was used for the WAG/Rij, GAERS,
or NEC rats.

Analysis of EEG data

SWDs were defined as large-amplitude (>2x the background EEG peak-to-peak amplitude)
rhythmic 7-8 Hz discharges with typical spike-wave morphology lasting >1.0 s. Intervals
containing artifact or slow wave sleep were excluded from the analysis. Start and end times
for all SWDs were marked. Number of seizures, and seizure durations were then calculated.
Percenttime in SWD was determined as (sum of SWD interval durations/ total usable recording
time) x 100% (Blumenfeld et al., 2008).

Intracardial perfusion of rats

Rats were anesthetized with sodium pentobarbital or Euthasol (100-150 mg/kg IP), followed
by intracardiac perfusion with physiological NaCl solution and 4% cold paraformaldehyde
(PFA) in 0.01M phosphate buffered saline (PBS) (pH = 7.4). After perfusion, brain was
harvested maintaining integrity and stored in 4% PFA in PBS at 4 ° C. Before MR, the brains
were washed into PBS for 24h to remove the fixation solution and then, brain was placed into
a custom-built MRI compatible tube. The tube was filled with Fluorinert, an MRI
susceptibility-matching fluid (Sigma-Aldrich, Inc., St. Louis, MO).
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MRI experiments

Imaging was conducted on a 9.4 T horizontal bore magnet (Bruker, Billerica, MA, U.S.A.)
with a custom-made cosine H radio frequency coil (14 mm diameter). A set of contiguous
coronal slices were acquired to cover the entire brain. DTI experiments were performed using
the Stejskal-Tanner spin-echo diffusion-weighted sequence using the following parameters,
d=5ms and A= 15 ms (where & and A are the durations of diffusion gradient and time elapsed
between the two diffusion gradients, respectively); repetition time (TR)/echo time (TE) =
1000/18 ms; the matrix size = 128 x 64, zero-filled to 256 x 128; number of averages was 28.
The slice thickness was 0.5 mm, the in-plane resolution 230 pm x 230 um. Fifteen images with
noncollinear diffusion weighting with b = 1000 s/mm? were acquired along with one reference
image with no diffusion weighting.

Image processing and analysis

The six independent elements of the diffusion tensor were calculated from each series of
diffusion-weighted images. The resulting tensor element maps were used to derive the
eigenvalues (A1, A2, and A3) and the corresponding eigenvectors (el, 2, e3) of the diffusion
tensor by matrix diagonalization (Hasan et al., 2001;Jones et al., 1999). The DTI indices
fractional anisotropy (FA), parallel diffusivity (x"), and perpendicular diffusivity (AL) values
were derived on a pixel-by-pixel basis using in house written software in Matlab (The
MathWorks, Inc., Natick, MA) as defined by the following equations:

3 (A1 = Adaye)* (A2 — Aaye)* +(A3 — Aaye)?
FA=4/5 2. 12,2
2 A +A5+4,

A=Ay and A 1 =(12+43)/2

Image processing, ROI analyses and tractography were performed using Biolmage Suite 2.6
(http://www.bioimagesuite.org/). FA maps were first manually coregistered to a common
template by a rigid body transformation. The template for each group of animals was a dataset
from a single animal within that group. To ensure that all slices retained the identical number
of voxels for statistical analysis, any slices with missing data from the front or back of the brain
following the rigid body transformation were eliminated. This step was followed by a non-
linear intensity-based warping parameterized in terms of a tensor b-spline grid with uniform
control point spacing (Papademetris et al., 2004). t-maps were generated from coregistered FA
maps with t value threshold=2.00, extent threshold of 50 voxels (voxel dimensions = 0.234 x
0.234 x 0.5 mm) and FA threshold of 0.30. t-maps were then overlaid on the template FA maps
for identification of regional changes, by comparison with a standard rat anatomical atlas
(Paxinos and Watson, 1998). ROI analyses were performed by manually drawing ROIs in each
individual image's original space before coregistration. The entire analysis was also confirmed
using single ROIs in the common space, yielding the same results (data not shown). Two
regions were identified for ROI analysis based on FA changes in the t-maps. 10 voxels were
sampled across the body of the anterior corpus callosum near the midline at 1.3mm posterior
to bregma and 10 voxels were sampled from each side of the superior fornix (20 voxels total)
at 1.8mm posterior to bregma (see Supplementary Figure 1). Average FA, AL and M values
within each ROI were then calculated, and statistical analysis performed comparing these
values between matched groups of epileptic animals and nonepileptic controls.

We used tractography to verify that the selected ROIs were located in the expected anatomical
white matter pathways. Tractography was performed using an eigenvector tracking algorithm
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based on the fourth-order Runge-Kutta method (Basser et al., 2000). Fiber tracts were seeded
from the same 10 voxels in the midline body of the anterior corpus callosum and 20 voxels in
the superior fornix used in the ROI analysis (see Supplementary Figure 1). Fibers were
restricted to regions with FA greater than 0.3 and maximum turning angle was limited to 45
degrees to prohibit biologically implausible tracts.

EEG recordings confirmed frequent SWD in adult WAG/RIj and GAERS, but not in young
WAG/RIj and not in controls. Mean SWD per hour were 18.21 + 6.32 for adult WAG/RIj rats,
and 54.83+30.92 for adult GAERS. The SWD per hour we observed were similar to those
reported previously in these models of spike-wave epilepsy (Coenen et al., 1992;Coenen and
Van Luijtelaar, 1987;Depaulis and van Luijtelaar, 2005). In contrast, mean SWD per hour were
0.38 £ 0.51 for adult nonepileptic Wistar controls, and no SWD were observed in young WAG/
Rij rats, young nonepileptic Wistar controls, and in adult NEC rats. We also found that mean
SWD duration and total time spent in SWD were increased in epileptic adult WAG/Rij and
GAERS compared to young WAG/RIj and controls animals (see Table 1).

Adult WAG/RIj exhibited a strong localized decrease in FA in the anterior corpus callosum
(AP —1.3 to —2.3 mm) compared to age-matched nonepileptic Wistar controls (Fig. 1). The
decreased FA in the anterior corpus callosum was not seen in young WAG/RIj rats before the
onset of SWD (Fig. 2). Other regions, such as the fornix also showed reduced FA in the WAG/
Rij rats compared to controls. However, these differences were observed in WAG/RIj rats both
before and after the onset of SWD (Fig. 1, Fig. 2), so they may reflect other strain differences
not linked to the presence of SWD. To further test whether reduced FA in the anterior corpus
callosum is related to the epileptic phenotype, we analyzed FA in GAERS, which have more
severe SWD than WAG/RIj rats (Table 1). The GAERS exhibited a marked decrease in FA in
the anterior corpus callosum, which was more extensive than in the WAG/RIj rats (Fig. 3). In
comparing the GAERS to NEC, differences in FA in other regions such as the fornix were
again seen. However, these were in the opposite direction from the WAG/RIj rats, with
increased FA observed in the fornix of GAERS compared to NEC (Fig. 3). These data again
suggest that FA differences in the fornix are not linked to the SWD phenotype.

To further quantify the changes in FA, ROI analyses were performed in the regions of the
corpus callosum and fornix which showed the strongest differences. In the anterior corpus
callosum, the FA values were decreased in adult epileptic WAG/RIj (P<0.03) and GAERS
(P<0.03) compared to controls (Fig. 4 A). In contrast, the young WAG/RIj rats before the onset
of SWD, experienced no significant FA differences in the anterior corpus callosum compared
to controls (Fig. 4 A). The reduced fractional anisotropy seen in epileptic animals vs. control
may indicate a loss in the density of axon fibers and myelin leading to increased perpendicular
diffusivity (AL); or a change in the individual axon fiber diameter leading to decreased parallel
diffusivity (1 ). Analysis of the full diffusion tensor including eigenvalues can provide
information on structural integrity and the underlying histological processes following injury
to cerebral white matter. With respect to AL, the adult epileptic WAG/RIj (P<0.003) and
GAERS (P<0.03) experienced significantly higher values in the corpus callosum compared to
controls, with no significant difference between young WAG/Rij and controls (Fig. 4B).
Investigation of A || diffusivity parallel to the fibers in the corpus callosum showed no significant
differences in young and adult WAG/Rij or GAERS compared to their controls (see
Supplementary Figure 2 online). These findings suggest that reduced FA seen in the epileptic
animals is due to an abnormal increase in AL .

In the fornix, ROI analyses in both adult and young WAG/RIj rats exhibited reduced FA
(P<0.003, P<0.04, respectively) compared to controls, and the GAERS had a significant
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increase in the FA (P<0.006) compared to controls (Fig. 5A). In the fornix, AL the diffusivity
perpendicular to the fibers, was significantly increased in adult and young WAG/Rij (P<0.01
and P<0.05, respectively) compared to controls while the GAERS exhibited a significant
decrease in AL (P<0.003) compared to controls (Fig. 5 B). Like in the corpus callosum, there
were no changes in || between any of the groups (see Supplementary Figure 2, online). As
was already discussed, the changes in FA and AL in the fornix do not seem related to the
presence of SWD, since both adult (epileptic) and young (before SWD onset) WAG/RIj rats
showed similar changes in the fornix, while opposite changes were seen in epileptic GAERS.

We next used tractography to determine the anatomical course of the white matter pathways
for all selected ROIs. In the example shown in Fig. 6, fiber tracts resulting from seeding the
ROI in the anterior corpus callosum showed that the fibers interconnect the facial
somatosensory cortex (S1BF) between the two hemispheres. The facial somatosensory cortex
is known to be involved in seizure discharges in both WAG/Rij and GAERS (Meeren et al.,
2002;Nersesyan et al., 2004b;Polack et al., 2007;VVergnes et al., 1990). Seeding the anterior
corpus callosum ROI produced fiber tracts passing adjacent to S1BF bilaterally in 37 of 37
animals studied, and presumably interconnecting these regions. In addition, as expected,
seeding the fornix ROIs (Fig. 6) led to fiber tracts passing to the bilateral hippocampi and
hippocampal commissure in 37 of 37 animals studied.

Discussion

We found that DTI in rat models of absence epilepsy detected abnormal decreases in FA in the
anterior corpus callosum. Adult epileptic WAG/Rij rats showed reduced callosal FA compared
to controls, but these changes were not seen in young WAG/RIj rats before the onset of SWD.
In addition, adult epileptic GAERS, which have a more severe SWD phenotype, had even more
extensive FA changes in the anterior corpus callosum than the WAG/RIj rats. The reduced FA
in epileptic animals was related to increased perpendicular diffusivity in the same regions, with
no significant changes in parallel diffusivity. The area of anterior corpus callosum exhibiting
these changes was shown through tractography to interconnect the bilateral facial
somatosensory cortices, regions demonstrated previously to be involved in seizure discharges
in the two hemispheres (Meeren et al., 2002;Nersesyan et al., 2004b).

These findings suggest that chronic abnormal epileptic activity in the cortex in spike-wave
epilepsy may lead to microstructural changes in white matter pathways interconnecting the
regions of seizure discharges. The functional consequences of these white matter changes are
not known, and in fact it is not clear whether these changes are a consequence of SWD, or
caused by some other aspect of the underlying disorder. However, we can speculate that chronic
seizures cause white matter dysfunction in what has previously been considered mainly a gray
matter disease, and that white matter dysfunction could contribute to some of the long-term
attentional and other psychosocial problems seen in the generalized epilepsies (Camfield and
Camfield, 2002;Wirrell et al., 1997). Decreased FA can be caused by decreased diffusivity
parallel to axonal fibers or by increased perpendicular diffusivity (Beaulieu, 2002, 2006).
Electron microscopy studies of reduced FA have related increased AL to reduced axons per
cross-sectional area (Concha et al., 2008;Hui et al., 2007) or to decreased myelin (Gulani et
al., 2001;Harsan et al., 2006). Reduced FA with decreased Ml has been related to reduced
axonal caliber (Harsan et al., 2006;Wu et al., 2007). Since we saw reduced FA with increased
AL and no significant change in | this suggests that these epilepsy models may have reduced
axons or myelin in the affected white matter. Reduced FA with increased AL was also recently
described in the fornix of temporal lobe epilepsy patients, and electron microscopy of excised
tissue revealed increased extra-axonal fraction and reduced axonal density (Concha et al.,
2008). Decreased FA with an increase in AL has also been observed in other conditions due
to decreased myelin (Gulani et al., 2001;Harsan et al., 2006). Clearly, further studies with
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electron microscopy will be necessary to determine the ultrastructural basis of the abnormalities
in DTI that we observed in rodent SWD models.

Although epilepsy is usually not considered a white matter disease, several previous studies
have suggested abnormalities in white matter and myelin as possible cause or effect of epilepsy.
For example, as already discussed, DTI abnormalities have been found in patients and animal
epilepsy models (Eriksson et al., 2001;Grant, 2005;Kimiwada et al., 2006;Luat and Chugani,
2008;0benaus and Jacobs, 2007;Rugg-Gunn et al., 2001;Rugg-Gunn et al., 2002;Thivard et
al., 2005). Epileptic seizures occur in several different rodent mutants with myelin diseases
(Bloom et al., 2002;Bradl et al., 1999;Griffiths, 1996;Hoffmann et al., 2008;Rosenbluth,
1990;Seyfried et al., 1986). In humans, seizures are known to occur with increased incidence
in patients with multiple sclerosis (Koch et al., 2008), and infantile spasm, a form of pediatric
epilepsy, has been associated with abnormal myelination (Muroi et al., 1996;Schropp et al.,
1994). Given our findings in rodent models, it will be of interest to determine if human patients
with absence epilepsy have similar DT abnormalities, and if these abnormalities occur in white
matter pathways interconnecting the brain regions most intensely involved in absence seizures.

Although, as has already be mentioned, it is not known whether the DTI changes we observed
were caused by seizures or by some other developmental change accompanying SWD, the
animal models afford the opportunity to test whether SWD blockade can prevent the observed
DTI changes. Early treatment of WAG/RIj rats with ethosuximide before the developmental
onset of SWD and continued through adulthood was found to suppress seizures and molecular
changes usually seen in these rats in adulthood even 3 months after the medication was stopped
(Blumenfeld et al., 2008). Early treatment of GAERS for a shorter time period was found to
have a similar, but somewhat less strong suppressive effect on SWD epileptogenesis
(Dedeurwaerdere et al., 2005). It will be crucial in future studies to test whether early and
sustained blockade of SWD in WAG/Rij and GAERS will be sufficient to prevent the observed
DTI abnormalities. If these changes can be prevented by early therapy in rodent models, then
DTI may be a promising biomarker for human therapeutic trials based on early treatment, once
the genetic understanding of absence epilepsy allows presymptomatic diagnosis.

Our data suggest that DT abnormalities in the corpus callosum were associated with SWD, as
the changes were only seen in adult epileptic animals after the onset of seizures, and were more
extensive in GAERS, which have a more severe SWD phenotype. The corpus callosum
represents the most critical connection for the inter-hemispheric propagation of epileptic
activity as it is the largest commissural fiber pathway, connecting cortical regions of the
hemispheres. It has an essential role in the integration of information between the hemispheres
(Gazzaniga, 2000), and has been shown previously to play arole in SWD synchrony (Musgrave
and Gloor, 1980;Vergnes et al., 1989). Interestingly, a large degree of trans-hemispheric
coherence was recently demonstrated between the right and left somatosensory cortex during
SWDs in WAG/RIj rats (Sitnikova et al., 2006). We also observed decreased FA and increased
AL in the fornix of WAG/RIj rats compared to controls. However, these changes were also
present in young WAG/RIj rats before the onset of SWD, and the opposite changes (increased
FA with decreased L) were seen in GAERS with robust SWD, suggesting that these changes
in the fornix are not directly associated with the presence of SWD. Interestingly, the limbic
circuitry including the hippocampus, which contributes major connections to the fornix, has
been shown to be relatively spared during SWD in WAG/Rij and GAERS (Coenen and Van
Luijtelaar, 2003;Nersesyan et al., 2004a;Vergnes et al., 1990). However, indirect evidence
suggests altered limbic system function in these models, including increased resistance to
kindling (Aker et al., 2006;Eskazan et al., 2002), and heightened anxiety and depression-like
behaviors (Jones et al., 2008;Sarkisova et al., 2008). Therefore, the DTI changes we observed
in the fornix may participate in as yet unknown mechanisms of altered limbic function in these
models, not directly related to the presence of SWD. Ultimately, to determine whether the DTI
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changes in the fornix are related in some way to SWD an important test will, again, be to
investigate the effects of early treatment on the observed DTI changes.

In conclusion, we have found DTI abnormalities in the anterior corpus callosum in WAG/RIj
rats and GAERS in the white matter pathway interconnecting bilateral cortical regions most
directly involved in SWD. The abnormalities suggest that pathological changes occur in the
white matter associated with this disorder, and may contribute to chronic or cumulative
neurological abnormalities in absence epilepsy. Hopefully, with further investigation, DTI
changes can become a useful noninvasive biomarker of absence epilepsy progression, and its
prevention by early therapy.
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Figure 1.

Epileptic adult (8 mo) WAG/RIj rats have decreased fractional anisotropy in anterior corpus
callosum and other regions compared to controls. t-maps from AP —0.8 to —3.8 mm are shown
for adult WAG/RIj (n=9) vs.age-matched nonepileptic Wistar controls (n=7), with warm colors
representing decreased FA in WAG/RIj vs. controls, and cool colors the opposite. In adult
epileptic WAG/RIj rats, decreased FA was observed in the anterior corpus callosum (CC), and
in other regions including the fornix (F). t value threshold=2.00, extent threshold = 50 voxels
(voxel dimensions 0.234 x 0.234 x 0.5 mm), and FA threshold = 0.30.
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Figure 2.

Young (1.7 mo) WAG/RIj rats before onset of SWD do not have decreased fractional
anisotropy in anterior corpus callosum. t-maps from AP —0.8 to —3.8 mm are shown for young
WAG/RIj (n=6) vs. age-matched nonepileptic Wistar controls (n=5). Warm colors represent
decreased FA in WAG/RIj vs. controls, and cool colors the opposite. Anterior corpus callosum
(CC) does not show decreased FA in WAG/RIj vs. controls, while other regions including the
fornix (F) do show decreases. t value threshold=2.00, extent threshold = 50 voxels (voxel
dimensions 0.234 x 0.234 x 0.5 mm), and FA threshold = 0.30.
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Figure 3.

Epileptic adult (4.2 mo) GAERS have decreased fractional anisotropy in anterior corpus
callosum compared to nonepileptic controls. t-maps from AP +0.2 to —2.8 mm are shown for
adult GAERS (n=5) vs. age-matched NEC (n=5). Warm colors represent decreased FA in
GAERS vs. controls, and cool colors the opposite. In adult epileptic GAERS, extensive
decreased FA was observed in the anterior corpus callosum (CC). Unlike the WAG/Rij rats
(Figure 1, (Figure 2), the fornix (F) showed increased FA in GAERS vs. controls. t value
threshold=2.00, extent threshold = 50 voxels (voxel dimensions 0.234 x 0.234 x 0.5 mm), and
FA threshold = 0.30.
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Figure 4.

Anterior corpus callosum shows reduced FA and increased perpendicular diffusivity (A1) in
adult epileptic animals. A. FA values are decreased in adult WAG/RIij (P<0.03, two-tailed t-
test) and GAERS (P<0.03) compared to controls. The young WAG/RIij experienced no
significant FA differences in the anterior corpus callosum compared to controls. B. AL was
significantly higher in adult WAG/RIj (P<0.003) and GAERS (P<0.03) compared to control,
with no significant difference between young WAG/Rij and controls. Animals and groups are
the same as in Figure 1-Figure 3.
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Figure 5.

Fornix shows reduced FA and increased A_Lin adult and young WAG/RIj, but opposite changes
in GAERS. A. Both adult and young WAG/RIj rats exhibit reduced FA (P<0.003, P<0.04,
respectively; two-tailed t-test) compared to control, whereas the GAERS had significant
increase in the FA (P<0.006) compared to control. B. Adult and young WAG/RIj exhibit a
significant increase of A (P<0.01, P<0.05, respectively) compared to control, whereas the
GAERS exhibit a significant decrease in A-- ( P<0.003) compared to control. Animals and
groups are the same as in Figure 1-Figure 3.
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Figure 6.

Examples of tractography seeding from anterior corpus callosum and fornix ROIs. A. Oblique
lateral view showing relationship between anterior corpus callosum ROI (purple) and fiber
tracts (yellow) from this seed point leading to bilateral facial somatosensory cortex (S1BF).
Seed points in bilateral fornix ROIs (green) lead to fiber tracts (red) in fornix that reach bilateral
hippocampus (not shown) and hippocampal commissure. A single coronal FA map slice at AP
—0.8 mm is shown for reference, along with the location of the barrel field primary
somatosensory cortex (S1BF). B. Oblique superior view showing same tracts as in A. Coronal
FA map slice at AP —0.8 mm and horizontal slice at SI 4.1mm relative to bregma are shown
for reference.
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Animal Group SWD/hour % time SWD SWD duration (s) N
Adult WAG/Rjj 18.21 £6.32 192+1.11 3.54 +1.06 9
Adult Wistar control 0.43+0.52 0.02 +0.03 1.11+1.06 7
Young WAG/Rij 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 6
Young Wistar control 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 5
Adult GAERS 54.83+30.92 14.28+10.96 10.04+9.35 5
Adult NEC 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 5

a
All values are mean + SD.
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