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Neurobiology of Disease

A Novel, Noninvasive, Predictive Epilepsy Biomarker with

Clinical Potential

ManKin Choy,"?* Celine M. Dubé,”* Katelin Patterson,>*
Anton N. Hasso,’> Andre Obenaus,® and Tallie Z. Baram!->4

Samuel R. Barnes,> Pamela Maras,? Arlin B. Blood,$

'Department of Pediatrics, 2Department of Anatomy/Neurobiology, *Department of Radiological Sciences, and “Department of Neurology, University of

California-Irvine, Irvine, California 92697, and *Department of Radiation Medicine and ®Department of Pediatrics, Loma Linda University School of

Medicine, Loma Linda, California 92350

A significant proportion of temporal lobe epilepsy (TLE), a common, intractable brain disorder, arises in children with febrile status
epilepticus (FSE). Preventative therapy development is hampered by our inability to identify early the FSE individuals who will develop
TLE. In a naturalistic rat model of FSE, we used high-magnetic-field MRI and long-term video EEG to seek clinically relevant noninvasive
markers of epileptogenesis and found that reduced amygdala T, relaxation times in high-magnetic-field MRI hours after FSE predicted
experimental TLE. Reduced T, values likely represented paramagnetic susceptibility effects derived from increased unsaturated venous
hemoglobin, suggesting augmented oxygen utilization after FSE termination. Indeed, T, correlated with energy-demanding intracellular
translocation of the injury-sensor high-mobility group box 1 (HMGB1), a trigger of inflammatory cascades implicated in epileptogenesis.
Use of deoxyhemoglobin-sensitive MRI sequences enabled visualization of the predictive changes on lower-field, clinically relevant
scanners. This novel MRI signature delineates the onset and suggests mechanisms of epileptogenesis that follow experimental FSE.
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Introduction
Temporal lobe epilepsy (TLE) is a common, often treatment-
resistant brain disorder (Cendes et al., 1993a; French et al., 1993).
Childhood long febrile seizures, especially febrile status epilepti-
cus (FSE; seizures >30 min), are significant risk factors for devel-
oping TLE: a history of FSE is found in 35-75% of individuals
with TLE (Annegers et al., 1987; Cendes et al., 1993b). Despite
significant progress in understanding the mechanisms that un-
derlie epileptogenesis, no preventative treatments are available. A
major barrier to developing such therapies stems from the cur-
rent inability to identify those who develop TLE after FSE until
seizures emerge (Mathern etal., 1995; Kelley et al., 2009). Because
the mean time to TLE onset after FSE is 8—12 years (Mathern et
al., 1995), a predictive marker should facilitate identification of
candidates for future targeted interventions.

MRI is quantifiable and repeatable, enabling monitoring of
disease onset and progression. MRI at low magnetic field has
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been used to study children with FSE and revealed generally uni-
lateral increased T, values within 2-5 d (VanLandingham et al.,
1998; Scott et al., 2002; Lewis et al., 2014). Similar findings have
been observed in immature rodent FSE models using similar time
frames and relatively low-magnetic-field MRI systems (Dubé et
al., 2004; Jansen et al., 2008). However, it remains unknown
whether these changes predict epilepsy and the underlying neu-
robiological mechanisms are incompletely understood.

Here, we investigated MRI changes occurring within hours
after FSE as potential predictive markers for TLE using a high-
resolution, high-field scanner. We used an established rat model
of FSE induced by hyperthermia involving endogenous fever me-
diators (Dubé et al., 2005a, 2010) in rats at ages when limbic
system development approximates that in children with FSE
(Avishai-Eliner et al., 2002). Similar to children, 30—40% of an-
imals develop TLE, yet progression to epilepsy is relatively short
(months), permitting rapid validation of identified markers
(Roch et al., 2002; Grohn and Pitkidnen, 2007). In addition,
whereas many factors likely contribute to TLE development
after childhood FSE, we have established the causal role of
rodent FSE in the subsequent epilepsy. We examined the neu-
robiological basis of the MRI changes seeking to identify epi-
leptogenic mechanisms.

At early time points and using a very-high-field magnet (11.7
T), novel and specific MRI signal changes were observed in limbic
regions and these changes predicted TLE. The MRI signal
changes involved local susceptibility effects derived from the
paramagnetic nature of oxygen-poor, unsaturated hemoglobin.
They appeared as reduced T, on a high-field scanner and likely
reflected reduced tissue oxygenation. In addition, a high-energy
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and oxygen-demanding process correlated with the T, changes:
the magnitude and time course of the nucleus-to-cytoplasm
translocation of high-mobility group box 1 (HMGB1), a mole-
cule considered a sensor of cellular injury (Maroso et al., 2010),
paralleled the degree and time course of MRI signal changes.
Potential clinical applicability of the TLE-predictive MRI signal
was tested using MRI sequences that detect the susceptibility ef-
fects (T,*) directly. This approach enabled visualization of the
predictive MRI signal using lower-field scanners.

Materials and Methods

Overview of experimental design. Experiments were conducted to address
the following questions. Are there early MRI changes in the brain as a
whole and/or in specific brain regions after experimental FSE? Are these
changes unilateral, as described in children (VanLandingham etal., 1998;
Shinnar et al., 2012; Lewis et al., 2014) and in our previous work in
immature rodents (Dubé et al., 2004, 2009)? What is the relationship
between early MRI changes and the emergence of epilepsy? To answer
this first set of questions, a cohort of rats experiencing experimental FSE
was imaged and then subjected to video EEG for 10-12 months and
compared with a littermate control group. Because the TLE that arises
after experimental FSE is characterized by sparse seizures and minimal
cellloss (Toth etal., 1998; Bender et al., 2005; Dubé et al., 2006, 2010), we
also investigated whether other functional and structural changes might
distinguish the epileptic limbic network. To this end, we measured, in
addition to seizures, epileptic spike series in hippocampal EEGs and
hippocampal neuron dendritic toxicity. A second set of questions per-
tained to the relationship between the early MRI changes that were con-
sistent with increased oxygen utilization by brain tissue and venous
blood deoxyhemoglobin levels that might reflect such enhanced oxygen
utilization. To study this question, a separate cohort of rats was imaged at
2 h after FSE and then killed for deoxyhemoglobin analyses for compar-
ison with littermate control rats. A third query addressed the relationship
between the early MRI changes and HMGBI translocation to the cyto-
plasm. The latter is a high-energy-demanding process that might signify
onset of inflammatory cascades. For this experiment, a cohort of imma-
ture rats, including experimental FSE and littermate controls, was im-
aged at 2 h and then the same rats were killed and perfused for HMGB1
expression and translocation analyses. Finally, we investigated whether
the susceptibility changes found predictive using quantitiative T, maps
acquired at high-field MRI could be visualized on lower-field MRI scan-
ners using direct T,* sequences. For this experiment, a separate cohort of
rats, including those experiencing FSE and littermate controls, were im-
aged using T, quantitative sequences on an 11.7 T scanner, followed by
imaging on a 4.7 T scanner using T,* sequences.

Animals and induction of experimental FSE. All experimental proce-
dures were approved by University of California—Irvine or Loma Linda
University Institutional Animal Care Committees and conformed to Na-
tional Institutes of Health guidelines. Sprague Dawley-derived rats were
maintained in quiet facilities under controlled temperatures and light-
dark cycles. Cages were monitored every 12 h for the presence of pups
and the date of birth was considered postnatal day 0 (P0). On P2, litters
were culled to 10 pups, if needed. When weaned (on P21), rats were
housed 2-3 per cage. Male rats were used.

Experimental FSE was induced as described previously (Chen et al.,
1999; Dubé et al., 2004, 2010; Koyama et al., 2012). Briefly, on P10, pups
were placed in a glass container and their core temperature, which is
highly correlated with brain temperature (Dubé et al., 2005b), was in-
creased to ~40.5°C (simulating high fever) using a regulated stream of
warm air. Core temperatures were measured at baseline, at seizure onset,
and every 2 min during hyperthermia. Hyperthermic seizures manifest as
characteristic behaviors: seizure onset is heralded by a sudden loss of
motion (freezing), followed by oral automatisms and forelimb clonus.
Seizures progress to body flexion with chewing of an extremity and one
or more tonic stage 5 seizures (Racine, 1972). Hyperthermia (39.5-41°C)
was maintained for ~40 min (Dubé et al., 2010), resulting in behavioral
seizures lasting 31.0 = 0.35 min.
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Hyperthermic controls were littermates of the experimental rats and
subjected to the same duration of hyperthermia, but seizures were pre-
vented by treatment with pentobarbital (Nembutal 1625 mg/kg, i.p.) 30
min before induction of hyperthermia. An additional control group in-
cluded littermates of the experimental group that were removed from the
cage for the same duration (to control for potential stress) and their core
temperatures kept within the normal range for age (normothermic
controls).

MRI procedure and analysis. MRIs were performed on a Bruker Avance
11.7 T MR scanner and all quantitative T, studies were performed on the
same single scanner. Rats were anesthetized for the duration of the im-
aging using 1.5% isoflurane in 100% O, and body temperature was
maintained at ~36.5°C with a heated water cushion. A field-of-view of
2.3 cm and a slice thickness of 0.75 mm were used for all scans. T,-
weighted images were acquired using a 2D multi-echo-spin-echo se-
quence with the following parameters: TR = 4697 ms, TE = 10.21- 100.1
ms, inter-TE = 10.21 ms, matrix size = 192 X 192, and number of
averages (NA) = 2. To determine the relationship between early T,
changes and epilepsy, “FSE”-sustaining rats were scanned serially at 2, 18,
and 48 h after FSE (n = 19). Normothermic controls were scanned on
P10 once (n = 8) or serially (n = 14). Hyperthermic controls (n = 14)
were scanned 2 h after hyperthermia. Additional groups of rats (6 nor-
mothermic controls and 12 FSE) were imaged at both 2 and 4 h to
determine the duration of the obtained signal changes. This sequence was
also used to determine relationships between T, and deoxyhemoglobin
levels, as well as T, and HMGBI translocation.

To determine the relationship between high-field T, changes and the
deoxyhemoglobin-sensitive T,* effect and to enable the visualization of
predictive changes in clinically relevant MRI scanners, a separate rat
cohort was imaged on a Bruker Avance 4.7 T MRI scanner and then at
11.7 T using the T, sequence described in the preceding paragraph. Rats
were scanned 2 h after FSE (n = 8) and compared with littermate controls
(n =7). T,*-weighted images were acquired with a multi-echo-gradient-
echo sequence with the following parameters: TR = 500 ms, flip angle =
38.8°, TEs = 3.77—65.33 ms, inter-TE = 6.84 ms, matrix size = 128 X
128, and NA = 16. Absolute T, or T,* relaxation time values (in milli-
seconds) were calculated by log transform followed by a linear least-
squares fit on a pixel-by-pixel basis and T, or T,* maps were generated
using in-house software (MATLAB RRID:nlx_153890; Mathworks). T,
measurements were consistent across the imaging sessions. For example,
in the normothermic control rats (n = 22), whole-brain T, across 6
imaging cohorts that spanned 18 months were as follows: cohort 1 (n = 4)
was 58.1 * 0.57 ms, cohort 2 (n = 3) was 59.9 * 1.26 ms, cohort 3 (n = 3)
was 57.8 = 1.7 ms, cohort 4 (n = 4) was 57.9 = 0.96 ms, cohort 5 (1 = 3) was
58.3 = 0.17 ms, and cohort 6 was 58.9 = 1.23 ms (mean * SD). No signifi-
cant differences were found among these groups (F = 1.59, p = 0.22).

Images were coded and analyzed without knowledge of treatment
group or time of imaging to ensure that there was no bias when the
measurements were performed. Regions were delineated manually sep-
arately in the left and right hemispheres. MRI signal changes are most
often unilateral and universally asymmetric in children after FSE and in
adults with epilepsy after FSE. We have previously identified unilateral
hippocampal changes on MRI (Dubé et al., 2009, 2010) in this model of
FSE, similar to those observed in children with FSE. Therefore, we per-
formed separate measurements and analyses of left and right amygdala,
hippocampus, medial thalamus, and other bilateral limbic structures.

T, values were measured using Image] software (version 1.25], RRID:
nif-0000-30467). The regions of interest were defined on gray scale maps
and a dynamic range of 0—100 ms was used. For the figures (e.g., Fig. 1),
we used a color map and reduced the dynamic range (40—80 ms) to
highlight the differences among groups. In four rats (three control and
one FSE), image artifacts prevented T,* measurements in basolateral
amygdala.

Because of the established unilateral or asymmetric nature of the epi-
lepsy focus and the MRI changes after FSE-related epilepsy in humans
and rodents, the lower side was analyzed for all of the groups and all of the
comparisons.

EEG electrode implantation. One month after FSE (n = 19 FSE; 16
normothermic controls and 7 hyperthermic controls), bipolar electrodes
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(Plastics One) were implanted bilaterally in the hippocampus (AP: 3.3; L:
2.3; V: —2.8 mm with reference to bregma), a cortical electrode was
placed over the parietal cortex (AP: 2; L: —2 mm), and a ground electrode
over the cerebellar cortex. Cortical and hippocampal recordings were
conducted in freely moving rats and electrode placement was verified
post hoc.

Long-term digital video EEG recordings and analysis. Video EEG mon-
itoring began 5 d after electrode implantation. EEG recordings were
synchronized to video and conducted for a period of up to 10 months.
EEG monitoring time was increased progressively to optimize seizure
detection. Prior work in the same model indicated that epilepsy does not
commence before a month after the inciting FSE and its incidence in-
creases over the subsequent 2—8 months (Dubé et al., 2006, 2010); this is
consistent with a long latent period in humans (French et al., 1993).
Because of this and in view of limited recording capacity, we sampled
progressively over the course of 10 months. In the first month, we mon-
itored for 112 h (15.6% of a month), 180 h (25%) in the penultimate
month, and 206 h (28.6%) in the final month. The recordings in the later
months consisted of several segments of continuous 24/7 monitoring
lasting 3-5 d, enabling sampling of circadian variability and of several
consecutive days. Overall, >37,000 h of video EEG were acquired, in-
cluding 595 = 57 h per normothermic control rat, 430 = 41 h per hyper-
thermic control rat, and 1319 = 89 h per FSE rat.

EEGs were coded and scanned visually for spike series and seizures by
two experienced investigators who were blinded to group identity (Dubé
etal.,, 2010) and then reanalyzed using a seizure-detection software (Lab-
Chart version 7.3; ADInstruments). The concurrent video recordings
were analyzed for behavioral manifestations of the apparent seizure.
Only events with both EEG and behavioral changes and lasting >20 s
were classified as seizures. We evaluated typical behaviors associated with
limbic seizures, including sudden cessation of activity, facial automa-
tisms, head bobbing, prolonged immobility with staring, alternating or
bilateral clonus, rearing, and falling (Racine, 1972). Rats were considered
epileptic if they had at least one documented seizure as defined by these
parameters. Spike series were defined as clusters of spikes with uniform
interspike intervals. A cluster had a minimum of five spikes and lasted a
minimum of 12 seconds.

Golgi method visualization and analysis of neuronal dendritic structure.
Golgi impregnation and analysis were performed as described previously
(Chen et al., 2004; Ivy et al., 2010). Hemispheres were immersed in
Golgi—Cox solution for 10 d, followed by a 2-5 d immersion in 30%
sucrose, both in the dark. Using a vibratome, 200 uM coronal sections
containing dorsal hippocampus were mounted on coated slides and al-
lowed to dry for 1-2 h. Sections were developed with 14% ammonium
hydroxide for 30 min, followed by 30 min in Kodak fixative. Sections
were washed and dehydrated in increasing dilutions of ethanol and then
coverslipped with Permount.

Fully impregnated neurons were sampled for this study without
knowledge of treatment group. We were careful to pick neurons from a
specific anatomical location within hippocampus to avoid potential con-
founders derived from location-dependent morphology of CA3 pyrami-
dal cells. Neurons were sampled in dorsal CA3b within 150 wm of the
CA3b/CA3c boundary. Neurons were reconstructed in 2D using the
camera lucida method without knowledge of treatment group (3—7 neu-
rons per rat, 3—4 rats per treatment group). Dendritic arborization was
analyzed using the Sholl method for dendritic complexity and length and
compared among treatment groups.

Visualization and analysis of HMGBI translocation. For this study, nor-
mothermic controls (n = 9) and FSE littermates (n = 24) were used. Rats
were deeply anesthetized and transcardially perfused with 4% parafor-
maldehyde. Brains were removed, postfixed for 90 min, and then cryo-
protected in 30% sucrose. Free-floating sections were used for HMGB1
ICC using standard methods (Dubé et al., 2010) and rabbit anti-HMGB1
(1:1000, catalog #ab18256, RRID: AB_444360; Abcam; Maroso et al,,
2010). The reaction product was visualized using a 3,3’-diaminobezidine
solution. Both the number of cells expressing HMGB1 and the propor-
tion of these cells where HMGB1 was translocated from nucleus to cyto-
plasm en route to release were evaluated. HMGBI1 translocation was
considered absent when the immunoreactive (ir) product was confined
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to the nucleus. Translocation was considered present when HMGB1-ir
filled the soma, and often also the dendrites, delineating the neuronal
contour. All analyses were performed without knowledge of treatment
group.

Measurements of venous blood deoxyhemoglobin. To determine the re-
lationship between T, and deoxyhemoglobin, a separate cohort of FSE
(n = 12) rats and normothermic controls (n = 7) were imaged. One FSE
rat was removed from analysis because of ventricular enlargement indi-
cating a preexisting abnormality. Because of technical infeasibility of
sampling venous cerebral blood and in view of the fact that cerebral
metabolism accounts for 25-50% of total body oxygen consumption
(Clarke and Sokoloff, 1999), deoxyhemoglobin analysis was performed
on cardiac right ventricle blood. Sampling was performed immediately
after MRI under terminal anesthesia and venous blood samples were
placed on ice and analyzed within an hour. Briefly, using a 30 gauge
needle connected to a heparinized syringe, 0.15-0.2 ml of venous blood
sample from the right cardiac ventricle was withdrawn, placed on ice, and
analyzed using a hemoximeter (OSM3; Radiometer). Deoxyhemoglobin
concentration was calculated using the following formula: deoxyhemo-
globin concentration = 100 — (hemoglobin oxygen saturation + car-
boxyhemoglobin concentration + methemoglobin concentration).

Statistics. To determine whether MRI T, values time course differed
among groups, we performed two-way repeated measures ANOVA fol-
lowed by post hoc analyses using t tests with Bonferroni correction for
multiple comparisons. Independent ¢ tests were used to compare the
inciting FSE parameters (duration, number of stage 5 seizures, latency to
onset from initiation of hyperthermia, seizure threshold temperature,
and average core temperature during hyperthermia) of the rats that pro-
gressed on to epilepsy and those that did not. One-way ANOVA followed
by the Tukey’s post hoc test was used to determine the differences at 2 h
among the FSE and normothermic and hyperthermic controls to inves-
tigate T, in the hippocampus and amygdala among controls and nonepi-
leptic and epileptic rats. To determine whether the T, change was a result
of localized regional changes, the same analyses were also performed on
the predictive regions after normalization to individual whole-brain T,
values. To investigate the interrelationships between regional T, changes,
principal axis factor analysis with varimax rotation was used to derive
underlying factors that could describe these regional patterns after FSE.
Limbic regions (dorsal and ventral hippocampus, distinct amygdala nu-
clei, entorhinal cortex, piriform cortex) and limbic-interconnected re-
gions (medial thalamus), as well as nonlimbic regions (cerebellum,
corpus callosum) and extra-brain tissue (tongue muscle), were included.
The Benjamini-Hochberg method was used to avoid false discovery.

For all bilateral regions in all groups, the lower of the two values were
used (see detailed methodology in the MRI analysis section). Scree plots
were examined to determine the number of derived factors,and factor
scores for individual rats were obtained. In addition, the same analyses
were performed for regional T, values normalized to whole brain of
individual rats. To determine whether MRI performed better than
chance at predicting epilepsy after FSE, derived factor scores and regional
MRI data from the FSE group underwent receiver operating characteris-
tic (ROC) curve analyses. The area under curve (AUC) was then com-
pared with chance (AUC = 0.5). Pearson correlation was used to
determine the relationships among the values of T, signals and deoxyhe-
moglobin levels, deoxyhemoglobin levels, and seizure duration, deoxy-
hemoglobin levels, and mean core temperature during the inciting
seizure and between T, values at 11.7 T and T,* values at 4.7 T. This was
also calculated for the relationship between the 2 and 4 h T, signals in the
basolateral amygdala and the medial thalamus to determine whether
the signal persisted. An independent ¢ test was used to determine whether
the levels of blood hemoglobin were different between FSE rats and con-
trol rats. HMGBI translocation analyses and dendritic complexity and
length comparisons used one-way ANOVA with Bonferroni post hoc tests
to correct for multiple comparisons.

Statistical analyses were performed using IBM SPSS software version
20.0. Graphs were generated using either SPSS or Prism version 5 soft-
ware (GraphPad). Data are presented as mean = SEM unless otherwise
stated and significance was set at p < 0.05.
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Figure 1. Brain T, is reduced 2 h after FSE. A—C, Representative color-coded quantitative T, maps 2 h after the end of hyper-
thermia from a normothermic (4), hyperthermic (B), and FSE (€) rat. Note that the reduced T, values occur across the entire brain
in the FSE rat. D, Regions of interest are highlighted on a rat atlas. E, T, values time course after FSE and in normothermic 10-d-old
control rats. A reduction of T, values over the experimental period, characteristic of development, were observed in controls. T,
decreased significantly in a time-dependent manner in FSE rats (n = 19) compared with controls (n = 14, F = 4.11,p = 0.035).
The largest effect was observed 2 h after FSE (p << 0.001) and a significant effect was also observed at 18 h (p = 0.007). Blue
indicates normothermic control (NT-C) rats and red the FSE rats. Statistical significance was determined by repeated-measures
ANOVA followed by post hoc analyses with t tests that were adjusted for multiple-comparisons with Bonferroni's correction. F,
Seizures, not hyperthermia, led to the most robust T, reduction. T, values for the FSE group were significantly lower than those of
eithernormothermic (n = 22, p << 0.001) or hyperthermic (n = 14, p = 0.014) control groups, indicating that brain T, reductions
in FSE rats resulted from hyperthermia-induced seizures and not from hyperthermia. Statistical significance was determined by
ANOVA followed by post hoc analysis with Tukey’s honestly significant differences (HSD) test. G, A subset of FSE rats had signifi-
cantly lower brain T, values compared with the normothermic controls, which raised the possibility that the reduced T, values
might predict epileptogenesis. T, values in 9 of 19 FSE rats lay more than 2 SDs from the normothermic controls. Dotted line
indicates 2 SDs from mean of NT-Crats (n = 22). Circlesindicate individual rats; blue circles are NT-Crats and red circles are FSE rats.
Data are presented as mean = SEM. HT-C, Hyperthermic control; BLA, basolateral amyqgdala; MEA, medial amygdala; MThal,
medial thalamus; DH, dorsal hippocampus; VH, ventral hippocampus. *Statistically significant at p << 0.05.

Results
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(Ding et al., 2004; Dubé et al., 2004; Lep-
pert et al., 2009; Oishi et al., 2013). To
determine whether the reduced T, values
in FSE rats could be explained by differ-
ences in the inciting hyperthermia, we
correlated the mean core temperature
during hyperthermia to brain T, in the
FSE rats and found no significant rela-
tionship (r = 0.043, p = 0.86). To con-
sider possible influences of hyperthermia
per se versus hyperthermia-induced sei-
zures on T,, we included a group of rats
that experienced hyperthermia while un-
der anticonvulsant drugs (hyperthermic
controls; Fig. 1A-C,F). Significant differ-
ences were found among groups (F =
19.37, p < 0.001); post hoc analyses indi-
cated that T, values of rats experiencing
both seizures and hyperthermia (FSE rats)
were significantly lower than both nor-
mothermic and hyperthermic controls
(—2.06 =0.33ms, p <0.001 and —1.09 =
0.37 ms, p = 0.014, respectively).

Reduction of whole-brain MRI T, is
confined to a subgroup of FSE rats

If T, signal on MRI predicts epileptogen-
esis and only a subgroup of rats develop
TLE, then two populations of FSE rats
should emerge: those with normal and
those with significantly abnormal T, val-
ues. Therefore, we examined whole-brain
T, changes of individual rats and found
that T, values of 9 of 19 FSE rats fell
outside of 2 SDs from the mean for nor-
mothermic controls (mean *= 2 SDs:
58.48 = 2.45ms, n = 22; Fig. 1G). These
findings raised the possibility that MRI
might reflect individually distinct ef-
fects of FSE, which in turn might corre-
late with epileptogenesis.

Development of limbic epilepsy after experimental FSE

Brain MRI T, values after experimental FSE
Using the high-magnetic-field MRI scanner, whole-brain T, val-
ues of rats imaged longitudinally decreased with age, as reported
previously (Dubé et al., 2004). In addition, as reported for imma-
ture and adult rodents, the absolute values of the relaxation times
were compressed on the 11.7 T scanner compared with findings
using lower-magnetic-field MR scanners: mean values were 59.7
ms versus 101.3 ms reported for immature rat controls at 6.3T
(Jansen et al., 2008) and ~120 ms in P10 rats on a 4 T scanner
(Dubé et al., 2004). These values were consistent with those re-
ported in adult hippocampus by de Graaf et al. (2006): 72, 45.4,
and 38.9 ms at field strengths of 4, 9.4, and 11.7 T, respectively.
Comparing among groups, whole-brain T, values of the total
group of rats that underwent FSE were modestly lower than those
of control littermates (interaction of time and group, p = 0.035;
Fig. 1). The greatest effect occurred at 2 h after FSE (mean differ-
ence = —1.95 * 0.40 ms, p < 0.001) and significant differences
persisted at 18 h (—0.91 = 0.30 ms, p = 0.007), but not at 48 h
(—0.65 £ 0.54 ms, p = 0.241). The typical developmental reduc-
tion in T, relaxation values was observed in the control group

Chronic video EEG monitoring was conducted for a period of up
to 10 months. Prior work in our model indicated that epilepsy did
not commence before a month after the insult (Dubé et al., 2006,
2010). Therefore, we sampled progressively over the course of 10
months: 15.6% of the time during the first month and 28.6% of
time during the final month. The recordings in the later months
consisted of several segments of continuous 24/7 monitoring
lasting 3—5 d, enabling sampling of circadian variability and po-
tential clustering during consecutive days. Overall, >37,000 h of
video EEG were acquired, including 595 * 57 h per normother-
mic control rat, 430 = 41 h per hyperthermic control rat, and
1319 = 89 h per FSE rat. Spontaneous seizures were detected in 6
of 19 rats after FSE (32%), which is comparable to previous re-
ports (Fig. 2, Table 1; Dubé et al., 2006, 2010) and to estimates in
children (Hesdorffer et al., 2007). The epileptic rats had 0.07
seizures/d of recording, which, in view of the incomplete record-
ing, is likely to be an underestimate of the true seizure rate. The
sparse seizures (Table 1) are consistent with many epilepsies gen-
erated in immature rodents (Scantlebury et al., 2005) and the
often sparse seizures in community based human studies (Lind-
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Table 1. Characteristics of spontaneous limbic behavioral/electrographic seizures in adult epileptic rats

No. of seizures

Rat Seizure duration (s) Mean seizure duration (s) Racine scale Seizures/recording day Number of spike trains cumulative duration (s)
6 4 64.5 2,2,2,2 0.11 1
36,22,177,23 48
7 3 153.3 2,1,2 0.04 18
95,145,220 2714
8 8 99.2 2,3,2,2,2,2,2,2 0.16 3
154,57, 85,93,223, 60, 26, 96 148
9 1 75 1 0.02 2
75 255
17 4 87.2 2,2,2,2 0.05 0
29,50, 109, 161
26 3 84 2,23 0.06 8
52,76,124 288
Mean 3.8 95.1 0.07 Spike trains per rat: 5.3; mean duration: 108 s/train

say et al., 1979, Olafsson et al., 2005; Chong et al., 2013; Ablah et
al., 2014). The number and duration of the seizures in the epilep-
tic rats are shown in Table 1 and examples are found in Figure 2.
The spontaneous seizures were limbic in semiology; associated
with sudden freezing, facial automatisms, head nodding, and
forelimb clonus (Racine stages 0—3); and averaged 95.1 = 12.6 s
in duration. Behavioral seizures coincided with ictal EEG activity
that was detected in one or both hippocampal EEGs (Fig. 2, Table
1). Neither seizures nor spike series were detected in the normo-
thermic (n = 16) or hyperthermic (n = 7) controls, nor in the
>10,000 recorded hours in similar previous control cohorts.

The probability of developing epilepsy was not influenced by
any parameter of the inciting hyperthermia or FSE (Fig. 2), in-
cluding length of the hyperthermia (nonepileptic 40.67 * 0.42
min; epileptic 40.46 = 0.24 min; p = 0.68), length of the experi-
mental FSE (31.2 = 0.43 min; 30.7 = 0.67 min; p = 0.48), num-
ber of stage 5 events (2.0 = 0.45; 1.8 = 0.40; p = 0.79), latency to
onset of FSE from initiation of hyperthermia (260 = 10.1s; 259 *
16.7 s; p = 0.99), threshold temperature (40.47 = 0.26°C;
40.17 * 0.52°C; p = 0.62), or average core temperature during
hyperthermia (40.5 = 0.07°C; 40.6 * 0.1°C; p = 0.65). Because
seizures in this model of FSE-related TLE are sparse, we searched
for other parameters that might distinguish epileptic from non-
epileptic rats. We studied epileptic spike trains and found them in
five of six epileptic rats and in none of the controls (Table 1). In
addition, we investigated whether the epileptic state was associ-
ated with structural changes in neurons within regions that par-
ticipate in the seizures. Because spontaneous seizures were
detected in hippocampus and dendritic toxicity has been found
previously in this model (Toth etal., 1998; Bender et al., 2003), we
analyzed dendritic structure in the pyramidal cell layer, focusing
on CA3. A significant atrophy of dendritic trees in matched CA3b
dorsal hippocampal pyramidal neurons was apparent in the FSE-
epileptic group compared with both normothermic controls and
rats that did not become epileptic (Fig. 2D).

Relationship between T, values in specific brain regions, but
not in whole brain, and the development of epilepsy

The results presented thus far demonstrated that experimental
FSE led to significant decreases in MRI T, signal in a subgroup of
rats and, in parallel, that limbic epilepsy developed in a subgroup
of FSE rats. Therefore, we investigated whether the MRI changes
2 h after FSE were predictive of epilepsy in individual subjects.
We found that neither whole-brain T, values (mean difference
from nonepileptic rats = —0.32 = 0.56 ms, p = 0.84) nor T,
values in cranial muscles (0.19 = 0.43 ms, p = 0.90) distinguished

the epileptic rats. These findings suggested that global, brain-
wide T, signal changes that might result from systemic processes
do not predict epileptogenesis.

Because TLE involves the limbic circuit and because, in chil-
dren, limbic T, changes have been described in the context of FSE
and TLE, we measured T, values of several limbic structures. We
found asymmetry of T, values between left and right hippocam-
pus and amygdala, which is consistent with findings in children
after FSE (VanLandingham et al., 1998; Shinnar et al., 2012; Lewis
etal.,2014) and with our previous studies in the immature rodent
FSE model (Dubé et al., 2009, 2010). Typically, the abnormal
MRI delineates the location of the unilateral epilepsy focus in TLE
(Lewis et al., 2014). Based on these facts, we focused on compar-
ing, in all groups, the T, values in the side with lower values. In
individual rats, unilateral T, values were reduced in FSE rats that
became epileptic compared with those in rats that did not (Fig.
3A-I). Specifically, T, values in the basolateral amygdala of FSE
rats that developed epilepsy were significantly lower than those in
controls and in FSE nonepileptic rats (mean difference from con-
trols = —3.29 = 0.51 ms, p < 0.001; mean difference from non-
epileptic rats = —1.52 = 0.52 ms, p = 0.017; Fig. 3G). A similar
finding was obtained in medial amygdala (—2.43 = 0.39 ms, p <
0.001; —0.99 % 0.39 ms, p = 0.043; Fig. 3H). Using the Benja-
mini-Hochberg method to correct for the false discovery rate
(potentially resulting from multiple comparisons) for the 6 tests
conducted (basolateral amygdala, medial amygdala, medial thal-
amus, whole brain, dorsal and ventral hippocampus), the ad-
justed probabilities were as follows: basolateral amygdala, 0.03;
medial amygdala, 0.084; medial thalamus, 0.1; whole brain,
0.648; dorsal hippocampus, 0.375; and ventral hippocampus,
0.93. Whereas these changes were moderate in absolute terms,
they represent a large effect size: Using Cohen’s d, an established
measure of effect size in which the threshold for a large effect is
0.8, we found for the basolateral amygdala changes a Cohen’s d of
1.77 and for the medial amygdala = 1.32. Hippocampal T, values
were also significantly reduced in epileptic compared with con-
trol rats (dorsal: —2.96 = 0.67 ms, p < 0.001, Fig. 3[; ventral:
—2.26 = 0.55 ms, p < 0.001). However, the values did not dis-
tinguish epileptic from nonepileptic rats (—0.54 = 0.68 ms, p =
0.71; 0.6 = 0.55 ms, p = 0.99).

These analyses demonstrated that signal changes in specific
brain regions, but not in the whole brain, distinguished epileptic
and nonepileptic rats and suggested that the amygdala T, values
may be a predictive biomarker of epileptogenesis. Further sup-
port for the regional specificity of limbic signal derived from
analysis of regional T, values normalized to the T, of whole brain
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in each animal (thus controlling for po-
tential systemic or whole-brain con-
founders). Comparing epileptic with
nonepileptic and control rats, we found
that the basolateral amygdala T, values
(p = 0.02 and p = 0.024, respectively) of
epileptic rats remained significantly dif-
ferent from nonepileptic and control rats
(Fig. 37). In the medial thalamus, differ-
ences between the epileptic and control
rats were still found (p < 0.001), but did
not distinguish the epileptic from the
nonepileptic rats (p = 0.44).

To determine objectively the efficacy
of the amygdala T, values as a predictive
marker of epilepsy after FSE, we used an
independent unbiased measure, ROC
curve analysis, which demonstrated that
T, values in both basolateral and medial
amygdala (AUC = 0.91 = 0.08, p = 0.005;
AUC = 0.82 £ 0.10, p = 0.028, respec-
tively; Fig. 3K) predicted epileptogenesis
better than chance, as did T, values in the
medial thalamus (AUC = 0.78 = 0.11,
p = 0.05, Fig. 3K). Whole-brain (AUC =
0.59 *+ 0.15, p = 0.54), dorsal hippocam-
pus (AUC = 0.67 £ 0.17, p = 0.25), or
ventral hippocampus values were not pre-
dictive (AUC = 0.49 * 0.14, p = 0.93; Fig.
3L). Exploratory factor analysis followed
by the ROC curve procedure was also per-
formed on raw T, values for limbic regions,
as well as on values normalized to brain T,
values of each animal (Tables 2, 3) and the
differences remained robust.

Together, the region-of-interest ap-
proach (focused on limbic structures) and
the independent unbiased mathematical
approach (exploratory factor followed by
ROC curve analyses) that reduced multi-
ple comparisons (Tables 2, 3) suggested
that T, signal reduction (using an 11.7 T
magnet) in specific limbic brain regions
and at 2 h after FSE are predictive of even-
tual limbic epilepsy. Therefore, we as-
sessed the persistence of these changes,
their origin, and their applicability to clin-
ical settings. Assessing the persistence of
the signal, we found that, by 18 h, regional
T, signals no longer distinguished the ep-
ileptic and nonepileptic rats (mean differ-
ence of epileptic from nonepileptic rats in
basolateral amygdala was —1.03 * 0.92
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Figure 3.  Amygdala T, values 2 h after FSE distinguish rats that progressed on to epilepsy. A—F, Representative color-coded
quantitative T, maps of anormothermic control, a nonepileptic, and an epileptic FSE rat. Basolateral amygdala is highlighted in the
black box. Scale bar indicates T mm. T, values in the basolateral amygdala (4—G) distinguished the epileptic group from the
nonepileptic group, indicating that amygdala T, values were predictive of epilepsy (epileptic group vs normothermic controls p <<
0.001, epileptic group vs nonepileptic group p = 0.017). H, Similar results were found for medial amygdala (p < 0.001andp =
0.043).1, Hippocampal T, did not distinguish epileptic from nonepileptic groups (dorsal hippocampus p << 0.001,p = 0.71, ventral
hippocampus p << 0.001, p = 0.99). J, To exclude general or systemic effects, amygdala T, values were normalized to total brain
values. The normalized values, reflecting local changes in the basolateral amygdala, separated the epileptic rats from nonepileptic
and control animals (epileptic vs nonepileptic rats p = 0.02, epileptic vs control p = 0.024; black line signifies the mean of the
controls and dotted line the SEM of controls). K, ROCs for limbic structures and brain T, values from the FSE rats indicated that
amygdala and medial thalamus predicted epilepsy (BLA: AUC = 0.91 = 0.08, p = 0.005, MEA 0.82 = 0.10, p = 0.028, MThal
0.78 = 0.11,p = 0.05). L, Neither hippocampal regions nor brain T, predicted epilepsy any better than chance (dorsal hippocam-
pus: 0.67 = 0.17, p = 0.25; ventral hippocampus: 0.49 = 0.14, p = 0.93; brain: 0.59 = 0.15, p = 0.54). Ideally, a predictive
marker will have a high sensitivity (near 1.0; y-axis) and specificity ([1-specificity] near zero; x-axis). Dotted line indicates AUC of
0.5, a reference to chance. Statistical significance was determined by ANOVA followed by post hoc analysis with Tukey’s HSD. Data
are presented as mean == SEM. Values were compared among the sides with lower T, values in all rats and all groups. NT-C,
Normothermic control; NonEpi, nonepileptic; Epi, epileptic; BLA, basolateral amygdala; MEA, medial amygdala; MThal, medial
thalamus; DH, dorsal hippocampus; VH, ventral hippocampus. Normothermic controls n = 14, nonepileptic group n = 13,
epileptic group n = 6. *Statistically significant at p << 0.05.

nals that predicted epileptogenesis was ~2—4 h after the termi-

ms, p = 0.17; medial amygdala was —0.74 * 0.41, p = 0.12;
medial thalamus was —0.36 = 0.47, p = 0.45; basolateral
amygdala AUC = 0.29 = 0.14, p = 0.15; medial amygdala AUC =
0.73 = 0.16, p = 0.11; medial thalamus AUC = 0.39 * 0.13,p =
0.43). Experiments using an additional rat cohort showed that
the signal persisted 4 h after the experimental FSE (correlation
between 2 and 4 h T, values for basolateral amygdala r = 0.69, p =
0.002, and medial thalamus r = 0.88, p << 0.001). These data
suggested that the useful time window for detection of MRI sig-

nation of FSE.

Relationship of the observed reduction in T, values at very-
high-field MRI and increased deoxyhemoglobin levels

T, reduction on MRI can be caused by paramagnetic substances,
including oxygen-poor, unsaturated hemoglobin, which induce lo-
cal susceptibility effects. These effects, leading to reduced T, values,
are proportional to magnetic field strength and our studies used a
high-field, 11.7 T magnet (Fig. 4A). Therefore, we investigated
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Table 2. Exploratory factor analysis on T, values revealed distinct patterns that
predicted epilepsy

Factor
Region 1 2 3
Entorhinal cortex 0.89
Dorsal hippocampus 0.74 0.51
Piriform cortex 0.65
Cerebellum 0.63
Medial amygdala 0.83
Basolateral amygdala 0.80
Medial thalamus 0.80
Muscle 0.76
Ventral hippocampus 0.63 0.71
Corpus callosum 0.52 0.55
Variance (%) 28.15 27.61 18.58
ROC curve AUC 0.5+ 0.18 0.91 = 0.07 0.35*+0.13
p-value 1.0 0.005 0.29

T, values of the lower side in all groups and all bilateral regions were analyzed together using exploratory factor
analysis to identify possible patterns of T, changes. Three patterns (factors) were identified. Notably, factor 2 was
highly represented by the basolateral and medial amygdala and the medial thalamus. For clarity, loadings <<0.5are
not shown. Factor scores were then derived and ROC curve analysis was performed, indicating that factor 2 was
predictive of epilepsy. Nonepileptic group, n = 13; epileptic group, n = 6.

Table 3. Exploratory factor analysis on T, values that were normalized to brain T,
revealed distinct patterns that were similar to raw T, values

Factor
Region 1 2 3
Medial amygdala 0.84
Basolateral amygdala 0.75
Medial thalamus 0.75
Piriform cortex 0.87
Ventral hippocampus 0.74
Entorhinal cortex 0.73
Dorsal hippocampus
Muscle 0.74
Cerebellum —0.59
Corpus callosum 0.52
Variance (%) 21,61 21.09 16.11
ROC curve AUC 0.89 = 0.08 0.56 +0.13 039 = 0.13
p-value 0.009 0.66 0.48

Toremove possible systemic effects that could influence the regional T, measurements, each region was normalized
to the whole-brain T, value for each rat and exploratory factor analysis was performed to identify possible patterns.
Three patterns (factors) were found, indicating that certain regions changed together. Notably, factor 1 was highly
represented by the basolateral and medial amygdala and the medial thalamus. This was a similar pattern of changes
identified without normalization for systemic effects, suggesting that, after FSE, these regions tend to change
together. For clarity, loadings <<0.5 are not shown. Factor scores were then derived and ROC curve analysis was
performed, indicating that factor Twas predictive of epilepsy. Nonepileptic group, n = 13; epileptic group, n = 6.

whether the reduced T, values might result from enhanced oxy-
gen utilization that endured beyond the FSE itself and the conse-
quent increase in deoxyhemoglobin levels. In a separate cohort,
we measured venous blood deoxyhemoglobin levels and corre-
lated these with brain and extracranial muscle T, values in the
same individual rats of both control and FSE groups. T, measure-
ments in brain correlated strongly with deoxyhemoglobin levels
(r = —0.73; p = 0.001), suggesting that increased deoxyhemo-
globin contributed to the T, decrease after FSE (Fig. 4B). A
weaker correlation was obtained for extracranial muscle T, and
deoxyhemoglobin (r = —0.47; p = 0.057). These correlations
pertain to systemic venous blood because we failed technically to
obtain sufficient quantities of cerebral venous blood to measure
reliably hemoglobin levels. However, at the developmental ages
examined here, 25-50% of oxygen utilization involves cerebral
metabolism (Clarke et al., 1999). The robust correlation obtained
here between venous blood and T, probably underestimated the
contribution of cerebral venous deoxyhemoglobin to the reduced
T, relaxation times.
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Figure 4. Reduced T, values after FSE correlate with increased deoxyhemoglobin levels. 4,
T, values were likely reduced because of a paramagnetic effect of deoxyhemoglobin and in-
creased levels of unsaturated (deoxy)hemoglobin after FSE. This paramagnetic effect increases
asa function of magnetic field strength. Significant correlation of reduced brain (B) and muscle
(Q) T, values with increased blood deoxyhemoglobin levels (—0.73, p = 0.001; —0.47,p =
0.057, respectively). Values were compared among the sides with lower T, values in all rats and
all groups. Shown is a scatter plot of individual rats, with blue circles indicating normothermic
control rats (n = 7) and red circles the FSE rats (n = 11).

Neither mean core temperature nor duration of the inciting
febrile seizures correlated with deoxyhemoglobin levels, exclud-
ing the possibility that the increased deoxyhemoglobin could be a
result of overt differences in the inciting hyperthermia and sei-
zures (r = —0.48, p = 0.89; r = —0.11, p = 0.76, respectively).
Notably, total hemoglobin levels did not differ between the
groups (control 10.83 * 0.24 g/dL and FSE 10.98 =+ 0.34 g/dL,
p = 0.72, respectively).

Early, energy-demanding inflammatory processes correlate
with the MRI changes in a subset of FSE subjects

Several factors might result in increased deoxygenated hemoglo-
bin levels and these often involve a mismatch between blood
supply and tissue metabolic rates (Pereira de Vasconcelos et al.,
2002; Schridde et al., 2008; DeSalvo et al., 2010). Here, we tested
the idea that the increased deoxygenated hemoglobin derived
from augmented oxygen extraction resulting from energy-
demanding cellular processes and that these in turn may signify
the initial steps in the epileptogenic cascade. We focused on in-
flammatory mechanisms because they have been implicated in
the epilepsy that follows experimental FSE (Dubé et al., 2005a,
2010) and in TLE in general (Vezzani et al., 2011). An early step
initiating inflammatory processes in the brain is the translocation
of the HMGB1 molecule from the nucleus into the cytoplasm,
which is followed by its release out of the cell. This high-energy-
demanding process takes place in response to cellular injury and
leads to binding of HMGBI to toll-like receptors and others (Ma-
roso et al., 2010; Vezzani et al., 2011). Therefore, we investigated
whether HMGBI translocation might account for augmented
oxygen extraction and deoxyhemoglobin levels, generating the
decreased T, effect observed in the amygdala of the subset of FSE
rats that became epileptic. To this end, a separate cohort of rats



8680 - J. Neurosci., June 25, 2014 - 34(26):8672— 8684

was divided into normothermic controls
and FSE, subjected to MRI at 2 h, and then
killed for assessment of HMGBI1 expres-
sion and translocation (Fig. 5). The num-
ber of cells expressing HMGB1 within the
nucleus did not differ appreciably among
groups (Fig. 5A,B). However, HMGBI1
translocation to the cytoplasm, a pream-
ble to its release, was largely confined to
the FSE group (Fig. 5B) and was corre-
lated with the reduction in T, values (Fig.
5D). The temporal evolution of HMGB1
translocation was also highly congruent
with the time course of the T, signal
changes (Fig. 5C).

Assessing the MRI signal changes using

clinically relevant, lower-field MRI

The epilepsy-predicting MRI  signal
changes described in the previous section
were obtained using a high-field scanner
that was chosen to maximize signal-to-
noise ratios. These are crucial for imaging
small samples such as immature rat brain,
which have a volume of ~0.5 cm” com-
pared with ~1000 cm* for human infants.
Once we discovered the predictive value
of reduced MRI T, values at high mag-
netic fields and their relationship with in-
creased deoxyhemoglobin levels, we used
this information to seek imaging parame-
ters that would enable detection of
epilepsy-predictive MRI changes at lower
magnetic fields. Specifically, we imaged
individual rats using both the T, sequence
at 11.7 T and a deoxyhemoglobin-
sensitive T,* sequence (Fig. 6) using a 4.7
T scanner. The latter method, used in
functional MRI studies, is feasible in low-
magnetic-field MRI scanners used in clin-
ical settings. At 2 h after FSE, low-field T,*
measurements and high-field T, mea-
surements identified the same rats, with
strong correlations between the 2 meth-
ods for the region predictive of epilepsy
(basolateral amygdala r = 0.751, p =
0.008; medial thalamus r = 0.846, p <
0.001; Fig. 6G,H). These findings indicate
that the predictive signal changes ob-
served using high-field MRI scanners can
be detected using more clinically relevant
MRI scanners.

Discussion
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Figure5. Translocation of HMGB1 from the nucleus to the cytoplasm in amygdala neurons correlates with lowered T, signal on

MRI. A, Representative photomicrographs of immunocytochemistry for HMGB1. Top, Identification of basal amygdala. Bottom,
Differences in HMGB1 localization between normothermic control (NT-C) and experimental FSE rats. Arrowheads indicate nuclear
HMGB1 and arrows indicate cytoplasmic (translocated) HMGB1. B, Quantitative analysis of HMGB1 expression and localization at
3 hafter the end of FSE showed that, whereas the number of HMGB1 expressing cells was not influenced by the occurrence of FSE,
the cytoplasmic localization of HMGB1 was significantly higher in sections from FSE compared with NT-Csubjects (left graph; NT-C
n =3, FSEn = 3). Similar results were obtained when data were represented as a percentage of cells with translocated HMGB1
over total HMGB1-positive cells (right graph). €, Time course of HMGB1 translocation after FSE demonstrates the transient nature
of this early inflammatory process: the localization pattern in amygdala sections from FSE rats resembled that of NT-C sections by
8 h after the end of FSE. Blue indicates NT-C, n = 3; magenta is FSE at the time points indicated (n = 3 per time point). D,
Significant correlation of reduced amygdala T, values with increased HMGB1 translocation (NT-C, in blue, n = 3; FSE, inred, n =
9;p = 0.02). Values were compared among the sides with lower T, values in all rats and all groups. Data are presented as mean =
SEM. Scale bars, 100 m. *Statistically significant at p << 0.05.

brain regions—that persists for hours after the inciting FSE. The
mechanisms requiring oxygen may include the energy-demanding
translocation of the proinflammatory danger-signal molecule

The principal discovery in these studies is the identification of a
novel, noninvasive, and predictive marker of limbic epilepsy after
experimental FSE, which suggests salient biological processes and
is potentially translatable to the clinical setting. Specifically, on
high-magnetic-field scanners, reductions in MRI T, relaxation
times in amygdala that are detectable hours after FSE predict
which rats will develop epilepsy in the ensuing months. The re-
duced T, values may derive from increased deoxyhemoglobin
levels— consistent with augmented oxygen utilization in limbic

HMGBI from the nucleus to the cytoplasm, likely followed by its
release and an initiation of a cytokine response. Finally, these
predictive MRI changes are also observable using T,* sequences
at field strengths applicable to human imaging.

Timing, imaging sequences, and MRI field strength influence
signal changes after FSE in immature brain

Using high-field, high-resolution MRI imaging, we found that a
subset of rats experiencing FSE developed brain changes that
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were reflected by reduced T, values. Whereas these were fairly
widespread throughout the brain, localized reduction in
amygdala values predicted subsequent epilepsy. Similar to the
clinical situation, only a subset of rats had MRI signal abnormal-
ities (Shinnar et al., 2012) and these progressed to epilepsy. Al-
though in humans, preexisting factors might contribute to
vulnerability to FSE or its consequences (Shinnar et al., 2012),
these factors do not exist in the animal model. Therefore, the
findings suggest that FSE itself can promote MRI signal changes
and epileptogenesis.

The most widely reported MRI abnormalities after FSE in
children are increases of T, in hippocampus within 2-5 d of the
event (Cendes et al., 1993a; VanLandingham et al., 1998; Scott et
al., 2002; Lewis et al., 2014). Consistent with findings in children,
we (Dubé et al., 2004) and other groups (Jansen et al., 2008)
found increased MRI signals in rodents 2—7 d after experimental
FSE using MRI with field strengths similar to those used clini-
cally. Because these relatively late MRI changes did not predict
epilepsy, we were compelled to search for earlier, predictive MRI
changes and to use more powerful methods to detect them.

The timing of imaging distinguishes the present study from
those reported previously and probably enabled detection of
epilepsy-predicting signal changes. Previous studies in children
and rodents, at the earliest, performed imaging 24 h after FSE
compared with 2—4 h here. It is quite likely that the onset of
epileptogenic changes is very early after the insult and prior stud-
ies were not designed to capture these changes.

A second crucial factor distinguishing the present study in-
volves the use of a very-high-field 11.7 T MRI scanner; previous
studies used field strengths ranging from 1.5 to 7 T (Scott et al.,
2002; Jansen et al., 2008; Dubé et al., 2009). Such high fields
preclude detection of subtle increases in T, values found using
lower-field systems because T, relaxation times shorten as mag-

netic field increases. de Graaf et al. (2006) measured T, values in
adult rat brain at different field strengths and reported values of
72, 45.4, and 38.9 ms at field strengths of 4, 9.4, and 11.7 T,
respectively. After SE in adult rodents, studies at 9.4 T found
nonsignificant hippocampal T, increases of 1-2 ms, whereas us-
ing 2.35 T, the changes were ~5 ms (Greene et al., 2007; Choy et
al., 2010; Dufty et al.,, 2012). In immature rodents, mean hip-
pocampal T, values were 120 ms at4 T, 101.3 msat 6.3 T, and 59.7
msat 11.7 T. In other words, compared with T, values in a clinical
scanner (1.5 T), our 11.7 T scanner yields a 3-fold reduction in
relaxation times, which precludes detection of the 3—4 ms in-
creases found in low-field scanners: such changes would com-
prise 1-2 ms changes at 11.7 T.

In contrast, at high field strengths, the susceptibility effects
from deoxyhemoglobin, which manifest as T, shortening, be-
come stronger and are therefore detectable in the present study
(Ogawa et al., 1990; van Zijl et al., 1998; Calamante et al., 1999).

Hippocampal and amygdala signal changes after FSE

are asymmetric

MRI signal changes are most often unilateral and almost always
asymmetric in children after FSE and in adults with TLE and a
history of FSE. This provided a strong impetus to examine for
similar unilateral changes in rodent models of the human condi-
tion. Many adult rodent models of chemoconvulsant-induced
epilepsy lead to bilateral MRI changes, yet unilateral hippocam-
pal changes have been reported in adult rodents after kindling
and after intrahippocampal or intraamygdala kainic acid
(Bouilleret et al., 2000; Jupp et al., 2006; Dunleavy et al., 2010).
Here, we found asymmetric T, signal changes after experimental
FSE. It is helpful to consider two significant differences between
the present study and previous studies in chemoconvulsant-
induced epilepsy in adult rodents. First, the present study used
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immature rodents and age has a profound influence on the na-
ture of brain injury provoked by severe seizures (Nitecka et al.,
1984; Holmes and Thompson, 1988; Jensen et al., 1991; Sperber
etal., 1992; Stafstrom et al., 1992; Toth et al., 1998; Kubova et al.,
2001; Lee et al., 2001; Raol et al., 2003; Baram et al., 2011). We
also aimed to recreate the human insult of FSE, that is, long
seizures provoked by combined temperature elevation and in-
flammatory cytokines induced by fever (Dubé et al., 2005a, 2010;
Vezzani et al., 2011). Age and type of insult may underlie the
unilateral limbic changes found in the present study and their
resemblence to those in children.

Basis of reduced T, values using very-high-field MRI

Our findings suggested increased levels of deoxygenated hemo-
globin as a source of the paramagnetic effects that manifest as
reduced T, on high-field MRI scanners. Augmented deoxyhemo-
globin reflects a mismatch between tissue oxygen demand and
supply and is governed by numerous factors, including cerebral
blood flow, cerebral blood volume, and oxygen extraction frac-
tion (van Zijl et al., 1998; Schridde et al., 2008; DeSalvo et al.,
2010; Goense etal., 2012). We excluded subtle seizures during the
MRI as potential bases for ongoing increased oxygen demand
uncompensated by blood supply because MRIs were acquired
under isoflurane anesthesia, a potent anticonvulsant (Mirsattari
et al., 2004). We identified an energetically demanding process,
an early “upstream” step in the inflammatory cascade already
implicated in FSE (Dubé et al., 2010; Kovac et al., 2012). The
correlation of the magnitude and time course of HMGBI trans-
location with T, changes supported a role for these processes in
increased cellular energy and oxygen demand resulting in aug-
mented deoxyhemoglobin levels, although other potential pro-
cesses were not excluded (Folbergrova et al., 1985; Young et al.,
1987; Lothman, 1990; Hascoet et al., 1988; Schridde et al., 2008;
Varghese et al., 2009; DeSalvo et al., 2010).

Significant and predictive MRI T, signal differences between
rats that developed epilepsy and those that remained nonepilep-
tic were in amygdala and, using factor analysis, in combined me-
dial-thalamus/amygdala. The involvement of these regions is
intriguing. First, acute amygdala and thalamic MRI abnormali-
ties have been observed in a subset of children after FSE (Nat-
sume etal., 2007; Shinnar et al., 2012) and their atrophy was more
severe in TLE patients with a history of FSE compared with those
without (Cendes et al., 1993a; Dreifuss et al., 2001; Bernhardt et
al., 2012). Amygdala and limbic thalamus constitute important
components of an excitatory circuit involved in TLE in humans
and rodents (Gloor et al., 1982; Tremblay and Ben-Ari, 1984;
Cassidy and Gale, 1998; Blumenfeld et al., 2004; Englot et al.,
2009). Amygdala is one of the most excitable brain regions (God-
dard et al., 1969) and is a region of onset of kainate-induced
seizures (Tremblay and Ben-Ari, 1984) and of FSE (Baram et al.,
1997) in immature rats. Amygdala and medial thalamus may be
particularly susceptible to mismatches between oxygen supply
and demand, especially in immature brain (Fujikawa et al., 1986;
Kubovi et al., 2001; Pereira de Vasconcelos et al., 2002; Waster-
lain et al., 2010). Indeed, we found amygdala and hippocampal
neuronal injury after experimental FSE (Toth et al., 1998).

Potential clinical application of these findings

Human MRI studies typically use 1.5-3 T scanners. To explore
potential clinical application of our findings, we used a sequence
that is more sensitive to deoxyhemoglobin and is readily available
in clinical settings—a quantitative T,* sequence. The predictive
effects were reproduced on a 4.7 T scanner, which was not sur-
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prising because changes in deoxyhemoglobin levels that are de-
tectable using T,* imaging are widely exploited as a basis for
functional MRI (Ogawa et al., 1990; Dinstein et al., 2012), often
using 1.5 T scanners (Dosenbach et al., 2010). Therefore, the
predictive signal changes found here should also be readily de-
tectable on standard clinical MRIs.

In summary, using an animal model of FSE; high-resolution,
high-field MRI; chronic video EEG; neurochemical blood analy-
ses; and molecular and neuroanatomical approaches, we defined
an early, noninvasive, predictive marker of epileptogenesis. Be-
cause the changes were visible on clinically relevant scanners, we
propose that this MRI signature be tested for its efficacy in pre-
dicting FSE-related TLE in the clinical setting.
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