& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Hua-Jun Feng,
Harvard Medical School, United States

REVIEWED BY
Peter Herman,

Yale University, United States

Pishan Chang,

University College London, United Kingdom
Leon D. lasemidis,

Barrow Neurological Institute (BNI),

United States

*CORRESPONDENCE
Cornelius Faber
faberc@uni-muenster.de

These authors have contributed equally to
this work

RECEIVED 14 December 2023
ACCEPTED 16 February 2024
PUBLISHED 11 March 2024

CITATION

Wachsmuth L, Hebbelmann L, Prade J,
Kohnert LC, Lambers H, Luttjohann A,

Budde T, Hess A and Faber C (2024) Epilepsy-
related functional brain network alterations
are already present at an early age in the

GAERS rat model of genetic absence epilepsy.

Front. Neurol. 15:1355862.
doi: 10.3389/fneur.2024.1355862

COPYRIGHT

© 2024 Wachsmuth, Hebbelmann, Prade,
Kohnert, Lambers, Luttjohann, Budde, Hess
and Faber. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neurology

Frontiers in Neurology

TYPE Original Research
PUBLISHED 11 March 2024
pol 10.3389/fneur.2024.1355862

Epilepsy-related functional brain
network alterations are already
present at an early age in the
GAERS rat model of genetic
absence epilepsy
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Introduction: Genetic Absence Epilepsy Rats from Strasbourg (GAERS) represent
a model of genetic generalized epilepsy. The present longitudinal study in
GAERS and age-matched non-epileptic controls (NEC) aimed to characterize
the epileptic brain network using two functional measures, resting state-
functional magnetic resonance imaging (rs-fMRI) and manganese-enhanced
MRI (MEMRI) combined with morphometry, and to investigate potential brain
network alterations, following long-term seizure activity.

Methods: Repeated rs-fMRI measurements at 9.4 T between 3 and 8 months of
age were combined with MEMRI at the final time point of the study. We used
graph theory analysis to infer community structure and global and local
network parameters from rs-fMRI data and compared them to brain region-
wise manganese accumulation patterns and deformation-based morphometry
(DBM).

Results: Functional connectivity (FC) was generally higher in GAERS when
compared to NEC. Global network parameters and community structure
were similar in NEC and GAERS, suggesting efficiently functioning networks in
both strains. No progressive FC changes were observed in epileptic animals.
Network-based statistics (NBS) revealed stronger FC within the cortical
community, including regions of association and sensorimotor cortex, and
with basal ganglia and limbic regions in GAERS, irrespective of age. Higher
manganese accumulation in GAERS than in NEC was observed at 8 months of
age, consistent with higher overall rs-FC, particularly in sensorimotor cortex
and association cortex regions. Functional measures showed less similarity in
subcortical regions. Whole brain volumes of 8 months-old GAERS were higher
when compared to age-matched NEC, and DBM revealed increased volumes of
several association and sensorimotor cortex regions and of the thalamus.

Discussion: rs-fMRI, MEMRI, and volumetric data collectively suggest the
significance of cortical networks in GAERS, which correlates with an increased
fronto-central connectivity in childhood absence epilepsy (CAE). Our findings
also verify involvement of basal ganglia and limbic regions. Epilepsy-related
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network alterations are already present in juvenile animals. Consequently, this
early condition seems to play a greater role in dynamic brain function than
chronic absence seizures.

KEYWORDS

GAERS, absence epilepsy, graph theory, functional connectivity, rs-fMRI, MEMRI,
deformation-based morphometry, spike—wave-discharges

Introduction

Epilepsies have long been classified as neurological disorders that
can affect the entire brain network (1). Noninvasive techniques,
including electroencephalography (EEG), magnetoencephalography
(MEG) and resting state-functional magnetic resonance imaging
(rs-fMRI) are well-established diagnostic tools for individual
assessment and systematic clinical research. Graph theory is an
optional analysis strategy that is increasingly utilized for exploring
brain network characteristics (2, 3).

The majority of clinical studies focus on temporal lobe epilepsy
(TLE), which is the most common type of epilepsy (3, 4). TLE is
characterized by convulsive seizures that arise from brain lesions
caused by stroke, trauma, or tumor growth. Seizure activity, in
particular prolonged seizures (status epilepticus) contribute to further
neuronal damage (5). Absence epilepsy, on the other hand, is
characterized by transient impairment of consciousness, brief
interruption of ongoing activity, and momentary unresponsiveness to
the environment. Absence seizures are typically not linked to local
macroscopic lesions in the brain, leading absence epilepsies to
be regarded as a benign syndrome (6). However, idiopathic generalized
epilepsies (IGE) have been associated with abnormal behavior,
cognitive impairment, including attention and memory deficits,
language problems, and mood disorders (7). Because absence epilepsy
and its comorbid symptoms mainly affect children and are less severe
than convulsive seizures, ethical considerations make clinical studies,
especially longitudinal assessments in humans [e.g., (8)], scarce.
Furthermore, only few clinical reports relate observed network
characteristics to duration of disease.

Standardized study designs can be utilized when working with
animal models. Present knowledge is obtained from a wide spectrum
of experimental techniques. Two-photon microscopy or local field
potential (LFP) recordings can be used to assess neuronal activity, and
can be combined with modulation of specific network components,
for example using optogenetics or chemogenetics, to identify causal
relationship between brain regions (9). Additionally, electrical
recordings in awake animals are well-established. Permanent
headmounts enable extended recordings and repeated recording

Abbreviations: CAE, childhood absence epilepsy; DMN, default mode network;
EEG, electro encephalogram; FC, functional connectivity; FDR, false discovery
rate; GAERS, genetic absence epilepsy rats of Strasbourg; IGE, idiopathic generalized
epilepsy; JME, juvenile myoclonal epilepsy; LFP, local field potentials; MEG,
magneto encephalogram; MEMRI, manganese enhanced magnetic resonance
imaging; NBS, network-based statistics; NEC, non-epileptic control; rs-fMR],

resting state — functional magnetic resonance imaging; TLE, temporal lobe epilepsy.
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sessions. While challenging, awake MRI in rodents is also possible
(10). However, stress levels during the relatively long and noisy MR
examinations may pose a serious obstacle since absence seizures
typically occur in a relaxed behavioral state rather than during arousal.
Pharmacological restraint, using a low dose of isoflurane, either alone
or in combination with medetomidine, has been established for
rs-fMRI studies in naive rodents (11, 12). However, isoflurane
suppresses seizures and only allows for investigating functional
connectivity (FC) of epileptic animals in a seizure-free state.
Investigating brain networks during seizures has been successfully
performed under Neurolept sedation which preserves seizure
occurrence [e.g., (13, 14)].

In two widely accepted, spontaneous rat models of absence
epilepsy: the Genetic Absence Epilepsy Rats from Strasbourg
(GAERS) and the Wistar Albino Glaxo/from Rijswijk (WAG/Rij) (10,
15-19) preclinical simultaneous EEG-fMRI studies have identified an
epilepsy-specific, bilateral core brain network. In adult animals, this
core network comprises somatosensory cortex and related thalamic
regions during seizure initiation, generalizing across motor cortex and
association cortex during seizures. Basal ganglia regions serve as
remote seizure control. The contribution of limbic structures has been
noted. These observations are consistent with analysis of rodent
electrophysiologic data (20, 21).

The present longitudinal study used GAERS and age-matched
non-epileptic controls (NEC) and aimed to further characterize the
epileptic brain network using two functional measures, rs-fMRI and
manganese-enhanced MRI (MEMRI). We started with 3 months-old
rats when 100% seizure prevalence in GAERS was expected and
performed monthly rs-fMRI examinations up to 8 months of age
under low-dose Isoflurane anesthesia, i.e., in a seizure-free state.
GAERS experience frequent non-convulsive seizures during 10-15%
of their time in quiet wakefulness. We were particularly interested
whether long-term aberrant brain activity or comorbidities associated
with such a pathology would affect brain networks. After the final time
point of the longitudinal rs-fMRI investigation at 8 months of age,
we performed MEMRI as an alternative approach of evaluating
FC. Finally, volumetric differences were assessed through
deformation-based morphometry (DBM) on T1-weighted (T1w) 3D
data between these 8 months-old GAERS and NEC rats. This approach
provided readout of the effects of brain activity over different periods.
Temporal synchronicity of regional brain activity (as probed by
rs-fMRI) and volume changes (as probed by DBM) have been
influenced over the previous life span. MEMRI, on the other hand,
only represents differences in regional neuronal activity accumulated
during the preceding phase of manganese application (7 days) and is
not influenced by anesthesia, which is only necessary during the
MRI acquisition.
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Material and methods Acquisition
rs-fMRI data were acquired at 9.4 T (Bruker Biospin MRI GmbH,
Animals Ettlingen, Germany) using Paravision 5.1 with a 3-element rat brain

surface coil (Rapid Biomedical, Rimpar, Germany) applying a gradient
Experiments were performed in line with ARRIVE guide lines  echo-echo planar imaging sequence (GE-EPI) with repetition time TR

with female GAERS (n=12) and NEC (n=12) from the breeding  1s, echo time TE 18ms, resolution 0.33x0.35mm?, slice thickness
colony of the Institute of Physiology I, University of Miinster ~ 1.2mm, 12 contiguous axial slices and 30 min scan time per data set. Slice
(animal use protocol 84-02.04.2015.A427, Landesamt fiir Natur, 5 from caudal was placed across the anterior commissure. Saturation
Umwelt und Verbraucherschutz Nordrhein-Westfalen). Both  slices were placed around the brain to suppress signal from outside of the
strains have the same genetic background: they were outbred from  brain. Local shimming was accomplished using Mapshim in a volume of
Wistar rats, one exhibiting the EEG and behavioural pattern of ~ 12x14x15mm?’ (anterior-posterior x left-right x rostro-caudal).
absence epilepsy (GAERS) and the other being seizure-free (NEC)
(22). In the GAERS, the penetrance and frequency of spike-wave ~ Preprocessing
discharges (SWD) does not differ as a function of sex (23). Rats Raw data were realigned and resliced using SPM12 (http://www.fil.
were housed in groups of two to four animals at 21°C, controlled  ion.ucl.ac.uk/spm, based on MATLAB 2018b, Mathworks, Natick, MA,
relative humidity of 45-65%, a 12/12h light/dark cycle with  United States). The first 15min of the 30 min raw data were used. In
unlimited access to food and water. In order to enrich animal’s  case any shift in rat head position was detected, continuous 15min
environment, we used 13 inches high cages with a second level and ~ epochs with stable translation (<0.2mm) and rotation (<0.3°)
offered red-transparent plexiglas houses and aspen gnawing sticks. ~ parameters were selected from 30min data sets. For data quality
Monthly longitudinal MRI examinations were performed between  assurance, a bilateral cortical ROI in slice 9 was used to estimate
ages of 3 to 8 months (6 instances). Study design is outlined in  temporal Signal-to-Noise-Ratio (tSNR) (GAERS 57+ 10, NEC 56 £11).
Figure 1. Prior to each examination, animal body weights were  Subsequent processing was done using MagnAn (Biocom, Uttenreuth,
measured (Figure 2A). Germany), a MRI image analysis software based on IDL (°2020 Harris

Geospatial Solutions, Inc.). 2D Gaussian smoothing with a kernel size

of 3x 3 pixel, full width half max 0.6 mm was applied. Time series were

Resti ng state- fMRI low pass filtered using a Fourier-filter of 0.1 Hz. Brains were manually
masked and the global signal mean was regressed out. A template of 80

Animal preparation brain regions (24) (Supplementary Table S1, referred to as MagnAn
Animals were anesthetized with 5% Isoflurane (Baxter vet.,  atlas) based on the Paxinos and Watson rat brain atlas (25) was semi-

Unterschleiflheim, Germany) and positioned in the animal cradle  automatically registered to each individual dataset (with the Regibox
with head fixation via ear plugs and bite bar. During MRI  tool provided in MagnAn followed by manual correction). The label
examinations a gas mixture of 75% air and 25% oxygen with  mask volumes were taken as a rough estimate for brain volumes
1.1-1.2% Isoflurane was supplied via a nose cone. Respiration rate  (Figure 2B). 8 months rs-fMRI data was additionally analyzed using a
and rectal body temperature were continuously monitored and  template with 114 brain regions based on the RatSigma atlas (26) in
strictly kept in the physiological range (36.5-37.5°C, 60-90  order to allow for region-wise comparison with high-resolution
breaths per minute) by adjusting cradle temperature and Isoflurane ~ MEMRI data acquired at the final time point of the study (see below).
dose. We paid particular attention to keep the time between  The RatSigma atlas subdivides cortex and hippocampus into many
initiation of anesthesia and functional scans as short as possible ~ subregions but provides only very limited subcategories for the

(20-30 min). subcortical brain (Supplementary Table S1).
- T
_ GAERS | | GAERS
S < A A
) ) 7 day accumulation of
MnCl
&\’A - ~ “)\; . 2
NEC (‘ 3 4 5 6 7 8* NEC
SSRGS \ month of age | RSSO
repeated rs-fMRI, *pre contrast 3D T1w MRI, implantation of post contrast 3D Tlw MRI,
mini-osmotic analysis of MEMRI hyperintensities,

graph theory analysis
pumps deformation based morphometry

FIGURE 1

Study design. 12 GAERS and NEC, each, were subjected to repeated rs-fMRI examinations at 3, 4, 5, 6, 7, and 8 months of age under low dose
isoflurane anesthesia. Graph theory analysis was applied to analyze longitudinal rs-fMRI data. At 8 months of age mini-osmotic pumps prefilled with
MnClx4H,O were implanted. Before and after 7 days of continuous manganese application, high-resolution 3D T1w-MRI were acquired. Manganese
accumulation was assessed by brain region-wise analysis of signal intensities in T1-weighted images. Regional volume differences between GAERS and
NEC were retrieved from data registration.
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FIGURE 2

Global parameters. (A) Body weights of GAERS (blue) and NEC (orange) significantly increased between 3 and 5months of age, followed by a plateau
from 6months and onwards. (B) Label mask volumes from rs-fMRI analysis with MagnAn were taken as rough estimate for brain volumes. Asterisks
indicate significant differences between time points (rm ANOVA followed by posthoc Student's t-test, *p<0.05, **p<0.01. and ***p<0.001). (C) Mean

correlation coefficients (z-transformed) of GAERS and NEC over time. Variance analysis with rm ANOVA revealed significant higher FC in GAERS when
compared to NEC, but no effect of age (Table 1). (D) Number of components and (E-G) the global parameters clustering coefficient (gamma), shortest
path length (lambda), and small world index (sigma) of juvenile and adult GAERS and NEC, respectively, plotted vs. network density k. Please note that
x-axis in E=G only show network density up to k=12. Asterisks (F) indicate significant differences of global parameter lambda between juvenile strains
(*p<0.05, unpaired Student's t-test). Hash keys indicate significant differences between juvenile and adult GAERS (#p<0.05 and ##p<0.01, paired

Student's t-test). Grey bars highlight density threshold of k=6, which was used for subsequent analyses. All graphs show mean and standard error of
the mean (SEM).
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Network construction

Network analysis was performed using MagnAn with a multi
seed regions approach (MSRA) (24). In brief, seed regions were
automatically defined in the center of mass of each brain region.
The average time course of each seed region was correlated with
every voxel time course within the brain and the resulting
correlation maps were thresholded using the Benjamini-Yekutieli
false discovery rate (FDR), implemented in MagnAn (¢=0.05, n=6
time points). The average Pearson’s correlation coefficient r of all
target voxels per brain region was used to define the connectivity
strength to the respective seed region. This procedure was repeated
for every brain region resulting in an asymmetric correlation
matrix 80 x 80 (MagnAn atlas) and 114 x 114 (RatSigma atlas) per
resting-state scan. Pearson’s -values were transformed to Fisher’s
z-values to provide normal distribution and only positive
correlations were considered further. Z-values of correlation
coefficients were initially compared for each time point (Figure 2C
and Table 1).

For subsequent analyses, we combined data from 3-5months
(juvenile) and 6-8 months (adult) based on animal body weights.
Averaged group correlation matrices of juvenile and adult GAERS and
NEC are displayed in Supplementary Figure S1. The clearly visible
diagonals, representing the interhemispheric connections between
regions, indicate that the analysis established meaningful functional
connections, despite anatomical distance. Robust interhemispheric
connectivity was observed at a significance level of p<0.05, FDR
corrected, between primary sensory hindlimb cortices for both NEC
(r=0.389+0.138) and GAERS (r=0.463+0.173). In contrast, there
was low intrahemispheric connectivity strength between hindlimb
cortex and cingulate cortex (NEC 0.291 £0.111, GAERS 0.332+0.124).
These findings confirm specificity of our data to known functional
connectivities (27).

TABLE 1 Group comparisons.

10.3389/fneur.2024.1355862

Global network parameters

The global network parameters clustering coefficient, shortest
path length, and small world index (28, 29) were calculated using
MagnAn for a range of network densities (k=2-20). Metrics were
normalized by comparison to 1,000 random networks with equivalent
nodes and edges count. Network parameters are dependent on the
network density k, which is the ratio of the actual number of edges to
the total number of potential edges between all nodes in the network.
The clustering coeflicient measures the fraction of neighbors of a node
that are neighbors of each other. The global clustering coefficient y is
the average of all local clustering coeflicients. The global shortest path
length A indicates the efficiency of the overall information flux within
the network and is defined by the average number of edges needed to
travel from one node to another. The small world index o is the ratio
of the latter two metrics, y/A. Small worldness is greater than 1 for
networks with tightly interconnected clusters of nodes, as seen in
regular networks, but also for short path lengths between elements, as
in random networks (29). As the network density increases, global
network parameters become more similar. Global parameters were
compared on group level with unpaired (GAERS vs. NEC) or paired
(juvenile vs. adult) Students t-test. The network density of k=6,
representing the strongest 240 connections between brain regions (i.e.
approximately 8% of all connections), was selected as the threshold for
all further analyses, as it approximately corresponds to the inflection
point in global parameter plots.

Local network parameters

Local network parameters were calculated using MagnAn.
Degree, strength, clustering coefficient, shortest path length,
betweenness and hub score were determined for each node and data
set. The degree represents the number of connections associated with
a single node. The strength is calculated as the sum of link weights of

Factor df F fo)
(A) FC (z-values)
GAERS vs. NEC Strain 1 13.910 0.001+*
6 time points Time point 5 2.30 0.085
Interaction Strain * time point 5 1.767 0.129
(B) Body weight
GAERS vs. NEC Strain 1 22.589 <0.001%**
6 time points Time point 5 182.477 <0.001#%#%*
Interaction Strain * time point 5 3.545 <0.01°+*
(C) Brain volume
GAERS vs. NEC Strain 1 64.722 <0.001%#**
6 time points Time point 5 19.921 <0.001##*
Interaction Strain * time point 5 4.662 <0.01°**
(D) FC (z-values)
GAERS vs. NEC Strain 1 11.468 0.003%*
Juvenile vs. adult Age group 1 0.271 0.608
Interaction Strain * age group 1 1.225 0.275

Summary of rm ANOVA comparing (A) FC (z-values), (B) body weights, and (C) brain volumes per strain and time point. (D) FC after combining 3, 4, and 5 months data in a juvenile group

and 6, 7, and 8 months data in an adult group.
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anode. A high hub score indicates importance of brain regions with
above-average high number of connections (degree), a high level of
betweenness centrality and short average path length (30). Local node
parameter data did not pass Shapiro Wilk-test (p>0.05) for normal
distribution. Group comparisons were performed with the Kruskal-
Wallis-test (IBM SPSS statistics 25, Table 2). Obvious group differences
in local node parameters were then tested for statistical significance
by applying posthoc Mann Whitney U-test with correction for
multiple comparisons.

Network topology

Community structure was evaluated using Gephi, version 0.9.7,
an open-source software for graph theoretical analysis (31). The
algorithm (32) partitioned the rs-fMRI network into sub-communities
of densely connected nodes, with nodes from distinct communities
exhibiting sparse connections. To display the network (Figure 3),
we used the force-based algorithm implemented in Gephi (33). Node
labels identify anatomical brain regions. Color of nodes indicates
affiliation with functional group. Magnitudes of degree were utilized
to code node and label size in network depictions. Edge thickness was
calibrated to reflect strength of correlation coefficients. Group
differences in network connectivity between strains and age groups
were assessed using network-based statistics (NBS), implemented in
MagnAn. A homoscedastic Student’s t-test between FDR-corrected
correlation matrices at k=6 was performed and corrected for multiple
testing by 1,000 times permutation (34). The identified significant
component of functional connections that differed between GAERS
and NEC, as well as between juvenile and adult NEGC, is displayed as
overlay on a set of representative midline axial and lateral sagittal T1w
images (Figure 4).

Manganese-enhanced MRI

Preparation

Within a week after the last rs-fMRI examination, mini-osmotic
pumps (Alzet, Model 2001) were subcutaneously implanted in the
shoulder region. The pumps had been prefilled with 200pL

TABLE 2 Group comparisons.

10.3389/fneur.2024.1355862

MnCl, x4H,O (Sigma) in 0.4M bicine buffer (Sigma), pH 7.4, to
continuously deliver a cumulative dose of 150 mg/kg MnCl, x 4H,O
within 7 days at a rate of 1 pL/h. For surgery, animals were anesthetized
with Isoflurane (initiation 5%/continuous dose 2.5% in 100% oxygen)
and received buprenorphine (bolus s.c. 0.05 mg/kg, Temgesic, Reckitt
Benckiser Healthcare UK Ltd., Hull, United Kingdom) 30 min before
surgery. Rats tolerated subcutaneous pump implantations and 7d
continuous manganese applications well.

Acquisition

We acquired T1w 3D FLASH scans prior to and at day 8 after
pump implantation. Imaging parameters were as follows: TR/TE:
21/7.6ms, FA: 10°, 3x3x2cm® FOV, 320x320x80 matrix,
94x 94 x 250 pm®. We applied fat suppression and respiration trigger.
Signal enhancement in the pituary gland and dentate gyrus confirmed
manganese delivery via osmotic pumps in all animals.

Analysis

Brains were manually segmented from 3D T1w FLASH scans and
registered on the template of the RatSigma atlas with 114 brain regions
via ANTS (Advanced Normalization Tools [47], two stage build-
template approach). Next, median smoothing with a 7x7 x 7 kernel
was performed and a homoscedastic Student’s t-test was calculated
between registered images of GAERS vs. NEC animals (n =12, each)
to compare signal intensities. On the resulting ¢-values a threshold-
free cluster enhancement (TFCE) was applied and finally a multiple
comparison correction (100 repetitions with random group
assignment) was performed. Voxels were thresholded at 99.9th
percentile t-value (#=4.02420, corresponding to p=0.00057). The
resulting color map shows areas with more than 500 voxels exhibiting
significant signal enhancement in GAERS compared to NEC, overlaid
on the mean difference image.

Registration of high-resolution 3D T1lw datasets additionally
provided morphometric data. For analysis, the RatSigma atlas was
transformed into each individual subjects” space using the inverse of
the deformation field per subject obtained in the above registration
step. The average volumes of each brain structure in all GAERS and
NEC were analyzed using a Student’s t-test to identify brain structures

(A) Strength

Factor p

Hemisphere 1 2.503 0.114 2.804 0.094 1.231 0.267 1.161 0.281 3.122 0.077 3223 0.073
Strain 1 9.967 0.002%* | 0.017 0.897 2.888 0.089 42434 | <0.001%%* 0.76 0383 0.938 0333
Age 1 1.805 0.179 2357 0.125 2.856 0.091 0.143 0.705 0.487 0.485 1.517 0218
Group 3 14605 | 0.002%% | 2713 0.438 7.171 0.067 58289 | <0.001%% | 2926 0.403 2775 0.428
(B) Strength Path length

Factor H H

Juvenile, GAERS vs. NEC 1 7.020 0.008%* 1 24.865 <0.0001%%% ‘
Adult, GAERS vs. NEC 1 0.800 0371 1 3.461 0.063 ‘

Summary of non-parametric testing (Kruskal-Wallis-test) of local node parameters at k=6. (A) First 38 bilateral brain regions were tested for interhemispheric differences. Then variance
analysis of effects of strain (GAERS and NEC), age (juvenile and adult) and group (juvenile GAERS and NEC and adult GAERS and NEC, respectively) was applied to 42 brain regions. (B)
Interaction between strain and age was significant for the local node parameters strength and path length in the juvenile groups. CC, correlation coefficient; PL, shortest path length; BW,

betweenness; HS, hub score.
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be found in Supplementary Table S1.

degree 20 10

B basal ganglia @ limbic system B sensory input

Network topology. Group-averaged force-based network plots of juvenile and adult GAERS (A,B) and NEC (C,D), respectively, at a network density of
k = 6. Nodes represent brain regions and edges connections between them. Arrangement and closeness of nodes takes correlation strength between
brain regions into account. Brain networks subdivided into three major communities, indicated by light grey ellipses, irrespective of strain and age: one
cortical community, comprising association cortex (orange) and sensorimotor cortex (red) mingling with basal ganglia (grey) and some limbic regions
(blue); one sensory input community (green) colocalized with limbic region periaqueductal grey (blue) and one subcortical community comprising
thalamic (pink), sensory input (green) and limbic regions (blue). Node and label size scale with degree and edge thickness represents the correlation
strength between connected brain regions. Nodes are color-coded according to affiliation with functional group. Abbreviations of brain regions can

GAERS adult

5
B thalamus

significantly differing in volume. The lack of difference in whole brain
volumes pre and post manganese application (for NEC 1759 + 34 mm’
(pre), 1767 £37mm?® (post), Student’s paired t-test 0.088; and for
GAERS 1821 +40 mm?® (pre), 1828 + 36 mm® (post), Student’s paired
t-test p=0.403) suggests that signal enhancement due to manganese
accumulation did not significantly impact brain volume determination
in T1w 3D data sets.
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Results

The present longitudinal rs-fMRI study started with 3 months old
rats, an age at which GAERS have a seizure prevalence of 100% (22).
We found general differences between epileptic and non-epileptic
brain networks. Other than expected, no brain network alterations/
adaptations were detected in GAERS over the ensuing 5 months of life.
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juvenile GAERS vs. NEC

FIGURE 4
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Network based statistics. NBS at k = 6 revealed significant differences between brain networks of GAERS and NEC in both, the juvenile (A,D) and the
adult (B,E) groups, and between juvenile and adult NEC (C,F). Graphical layouts (A—C) are overlaid, in approximate anatomical position, on one
representative left and right sagittal and one axial MR image (scale bar in grey). Only nodes with significantly altered connections are shown. Colors
encode affiliation with the functional group. The colors of the edges are a combination of the colors of the connected nodes. Statistically stronger
connections in GAERS compared to NEC (A,B) and in adult compared to juvenile NEC (C) are represented by thick lines, thin lines represent statistically
weaker connections for the respective comparison. Matrices (D—F) summarize the numbers of significantly different connections between brain
regions per functional group (please note, sensory cortex and motor cortex as well as limbic system and limbic output were combined) when
comparing GAERS with NEC (D,E) and adult with juvenile NEC (F). If two numbers are shown in one cell, the first represents the number of stronger,
the second the number of weaker connections for the respective comparison. Group permutations: 1,000, alpha: p < 0.05.
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The initial analysis of z-transformed correlation coeflicients
averaged by strain and examination time point (Figure 2C) showed
generally higher FC for GAERS than for NEC (repeated measure (rm)
ANOVA, p<0.01; Table 1A). However, no substantial differences were
observed with increasing age of animals. It was assumed that animals
had fully matured at 6 months of age, and therefore, correlation
matrices were averaged across 3, 4, and 5months data and classified

Frontiers in Neurology

as juvenile NEC/GAERS, and averaged across 6, 7, and 8 months data
and classified as adult NEC/GAERS. This grouping of data was based
on the body weight time profile, which demonstrated an increase from
3 to 5months of age, followed by a plateau from 6 months and onwards
(Figure 2A; rm ANOVA Table 1B). Brain volumes (determined
through data registration), also only increased significantly between 3
to 5months of age (Figure 2B; rm ANOVA Table 1C). A similar age
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categorization had been applied in a recent longitudinal study in Long
Evans rats (which also exhibit absence seizures) by Kozac et al. (35).
The subsequent analyses were performed on these grouped data.

Global network topology

The global network parameters clustering coefficient, shortest
pathlength, and small world index became similar with increasing
network density between all groups (Figures 2E-G). The similarity in
global parameters suggested that both GAERS and NEC have similarly
efficient brain networks. To identify potential differences, we chose a
k=6 (inflection point in Figures 2E-G), considering the 240 (that is
the 8%) strongest connections as threshold for the construction of
networks, the NBS, and the calculation of local node parameters.

Community structure

Force-based network plots (Figure 3) at k=6 were used to display
network topologies of juvenile and adult GAERS and NEC. This
graphic illustrates the 80 brain regions as nodes with the 240 strongest
connections represented as edges. Arrangement and proximity of
nodes takes correlation strength between brain regions into account.
Node and label sizes scale with degree, which is defined as the number
of connections per brain region, while edge thickness indicates the
correlation strength between connected brain regions. Overall
community structure was comparable in both age groups in GAERS
(Figures 3A,B) and NEC (Figures 3C,D). Across all groups, most
connections were formed between cortical regions. Brain networks
subdivided into three major communities, indicated by light grey
ellipses: One community was primarily cortical, with regions of
sensorimotor cortex (red) and association cortex (orange) associated
with basal ganglia (grey) and some limbic regions (blue). The second
community was composed of regions from sensory input (green) and
the limbic region periaqueductal gray (PAG, blue) and some basal
ganglia regions in juvenile NEC. The third community included
thalamic (pink), limbic (blue), and sensory input regions (green). In
juvenile GAERS (Figure 3C), the cortical community was entirely
separate from the exclusively subcortical communities. Even the
limbic and basal ganglia regions, associated closely with the cortical
community in all other groups, tended to form a small subcommunity
in juvenile GAERS (to a lesser extent also observed in adult GAERS).
The consistent gathering of respective left and right bilateral brain
regions within the same community confirmed strong, preserved
functional connectivity between the hemispheres.

NBS

NBS at k=6 identified notable differences of brain networks
between strains in both age groups (Figures 4A,B,D,E), but only NEC
showed significant differences with maturation (Figures 4C,F). Brain
networks of GAERS formed stronger connections (thick lines) than
age-matched NEC, while only few connections were significantly
weaker (thin lines) (Figures 4A,B). When comparing juvenile groups
(Figures 4A,D), NBS revealed 42 nodes involved in network changes
in the epileptic brain, with 111 stronger and 1 weaker connections
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(component probability p<0.001). When comparing adult groups
(Figures 4B,E), 39 nodes were involved in 99 stronger and 3 weaker
connections (component probability: p=0.002). Overlaying nodes
with statistically different connection strength on anatomical sagittal
and coronal MR images (Figures 4A-C), highlights the enhanced FC
of brain regions within and between hemispheres in epileptic animals.
Irrespective of age, GAERS exhibited stronger connections,
particularly among brain regions of association cortex (orange),
sensory cortex (red) and motor cortex (rose) and with basal ganglia
(grey) and limbic regions (blue). Similarly, thalamic regions (pink)
were more strongly interconnected in GAERS when compared to
NEC. Far less statistically significant differences were identified
between juvenile and adult brain networks of rats of the same strain.
For NEC (Figures 4C,F), there were 21 nodes identified, with 29
stronger and 1 weaker connection (component probability: p=0.028).
Adult NEC formed stronger connections within and between limbic
(blue) and sensory input regions (green), and between cortical (red
and orange) and basal ganglia (grey) regions. However, in GAERS,
NBS did not indicate significant age-related differences (component
size: 14 nodes, 14 connections; component probability: p=0.182).

Local node parameters

Local node parameters were calculated in addition to the NBS to
further pinpoint which brain regions were specifically engaged in the
epileptic network. Across all groups, the top 20 regions in terms of
degree rank were observed in both hemispheres in association cortex,
sensorimotor cortex and limbic system (highlighted by bold colors in
Supplementary Figures S2A,B). In all groups except juvenile GAERS,
sensory input regions were also present in the top 20 regions of
degree. Almost exclusively in GAERS, basal ganglia regions were
among the top 20 in degree. The laterality index of brain region-wise
degrees did not indicate hemispheric dominance (Figure 5A).
Additionally, group comparisons did not reveal significant
interhemispheric differences for any of the local node parameters
between 38 bilateral brain regions (Table 2A). Kruskal-Wallis-Test
revealed significant effects of strain (for strength and path length), but
not of age. Significant interactions were found between groups for
strength and path length, with a significant effect in juvenile groups
(Table 2B). Radar plots illustrate the local node parameters strength
(Figure 5B) and path length (Figure 5C) in juvenile rats, averaged by
hemispheres. The posthoc analysis (Mann Whitney U-Test) of
juvenile groups revealed significantly higher strengths of the basal
ganglia regions nucleus accumbens (Acb) and claustrum (Cl), and the
limbic region habenulum (Hb) in GAERS. Path length was
significantly lower in the insular cortex (Ins) and in the basal ganglia
regions Acb and Cl in juvenile GAERS. By closer examination of local
parameters that were averaged over hemisphere and age
(Supplementary Figure S3), posthoc testing revealed significantly
higher S3A)
(Supplementary Figure S3B) in GAERS in regions of the association

strength  (Supplementary Figure and degree
and the sensorimotor cortex, cingulate cortex (Cg), parietal
association cortex (PtA), Ins, and primary motor cortex (M1), as well
as in the limbic region septum (Sep). In NEC, degree was higher in
periaqueductal gray (PAG) and in the sensory input regions superior
colliculus (SC) and tegmentum (Teg). In NEC, significantly higher

clustering coefficients were observed (Supplementary Figure S3C) in
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dominance. Dots represent brain regions, light grey areas indicate the laterality index (LI) threshold set at 0.3. Radar plots display strength (B) and path
length (C) of juvenile GAERS (light blue) and NEC (light orange) averaged across hemispheres. Asterisks indicate significant differences between strains
(Posthoc Mann Whitney U *p <0.05 and **p < 0.01). List of abbreviations of brain regions can be found in Supplementary Table S1. Summary of results

of non-parametric variance analysis are reported in Table 2.

the sensory input regions pretectal area (PTA) and pontine nucleus
(Pn), and in paraventricular thalamic nucleus (PV). The association
cortex regions PtA and Ins, sensory cortex of the hindlimb (SIHL)
and the basal ganglia region Cl exhibited significantly lower
path length (Supplementary Figure S3D) in GAERS when
compared to NEC. A statistically significant higher betweenness
(Supplementary Figure S3E) was observed in Acb and caudate
putamen (Cpu). Secondary sensory cortex (S2) betweenness was
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higher in NEC. PtA, Acb, and Cpu showed a significantly higher hub
score (Supplementary Figure S2F) in GAERS. In NEC, the sensory
input regions Teg, SC, Pn and raphe nucleus (R) were identified as
network hubs.

Differences in local network parameters supported the picture
revealed by NBS, highlighting the segregation of cortical regions, and
the prominent role of basal ganglia and limbic nodes in the
epileptic network.
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MEMRI
Next, we investigated whether an alternative functional readout
based on long-term accumulation of manganese over time in adult
behaving animals after the rs-fMRI study’s last time point would yield
results consistent with our rs-fMRI findings. In general, continuous
manganese application over 7 days to 8 months-old rats of both strains
resulted in non-uniform SI enhancement, particularly strong in the
hippocampus, amygdala, and cortex ( ).
Threshold-free cluster enhancement (TFCE) was applied to compare
manganese accumulation pattern between strains. TFCE maps
( ) show significantly higher signal intensity in GAERS in
sensory cortex regions like barrel field and jaw. Additionally,
significantly higher signal was evident in GAERS in the association
cortex (retrosplenial, insular and cingulate cortex). Striatum and
limbic regions, specifically the septum and hypothalamus also showed
statistically significant signal increase.
To facilitate individual comparison of MEMRI with rs-fMRI data,
the 8m rs-fMRI data underwent a secondary graph analysis. A
multiparametric analysis was conducted using the RatSigmaAtlas
brain template, which consisted of 114 grey matter brain regions with
fine-grained resolution of cortical and limbic regions and much
coarser labelling of subcortical regions, in order to fully leverage the
high resolution of MEMRI data. The resulting rs-network topology of
GAERS at k=6 (342 strongest connections) is displayed in
. The network segregated again into 3 communities
(indicated by dashed grey lines). One community was composed of
sensorimotor (red) and association (orange) cortex regions, the

10.3389/fneur.2024.1355862

second community united limbic regions (blue), sensory input regions
(green) and thalamus (pink), and the third community included
sensory input, limbic, basal ganglia (grey) regions and brain stem
(white). Node size in scales with degree, highlighting the
particularly strong FC within cortical brain regions.

Applying the RatSigmaAtlas brain template to MEMRI data
revealed significantly higher manganese accumulation in
approximately half of the analyzed brain regions in GAERS compared
to NEC in line with TFCE maps ( ) (i.e., 56 of 114 brain regions
using the unpaired Student’s t-test, p<0.01, FDR corrected). In
particular, a significantly higher level of signal enhancement
(highlighted in color in ) was observed in the retrosplenial
cortex (retrosplenial granular cortex part A, RSGA and retrosplenial
dysgranular cortex, RSD), as well as in the insular (dysgranular insular
cortex, InsD and cingulate cortex (primary, CG1, and secondary, CG2
cingulate cortex). Also the basal ganglia (striatum, STR, and basal
forebrain, Bfb), the interpeduncular nucleus of sensory input region
(IP), limbic regions such as the septum (Sep), hypothalamus (Hyp),
periaqueductal gray (PAG) and subregions of the hippocampus (cornu
ammonis, CA1 and CA3), and brain stem (BS) showed significantly
higher manganese accumulation. The size of the nodes in is
proportional to the percent difference in MEMRI signal between post-

contrast GAERS and NEC.

Deformation-based volumetry
Total brain volumes were slightly greater in GAERS (WM
213+4mm’ GM 1586 + 22 mm’; ventricle 32+ 1 mm?®) compared to
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FIGURE 6
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Synopsis. (A) Force-based network plot of community structure for GAERS based on analysis of 8 m rs-fMRI data with the RatSigma template at k = 6.
(B) Same network plot as in (A), but only highlighting regions with significant MEMRI hyperintensity. (C) Same network plot as in (A), but only
highlighting regions with significant volume increase. Node sizes scale with degree (A), % signal enhancement (B) or % volume increase (C),
respectively. Colors indicate functional group affiliation (orange = association cortex, red = sensorimotor cortex, grey = basal ganglia, blue = limbic
system, green = sensory input, pink = thalamus). Brain region abbreviations are listed in Supplementary Table S1.

NEC (WM 201 +5mm? GM 1537 + 38 mm?; ventricle 32 +2mm°) at
8months of age (Students f-test, p<0.001). Deformation-based
analysis revealed significantly higher volumes (highlighted in color in
Figure 7C) for secondary cingulate cortex and retrosplenial cortex
(dysgranular cortex and granular cortex part B) in GAERS. Also,
several regions of the sensory cortex (barrel field, dysgranular zone 0,
trunk upper lip and primary and secondary visual cortex), as well as
the limbic region dentate gyrus and the thalamus had higher volumes
in GAERS.

Synopsis of 8 months data

Functional readouts and morphometry yielded consistent but
partly complementary results. rs-fMRI identified more and stronger
connections within the cortical community in GAERS, suggesting an
important role of association and sensorimotor regions in the epileptic
network. Notably, approximately half of the regions of the cortical
exhibited
Specifically, secondary cingulate cortex and retrosplenial granular

community significant manganese accumulation.
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cortex part B also showed volume increase. Limbic regions exhibited
strong rs-FC within the functional group and with association cortex
and sensory input regions in GAERS. However, this high temporal
synchronicity was associated with MEMRI hyperintensities only in
PAG, Sep, hypothalamus (Hyp) and some hippocampal subregions
(CA1 and CA3). The thalamus (right hemisphere) and the sensory
input region interpeduncular nucleus (IP) and basal ganglia also
exhibited significant MEMRI hyperintensity, but only the thalamus
increased in volume. The basal ganglia, thalamus and IP showed
relatively lower degree compared to cortical nodes.

Discussion
Major findings

Our longitudinal rs-fMRI data suggested that GAERS have a
characteristic, disease-specific resting state-brain network, which
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appears to be fully developed in juvenile rats and differs from the
network found in age-matched non-epileptic controls. MEMRI and
volumetry data obtained from 8 months-old animals added further
evidence for functional and morphological differences between
GAERS and NEC.

rs-fMRI

Graph theory analysis revealed that global network parameters
were within the expected range and similar in GAERS and NEC,
implying efficiently working brain networks in both strains. Across all
timepoints, resting state-FC was consistently higher in GAERS. In line
with our previous study (13), we found strong FC intra-cortically and
between cortical, basal ganglia, and limbic regions in GAERS.

In contrast to the previous study, we now applied a different
anesthesia protocol, using low-dose Isoflurane instead of Neurolept.
By applying Isoflurane, GAERS were in a SWD-free state, under the
same controlled anesthetic condition as NEC. We compared brain
networks between GAERS and NEC, and expected the impact of
low-dose Isoflurane to be similar and constant in both strains.
Isoflurane-dose-dependent cortical segregation, and disruption of
thalamo-cortical and subcortical FC have been reported (27, 36-38),
and have been associated with loss of consciousness under anesthesia.
We applied 1.1-1.2% Isoflurane and kept examination times short in
order to preserve major brain networks (24, 39). The general network
topology of GAERS and NEC in the present study was in agreement
with rs-fMRI studies in naive rodents, under Medetomidine (40, 41)
and in the awake condition (42). In both strains, key nodes of the
sensorimotor network, default mode network (DMN, Rs, and cg) and
salience network (Ins and cg) formed a shared cortical community
associated to varying extent with basal ganglia regions. Furthermore,
a subcortical community consisting of limbic, sensory input, and
thalamic regions was observed. In agreement with D’Souza (40), a
small additional community with the sensory input region SC and
with PAG was found.

We recognize that FC within the cortical community and with
basal ganglia was rather high, whereas FC of thalamic nuclei within
the brain network was less strongly represented. Despite the fact that
these findings may indicate potential anesthesia effects, we detected
significantly enhanced FC in GAERS compared to NEC in both age
groups which seemed to be characteristic for the epileptic brain. We
retrieved network components previously identified during absences
in both animal models and human patients. The peri-oral region has
long been shown to be the region of onset of absence seizures in
WAG/Rij rats (20) and in GAERS (43). During ongoing seizures, SWD
then occur generalized over the entire cortex. A high degree of
cortico-cortical correlation has been reported in WAG/R4j rats under
Neurolept sedation during epochs with and without SWDs, but not in
non-epileptic control Wistar rats (14). Clemens et al. (44) interpreted
the increased FC of the seizure onset area with the remaining cortical
areas in humans as a state facilitating seizure propagation among the
cortical network. The findings of Studer et al. indicate that in GAERS
increased synaptic connectivity, especially through horizontal links
from deep cortical neurons are critical in the neuronal synchronization
in absence seizures (21). In absence epilepsy patients, involvement of
the DMN and salience network (bilateral insular, anterior cingulate,
and temporal-parietal cortices) has been recognized and has been
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associated primarily with cognitive dysfunction and disruption of
attention and awareness during seizures (45-48). Other studies, using
fMRI (49) or MEG (50, 51), additionally reported increased FC
between sensorimotor and limbic regions and increased cortical FC
between hemispheres (52). However, there are also some conflicting
findings, such as reports of reduced interictal DMN (53) and attention
network FC (45) in human patients compared to controls. Involvement
of the basal ganglia in the remote control of absence seizures (54-56)
has
electrophysiological studies in animal models of absence epilepsy
(54-56). Consistently, a recent rs-fMRI study in CAE (57) found
strong FC within the basal ganglia network and between basal ganglia

previously been suggested by pharmacological and

nuclei and other brain regions.

Despite the occurrence of hundreds of absence seizures per day
between 3 months and 8 months of age, we did not detect progressive
FC changes in epileptic animals. Only in NEC we found age-related
differences in FC. In adult NEC, NBS identified a component with
statistically stronger intracortical connections, stronger FC between
cortical regions and basal ganglia, and stronger FC between limbic
and sensory input regions than in juvenile NEC. This aligns with
findings in human studies (58, 59), which suggest an increase in the
segregation of functional brain circuits with age. The shift is from
stronger short-range connections in children, limited to primary
sensory and motor brain regions, to stronger and more distinct
patterns of long-range connections in adults, involving retrosplenial
and insular cortex and subcortical regions. This shift has been linked
to brain growth and expanding myelination, which enables faster
information transmission (59). No such network differences were
found between juvenile and adult GAERS. We speculate that the
pathology in juvenile GAERS may have interfered with the normal
shaping of circuitry during maturation. Aberrant functional
connectivity has been implicated in neurodevelopmental disorders
such as autism or attention deficit hyperactivity disorder (59).

When comparing between strains, NBS revealed a component
with a higher number of significantly stronger connections in GAERS
compared to NEC in both age groups, predominantly involving brain
regions from association and sensorimotor cortex, from basal ganglia,
and from limbic regions. Our NBS results support the notion that
strong cortico-cortical FC reflect the strong synchronicity found
during SWD activity. Basal ganglia regions, in particular the nucleus
accumbens which showed high FC in our study are believed to play a
central role in seizure control through their interplay with the striato-
nigral pathway and the dopaminergic system (60). Enhanced
expression of D3 dopamine receptor mRNA in the nucleus accumbens
of adult GAERS in comparison to NEC has been observed (61). High
FC within limbic regions and with cingulate cortex and insular cortex,
also referred to as limbic cortex, on the other hand, may be related to
social behavior deficits observed in GAERS (62). Sociability in rodents
is thought to be mediated by neural circuits densely populated with
T-type calcium channels and GAERS contain a missense mutation in
the Cav3.2T-type calcium channel gene. Henbid et al. observed
reduced sociability in female GAERS (63).

Longitudinal neuroimaging data is more accessible from rat
models of TLE. TLE models induce status epilepticus (SE) by focally
lesioning the brain (e.g. with kainate injections). After an initial
latency period, spontaneous recurrent convulsive seizures occur in the
long-term (chronic phase). Histopathological examinations revealed
massive local neuronal degradation and gliosis in this model. The
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severe pathology of TLE models compared to absence epilepsy models
is associated with progressive brain network alterations. In a
longitudinal rs-fMRI studies, analyzed through graph theory,
Christiaen et al. (64) observed a decrease in global FC that was most
significant during epileptogenesis, specifically occurring between 1
and 3 weeks post-SE. Afterwards, network connectivity remained
unchanged. In addition to the finding that the maximum loss of
hippocampal volume occurred 1 week post-SE, the authors concluded
that alterations in network topology resulted from neuronal tissue
loss. One intriguing finding from that study was a negative correlation
between early shifts in network topology and later seizure frequency,
suggesting that a minimal level of organization is necessary for
seizures emergence. In agreement, Bertoglio et al. (65) reported
widespread hyposynchrony at 2weeks post-SE in the same model.
However, a significant increase in network synchronicity occurred
between 2 to 4weeks post-SE, suggesting potential network
reinforcement during seizure recurrence. Gill et al. (66) also observed
elevated intra- and interhemispheric connectivity, particularly within
the DMN and between limbic and DMN structures, 5 weeks after SE
in animals, with postmortem histologically confirmed neuronal
damage. Li et al. (67) detected increased FC in the sensorimotor
cortex and limbic regions at 10 days post-SE, which was found to be a
predictive marker for epileptogenesis. This was confirmed through
longitudinal EEG recordings between the ages of 2 and 4 months. In
these rodent models, progressive brain network alterations towards
lower FC appeared to occur in temporal sequence with TLE-related
macroscopic brain alterations. Once the epilepsy phenotype is
established, network connectivity that is either stable or increased is
observed. The brain regions involved in this network include cortical,
basal ganglia, and limbic regions, which are of importance also in our
current study of absence epilepsy.

MEMRI

We utilized MEMRI as an independent readout of FC for
8 months-old GAERS and NEC. Our findings demonstrated that
GAERS exhibited higher overall brain signal enhancement, which
indicated higher integrated manganese accumulation in epileptic
brains and is consistent with enhanced overall rs-FC. TFCE-maps
revealed the highest significant bilateral differences in the retrosplenial
cortex, medial entorhinal cortex, brain stem and interpeduncular
nucleus, as well as in the right primary visual cortex and
somatosensory cortex. Region-based analysis revealed significantly
higher signal intensities in approximately half of the analyzed brain
regions in GAERS compared to NEC. Both MEMRI and rs-fMRI
consistently showed higher brain activity in GAERS compared to NEC
in cortical key components of sensorimotor network, DMN
(retrosplenial and cingulate cortex) and salience network (insular
cortex). In subcortical regions, functional readouts showed less
distinct resemblance. MEMRI hyperintensities were prominent in
interpeduncular nucleus, limbic regions septum, hypothalamus and
PAG, while rs-fMRI displayed relatively higher connectedness in
sensory input regions and various hippocampal subregions (dentate
gyrus and fasciola cinereum). Both rs-fMRI and MEMRI provided
consistent but partly complementary information. rs-fMRI took a
“snapshot” of synchronous, spontaneous, neuronal activity in the
anesthetized animal. However, fMRI only provides an indirect readout
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of neuronal activity. The temporal representation of brain activity by
fMRI is inherently blurry, because the hemodynamic response is slow
(range of seconds) compared to neuronal activity (tens of millisecond
range) and the time resolution of the rs-fMRI sequences is in the range
of seconds. MEMRI hyperintensity reflected the integrated neuronal
activity (with and without seizures) over a week in behaving
8 months-old animals. Recently, the role of astrocytes as a sink for
manganese has been discussed (68), but it should be noted that MRI
is unable to distinguish astrocytes from other cells. Enhanced
manganese accumulation was observed during post-stroke
inflammatory processes and was associated with activated microglia
and reactive astrocytes (69). Neuronal loss as a prerequisite of local
brain inflammation was not found in GAERS (70), but reactive
astrogliosis coupled with altered cytokine expression has been
observed in GAERS and was linked to epileptogenesis (71).

Several previous publications have demonstrated the high
sensitivity of MEMRI to map neuronal activity. In naive animals, both
natural (72) and artificial stimuli (73) elicited local hyperintensities
following the systemic administration of MnCl,. Eschenko et al. (74)
reported patterns of running-induced T1-weighted MRI signal
enhancement resulting from increased Mn** accumulation in
activated brain regions in voluntarily running rats, compared to the
sedentary controls. Another study found that MEMRI can identify
brain regions linked to food intake, reward/addiction and locomotor
activity in a rat model of hyperphagia (75). However, in other studies
examining TLE, MEMRI contrast was not sensitive to prolonged
seizure activity during the chronic phase (76, 77). Dedeurwaerdere
et al. (78) even reported an inverse correlation between seizures and
MEMRI signal after intraventricular MnCl, injection in the chronic
epileptic phase. Only Alvestad et al. (79) identified MEMRI
hyperintensities in the entorhinal cortex and amygdala after
subcutaneous injection of manganese in a TLE study during the
chronic phase. In our study, we observed overall MEMRI
hyperintensities at maximum moderate levels. Absence seizures are
characterized by highly synchronized neuronal activity generalized
across the cortex, but the degree of activity may be lower than
anticipated, especially when considering the ratio of total seizure time
(ictal) to interictal time. Furthermore, a recent EEG-fMRI study in
GAERS (80) revealed long-lasting decreased seizure-associated
activity in most cortical and thalamic neurons. The authors linked
their findings to the loss of consciousness during seizures.

Volumetry

At 8 months of age, we observed higher brain volumes in GAERS
as compared to age-matched NEC. Boullieret et al. (81) also found
increased volumes in GAERS compared to NEC in amygdala and cortex
already at 3months of age. But, Kirazli et al. (82) reported reduced
thickness in auditory and visual cortices, and striatum, and overall brain
size in GAERS at 1 and 2months of age based on a histological study.
Notably, in that study, normal Wistar and GAERS did not show
significant volumetric differences at P10, and the authors speculated
that GAERS are ordinary at that early age. The clinical findings remain
conflicting and differ by region. In agreement with the current study, a
voxel-based morphometry meta-analysis (83) confirmed augmented
gray matter volumes in the bilateral medial frontal gyrus and anterior
cingulate. Additionally, an increased thickness of the posterior medial

frontiersin.org


https://doi.org/10.3389/fneur.2024.1355862
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wachsmuth et al.

cortex, a region linked to the DMN, was reported in patients with newly
onset CAE (84). Some researchers have observed widespread cortical
thinning in patients with absence seizures (85), while others have found
no cortical thinning with age (86). Thalamic volumes have been found
to be increased (87), but several CAE studies have reported thalamic
and caudate atrophy (88-91).

General conclusion

rs-fMRI, MEMRI and volumetric data collectively suggest the
importance of cortical networks in GAERS, which correlates with an
increased fronto-central connectivity in human absence epilepsy
patients. Our findings also verify involvement of basal ganglia and
limbic regions. The network differences between GAERS and NEC are
observed already in juvenile animals. The findings by Jarre et al. (92)
who identified initial oscillatory discharges in the primary
somatosensory cortex as early as in the third week of life in GAERS by
cortical LFP measurements indicate that the formation of the epileptic
network occurs before 3 months of age. In clinical studies, Davis et al.
(93) found increased cortical EEG-connectivity during sleep already
in infants with disrupted early brain development at the cellular level
in tuberous sclerosis complex who later developed epilepsy. These
authors speculated that neurological diseases occurring during critical
stages of brain maturation may affect normal neurodevelopment. Our
preclinical study indicates that an epilepsy-related network is already
present very early in neurodevelopment and that this early condition
shapes dynamic brain function more than chronic absence seizures.
Clinical studies to further test this hypothesis are reccommended.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Landesamt fiir Natur, Umwelt
und Verbraucherschutz, North Rhine Westphalia, Germany. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

LW: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Supervision, Validation, Visualization,

References

1. Centeno M, Carmichael DW. Network connectivity in epilepsy: resting state fMRI
and EEG-fMRI contributions. Front Neurol. (2014) 5:¢93. doi: 10.3389/fneur.2014.00093

2. Falsaperla R, Vitaliti G, Marino SD, Praticd AD, Mailo J, Spatuzza M, et al. Graph
theory in paediatric epilepsy: a systematic review. Dialogues Clin Neurosci. (2021)
23:3-13. doi: 10.1080/19585969.2022.2043128

3. Bernhardt BC, Bonilha L, Gross DW. Network analysis for a network disorder: the
emerging role of graph theory in the study of epilepsy. Epilepsy Behav. (2015) 50:162-70.
doi: 10.1016/j.yebeh.2015.06.005

Frontiers in Neurology

10.3389/fneur.2024.1355862

Writing - original draft, Writing — review & editing. LH: Formal
analysis, Investigation, Validation, Visualization, Writing - original
draft, Writing - review & editing. JP: Formal analysis, Writing -
review & editing. LK: Formal analysis, Writing - review & editing. HL:
Formal analysis, Writing — review & editing, Investigation. AL:
Resources, Writing - review & editing, Funding acquisition. TB:
Resources, Writing - review & editing. AH: Formal analysis,
Methodology, Software, Visualization, Writing - review & editing. CF:
Funding acquisition, Project administration, Resources, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and publication of this article by the DFG,
project numbers 406818964 and 458839986, and by the “core unit PIX
of the IZKF Miinster”.

Acknowledgments

The authors thank Silke Kreitz for support with Magnan analysis
and Hans-Georg Schulze for preparing figures.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1355862/
full#supplementary-material

4. Bernhardt BC, Chen Z, He Y, Evans AC, Bernasconi N. Graph-theoretical analysis
reveals disrupted small-world organization of cortical thickness correlation networks in
temporal lobe epilepsy. Cereb Cortex. (2011) 21:2147-57. doi: 10.1093/cercor/bhq291

5. Dingledine R, Varvel NH, Dudek FE. When and how do seizures kill neurons, and
is cell death relevant to epileptogenesis? Adv Exp Med Biol. (2014) 813:109-22. doi:
10.1007/978-94-017-8914-1_9

6. Vining EPG, Thio LL. Absence in childhood epilepsy. The horse is out of the barn.
Neurology. (2013) 81:1564-5. doi: 10.1212/WNL.0b013e3182a9f57b

frontiersin.org


https://doi.org/10.3389/fneur.2024.1355862
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1355862/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1355862/full#supplementary-material
https://doi.org/10.3389/fneur.2014.00093
https://doi.org/10.1080/19585969.2022.2043128
https://doi.org/10.1016/j.yebeh.2015.06.005
https://doi.org/10.1093/cercor/bhq291
https://doi.org/10.1007/978-94-017-8914-1_9
https://doi.org/10.1212/WNL.0b013e3182a9f57b

Wachsmuth et al.

7. Caplan R, Siddarth P, Stahl L, Lanphier E, Vona P, Gurbani S, et al. Childhood
absence epilepsy: behavioral, cognitive, and linguistic comorbidities. Epilepsia. (2008)
49:1838-46. doi: 10.1111/j.1528-1167.2008.01680.x

8. Garcia-Ramos C, Dabbs K, Lin JJ, Jones JE, Stafstrom CE, Hsu DA, et al. Progressive
dissociation of cortical and subcortical network development in children with new-onset
juvenile myoclonic epilepsy. Epilepsia. (2018) 59:2086-95. doi: 10.1111/epi.14560

9. Paz JT, Huguenard JR. Optogenetics and epilepsy: past, present and future. Epilepsy
Curr. (2015) 15:34-8. doi: 10.5698/1535-7597-15.1.34

10. Tenney JR, Duong TQ, King JA, Ferris CE. fMRI of brain activation in a genetic
rat model of absence seizures. Epilepsia. (2004) 45:576-82. doi:
10.1111/j.0013-9580.2004.39303.x

11. Pradier B, Wachsmuth L, Nagelmann N, Segelcke D, Kreitz S, Hess A, et al.
Combined resting state-fMRI and calcium recordings show stable brain states for task-
induced fMRI in mice under combined ISO/MED anesthesia. Neuroimage. (2021)
245:118626. doi: 10.1016/j.neuroimage.2021.118626

12. Grandjean J, Schroeter A, Batata I, Rudin M. Optimization of anesthesia protocol
for resting-state fMRI in mice based on differential effects of anesthetics on functional
connectivity  patterns.  Neuroimage. (2014) 102:838-47. doi: 10.1016/j.
neuroimage.2014.08.043

13. Wachsmuth L, Datunashvili M, Kemper K, Albers F, Lambers H, Liittjohann A,
et al. Retrosplenial cortex contributes to network changes during seizures in the GAERS
absence epilepsy rat model. Cereb Cortex Commun. (2021) 2:1-16. doi: 10.1093/texcom/
tgab023

14. Mishra AM, Bai X, Motelow JE, Desalvo MN, Danielson N, Sanganahalli BG, et al.
Increased resting functional connectivity in spike-wave epilepsy in WAG/Rij rats.
Epilepsia. (2013) 54:1214-22. doi: 10.1111/epi.12227

15. Nersesyan H, Hyder F, Rothman DL, Blumenfeld H. Dynamic fMRI and EEG
recordings during spike-wave seizures and generalized tonic-clonic seizures in WAG/
Rij rats. ] Cereb Blood Flow Metab. (2004) 24:589-99. doi: 10.1097/01.
‘WCB.0000117688.98763.23

16. David O, Guillemain I, Saillet S, Reyt S, Deransart C, Segebarth C, et al. Identifying
neural drivers with functional MRI: an electrophysiological validation. PLoS Biol. (2008)
6:315. doi: 10.1371/journal.pbio.0060315

17. Tenney JR, Duong TQ, King JA, Ludwig R, Ferris CE. Corticothalamic modulation
during absence seizures in rats: a functional MRI assessment. Epilepsia. (2003)
44:1133-40. doi: 10.1046/j.1528-1157.2003.61002.x

18. Carney PW, Jackson GD. Insights into the mechanisms of absence seizure
generation provided by EEG with functional MRI. Front Neurol. (2014) 5:1-13. doi:
10.3389/fneur.2014.00162

19. Mishra AM, Ellens DJ, Schridde U, Motelow JE, Purcaro MJ, DeSalvo MN, et al.
Where fMRI and electrophysiology agree to disagree: corticothalamic and striatal
activity patterns in the WAG/Rij rat. J Neurosci. (2011) 31:15053-64. doi: 10.1523/
JNEUROSCI.0101-11.2011

20. Meeren HKM, Pijn JPM, Van Luijtelaar ELJM, Coenen AML, Lopes da Silva FH.
Cortical focus drives widespread Corticothalamic networks during spontaneous absence
seizures in rats. ] Neurosci. (2002) 22:1480-95. doi: 10.1523/]NEUROSCI.22-04-01480.2002

21. Studer E, Laghouati E, Jarre G, David O, Pouyatos B, Depaulis A. Sensory coding
is impaired in rat absence epilepsy. J Physiol. (2019) 597:951-66. doi: 10.1113/JP277297

22. Marescaux C, Vergnes M, Depaulis A. Genetic absence epilepsy in rats from
Strasbourg - a review. C. Marescaux, M. Vergnes and R Bernasconi, (Ed.) Generalized
non-convulsive epilepsy: Focus on GABA-B receptors. Vienna: Springer; (1992).

23.van Luijtelaar G, Onat E, Gallagher M. Animal models of absence epilepsies: what
do they model and do sex and sex hormones matter? Neurobiol Dis. (2014) 72:167-79.
doi: 10.10 16/j.r1bd420 14.08.014

24. Kreitz S, Alonso B, Uder M, Hess A. A new analysis of resting state connectivity
and graph theory reveals distinctive short-term modulations due to whisker stimulation
in rats. Front Neurosci. (2018) 12:1-19. doi: 10.3389/fnins.2018.00334

25. Paxinos G, Watson CR. The rat brain in stereotactic coordinates London Academic
Press (2007).

26. Barriere DA, Magalhaes R, Novais A, Marques P, Selingue E, Geffroy F, et al. The
SIGMA rat brain templates and atlases for multimodal MRI data analysis and
visualization. Nat Commun. (2019) 10:5699-13. doi: 10.1038/s41467-019-13575-7

27.Mandino F, Cerri DH, Garin CM, Straathof M, van Tilborg GAF, Chakravarty
MM, et al. Animal functional magnetic resonance imaging: trends and path toward
standardization. Front Neuroinform. (2020) 13:1-24. doi: 10.3389/fninf.2019.00078

28. Watts D, Strogatz S. Collective dynamics of “small-world” networks. Nature. (1998)
393:440-2. doi: 10.1038/30918

29. Humphries MD, Gurney K. Network “small-world-ness”: a quantitative method
for determining canonical network equivalence. PLoS One. (2008) 3:2051. doi: 10.1371/
journal.pone.0002051

30. Kleinberg JM. Authoritative sources in a hyperlinked environment. Struct Dyn
Networks. (2011) 9781400841:514-42. doi: 10.1515/9781400841356.514

31. Mathieu Bastian, Heymann S. JM. GEPHI: an open source software for exploring
and manipulating networks. International AAAT Conference on Weblogs and Social
Media. (2009), 3, 361-362

Frontiers in Neurology

10.3389/fneur.2024.1355862

32. Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E. Fast unfolding of communities
in large networks. ] Stat Mech Theory Exp. (2008) 2008:P10008. doi:
10.1088/1742-5468/2008/10/P10008

33.Jacomy M, Venturini T, Heymann S, Bastian M. ForceAtlas2, a continuous graph
layout algorithm for handy network visualization designed for the Gephi software. PLoS
One. (2014) 9:1-12. doi: 10.1371/journal.pone.0098679

34. Zalesky A, Fornito A, Bullmore ET. Network-based statistic: identifying differences
in brain networks. Neuroimage. (2010) 53:1197-207. doi: 10.1016/j.
neuroimage.2010.06.041

35. Kozék G, Foldi T, Berényi A. Spike- and-wave discharges are not pathological sleep
spindles, network-level aspects of age-dependent absence seizure development in rats.
eNeuro. (2020) 7:2019. doi: 10.1523/ENEURO.0253-19.2019

36. Paasonen J, Stenroos P, Salo RA, Kiviniemi V, Gréhn O. Functional connectivity
under six anesthesia protocols and the awake condition in rat brain. NeuroImage. (2018)
172:9-20. doi: 10.1016/j.neuroimage.2018.01.014

37. Bukhari Q, Schroeter A, Cole DM, Rudin M. Resting state fMRI in mice reveals
anesthesia specific signatures of brain functional networks and their interactions. Front
Neural Circuits. (2017) 11:1-11. doi: 10.3389/fncir.2017.00005

38. Wu TL, Mishra A, Wang F, Yang PE, Gore JC, Chen LM. Effects of isoflurane
anesthesia on resting-state fMRI signals and functional connectivity within primary
somatosensory cortex of monkeys. Brain Behav. (2016) 6:1-12. doi: 10.1002/brb3.591

39. Liu X, Zhu XH, Zhang Y, Chen W. The change of functional connectivity specificity
in rats under various anesthesia levels and its neural origin. Brain Topogr. (2013)
26:363-77. doi: 10.1007/s10548-012-0267-5

40. D’Souza DV, Jonckers E, Bruns A, Kiinnecke B, Von Kienlin M, Van Der Linden
A, et al. Preserved modular network organization in the sedated rat brain. PLoS One.
(2014) 9:6156. doi: 10.1371/journal.pone.0106156

41. Sierakowiak A, Monnot C, Aski SN, Uppman M, Li TQ, Damberg P, et al. Default
mode network, motor network, dorsal and ventral basal ganglia networks in the rat
brain: comparison to human networks using resting state-fMRI. PLoS One. (2015)
10:1-20. doi: 10.1371/journal.pone.0120345

42. Becerra L, Pendse G, Chang PC, Bishop J, Borsook D. Robust reproducible resting
state networks in the awake rodent brain. PLoS One. (2011) 6:25701. doi: 10.1371/
journal.pone.0025701

43. Pinault D, O’Brien TJ. Cellular and network mechanisms of genetically-determined
absence seizures. Thalamus Relat Syst. (2005) 3:181-203. doi: 10.1017/
$1472928807000209

44. Clemens B, Puskés S, Besenyei M, Spisék T, Opposits G, Hollédy K, et al.
Neurophysiology of juvenile myoclonic epilepsy: EEG-based network and graph analysis
of the interictal and immediate preictal states. Epilepsy Res. (2013) 106:357-69. doi:
10.1016/j.eplepsyres.2013.06.017

45. Killory BD, Bai X, Negishi M, Vega C, Spann MN, Vestal M, et al. Impaired
attention and network connectivity in childhood absence epilepsy. Neurolmage. (2011)
56:2209-17. doi: 10.1016/j.neuroimage.2011.03.036

46. Crunelli V, Lorincz ML, McCafferty C, Lambert RC, Leresche N, Di Giovanni G,
et al. Clinical and experimental insight into pathophysiology, comorbidity and therapy
of absence seizures. Brain. (2020) 143:2341-68. doi: 10.1093/brain/awaa072

47.Berman R, Negishi M, Vestal M, Spann M, Chung MH, Bai X, et al. Simultaneous
EEG, fMRI, and behavior in typical childhood absence seizures. Epilepsia. (2010)
51:2011-22. doi: 10.1111/§.1528-1167.2010.02652.x

48. Tangwiriyasakul C, Perani S, Centeno M, Yaakub SN, Abela E, Carmichael DW,
et al. Dynamic brain network states in human generalized spike-wave discharges. Brain.
(2018) 141:2981-94. doi: 10.1093/brain/awy223

49. Fang T, Fang F, Zhu H, Zhang G, Liu Z, Li Y. Functional connectivity changes in
patients with absence epilepsy studied using resting-state functional MRI. J Clin
Neurosci. (2013) 20:413-8. doi: 10.1016/j.jocn.2012.02.044

50. Xiang J, Tenney JR, Korman AM, Leiken K, Rose DF, Harris E, et al. Quantification
of interictal neuromagnetic activity in absence epilepsy with accumulated source
imaging. Brain Topogr. (2015) 28:904-14. doi: 10.1007/s10548-014-0411-5

51. Niso G, Carrasco S, Gudin M, Maestu E, Del-Pozo F, Pereda E. What graph theory
actually tells us about resting state interictal MEG epileptic activity. NeuroImage Clin.
(2015) 8:503-15. doi: 10.1016/j.nicl.2015.05.008

52. Bai HX. Resting functional connectivity between the hemispheres in childhood
absence epilepsy. Neurology. (2011) 76:1960-7. doi: 10.1212/WNL.0b013e31821e54de

53.Luo C,Li Q Lai Y, Xia Y, Qin Y, Liao W, et al. Altered functional connectivity in
default mode network in absence epilepsy: a resting-state fMRI study. Hum Brain Mapp.
(2011) 32:438-49. doi: 10.1002/hbm.21034

54. Deransart C. The role of basal ganglia in the control of generalized absence
seizures. Epilepsy Res. (1998) 32:213-23. doi: 10.1016/S0920-1211(98)00053-9

55. Slaght SJ. On the activity of the corticostriatal networks during spike- and-wave
discharges in a genetic model of absence epilepsy. ] Neurosci. (2004) 24:6816-25. doi:
10.1523/JNEUROSCI.1449-04.2004

56. Paz JT, Deniau JM, Charpier S. Rhythmic bursting in the cortico-subthalamo-
pallidal network during spontaneous genetically determined spike and wave discharges.
J Neurosci. (2005) 25:2092-101. doi: 10.1523/JNEUROSCI.4689-04.2005

frontiersin.org


https://doi.org/10.3389/fneur.2024.1355862
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/j.1528-1167.2008.01680.x
https://doi.org/10.1111/epi.14560
https://doi.org/10.5698/1535-7597-15.1.34
https://doi.org/10.1111/j.0013-9580.2004.39303.x
https://doi.org/10.1016/j.neuroimage.2021.118626
https://doi.org/10.1016/j.neuroimage.2014.08.043
https://doi.org/10.1016/j.neuroimage.2014.08.043
https://doi.org/10.1093/texcom/tgab023
https://doi.org/10.1093/texcom/tgab023
https://doi.org/10.1111/epi.12227
https://doi.org/10.1097/01.WCB.0000117688.98763.23
https://doi.org/10.1097/01.WCB.0000117688.98763.23
https://doi.org/10.1371/journal.pbio.0060315
https://doi.org/10.1046/j.1528-1157.2003.61002.x
https://doi.org/10.3389/fneur.2014.00162
https://doi.org/10.1523/JNEUROSCI.0101-11.2011
https://doi.org/10.1523/JNEUROSCI.0101-11.2011
https://doi.org/10.1523/JNEUROSCI.22-04-01480.2002
https://doi.org/10.1113/JP277297
https://doi.org/10.1016/j.nbd.2014.08.014
https://doi.org/10.3389/fnins.2018.00334
https://doi.org/10.1038/s41467-019-13575-7
https://doi.org/10.3389/fninf.2019.00078
https://doi.org/10.1038/30918
https://doi.org/10.1371/journal.pone.0002051
https://doi.org/10.1371/journal.pone.0002051
https://doi.org/10.1515/9781400841356.514
https://doi.org/10.1088/1742-5468/2008/10/P10008
https://doi.org/10.1371/journal.pone.0098679
https://doi.org/10.1016/j.neuroimage.2010.06.041
https://doi.org/10.1016/j.neuroimage.2010.06.041
https://doi.org/10.1523/ENEURO.0253-19.2019
https://doi.org/10.1016/j.neuroimage.2018.01.014
https://doi.org/10.3389/fncir.2017.00005
https://doi.org/10.1002/brb3.591
https://doi.org/10.1007/s10548-012-0267-5
https://doi.org/10.1371/journal.pone.0106156
https://doi.org/10.1371/journal.pone.0120345
https://doi.org/10.1371/journal.pone.0025701
https://doi.org/10.1371/journal.pone.0025701
https://doi.org/10.1017/S1472928807000209
https://doi.org/10.1017/S1472928807000209
https://doi.org/10.1016/j.eplepsyres.2013.06.017
https://doi.org/10.1016/j.neuroimage.2011.03.036
https://doi.org/10.1093/brain/awaa072
https://doi.org/10.1111/j.1528-1167.2010.02652.x
https://doi.org/10.1093/brain/awy223
https://doi.org/10.1016/j.jocn.2012.02.044
https://doi.org/10.1007/s10548-014-0411-5
https://doi.org/10.1016/j.nicl.2015.05.008
https://doi.org/10.1212/WNL.0b013e31821e54de
https://doi.org/10.1002/hbm.21034
https://doi.org/10.1016/S0920-1211(98)00053-9
https://doi.org/10.1523/JNEUROSCI.1449-04.2004
https://doi.org/10.1523/JNEUROSCI.4689-04.2005

Wachsmuth et al.

57.QinY, Li S, Yao D, Luo C. Causality analysis to the abnormal subcortical-cortical
connections in idiopathic-generalized epilepsy. Front Neurosci. (2022) 16:1-9. doi:
10.3389/fnins.2022.925968

58. Smit DJA, Boersma M, Schnack HG, Micheloyannis S, Boomsma DI, Hulshoft Pol
HE, et al. The brain matures with stronger functional connectivity and decreased
randomness of its network. PLoS One. (2012) 7:36896. doi: 10.1371/journal.pone.0036896

59. Menon V. Developmental pathways to functional brain networks: emerging
principles. Trends Cogn Sci. (2013) 17:627-40. doi: 10.1016/j.tics.2013.09.015

60. Deransart C, Depaulis A. The control of seizures by the basal ganglia? A review of
experimental data. Epileptic Disord. (2002) 4.

61. Deransart C, Landwehrmeyer GB, Feuerstein TJ, Liicking CH. Up-regulation of
D3 dopaminergic receptor mRNA in the core of the nucleus accumbens accompanies
the development of seizures in a genetic model of absence-epilepsy in the rat. Mol Brain
Res. (2001) 94:166-77. doi: 10.1016/S0169-328X(01)00240-6

62. Onat FY, van Luijtelaar G, Nehlig A, Snead OC. The involvement of limbic
structures in typical and atypical absence epilepsy. Epilepsy Res. (2013) 103:111-23. doi:
10.1016/j.eplepsyres.2012.08.008

63. Henbid MT, Marks WN, Collins MJ, Cain SM, Snutch TP, Howland JG. Sociability
impairments in genetic absence epilepsy rats from Strasbourg: reversal by the T-type
calcium channel antagonist Z944. Exp Neurol. (2017) 296:16-22. doi: 10.1016/j.
expneurol.2017.06.022

64. Christiaen E, Goossens MG, Raedt R, Descamps B, Larsen LE, Craey E, et al.
Alterations in the functional brain network in a rat model of epileptogenesis: a
longitudinal resting state fMRI study. NeuroImage. (2019) 202:116144. doi: 10.1016/j.
neuroimage.2019.116144

65. Daniele B, Elisabeth J, Idrish A, Marleen V, Anne-marie VDL. In vivo measurement
of brain network connectivity reflects progression and intrinsic disease severity in a
model of temporal lobe epilepsy. Neurobiol Dis. (2019) 127:45-52. doi: 10.1016/j.
nbd.2019.02.012

66. Gill RS, Mirsattari SM, Leung LS. Resting state functional network disruptions in
a kainic acid model of temporal lobe epilepsy. NeuroImage Clin. (2017) 13:70-81. doi:
10.1016/j.nicl.2016.11.002

67.Li L, He L, Harris N, Zhou Y, Engel J, Bragin A. Topographical reorganization of
brain functional connectivity during an early period of epileptogenesis. Epilepsia. (2021)
62:1231-43. doi: 10.1111/epi.16863

68. Ke T, Sidoryk-Wegrzynowicz M, Pajarillo E, Rizor A, Soares FAA, Lee E, et al. Role
of astrocytes in manganese neurotoxicity revisited. Neurochem Res. (2019) 44:2449-59.
doi: 10.1007/s11064-019-02881-7

69. Hao X, Yin LK, Zhang XX, Tian JQ, Li CC, Feng XY, et al. Combining systemic
and stereotactic MEMRI to detect the correlation between gliosis and neuronal
connective pathway at the chronic stage after stroke. ] Neuroinflammation. (2016)
13:156-12. doi: 10.1186/s12974-016-0622-7

70. Sabers A, Moller A, Scheel-Kriiger J, Mouritzen DA. No loss in total neuron
number in the thalamic reticular nucleus and neocortex in the genetic absence epilepsy
rats from Strasbourg. Epilepsy Res. (1996) 26:45-8. doi: 10.1016/S0920-1211(96)00038-1

71. Cargak N, Onat F, Sitnikova E. Astrocytes as a target for therapeutic strategies in
epilepsy: current insights. Front Mol Neurosci. (2023) 16:1-16. doi: 10.3389/
fnmol.2023.1183775

72. Van der Linden A, Van Meir V, Tindemans I, Verhoye M, Balthazart J. Applications
of manganese-enhanced magnetic resonance imaging (MEMRI) to image brain
plasticity in song birds. NMR Biomed. (2004) 17:602-12. doi: 10.1002/nbm.936

73. Pautler RG, Koretsky AP. Tracing odor-induced activation in the olfactory bulbs
of mice using manganese-enhanced magnetic resonance imaging. Neurolmage. (2002)
16:441-8. doi: 10.1006/nimg.2002.1075

74. Eschenko O, Canals S, Simanova I, Beyerlein M, Murayama Y, Logothetis NK.
Mapping of functional brain activity in freely behaving rats during voluntary running
using manganese-enhanced MRI: implication for longitudinal studies. Neurolmage.
(2010) 49:2544-55. doi: 10.1016/j.neuroimage.2009.10.079

75.Hoch T, Kreitz S, Gaffling S, Pischetsrieder M, Hess A. Manganese-enhanced
magnetic resonance imaging for mapping of whole brain activity patterns associated

Frontiers in Neurology

17

10.3389/fneur.2024.1355862

with the intake of snack food in ad libitum fed rats. PLoS One. (2013) 8:1-10. doi:
10.1371/journal.pone.0055354

76.Immonen RJ, Kharatishvili I, Sierra A, Einula C, Pitkinen A, Grohn OHJ.
Manganese enhanced MRI detects mossy fiber sprouting rather than neurodegeneration,
gliosis or seizure-activity in the epileptic rat hippocampus. Neurolmage. (2008)
40:1718-30. doi: 10.1016/j.neuroimage.2008.01.042

77. Malheiros JM, Longo BM, Tannus A, Covolan L. Manganese-enhanced magnetic
resonance imaging in the acute phase of the pilocarpine-induced model of epilepsy.
Einstein. (2012) 10:247-52. doi: 10.1590/51679-45082012000200023

78. Dedeurwaerdere S, Fang K, Chow M, Shen YT, Noordman I, van Raay L, et al.
Manganese-enhanced MRI reflects seizure outcome in a model for mesial temporal lobe
epilepsy. Neuroimage. (2013) 68:30-8. doi: 10.1016/j.neuroimage.2012.11.054

79. Alvestad S, Goa PE, Qu H, Risa @, Brekken C, Sonnewald U, et al. In vivo mapping
of temporospatial changes in manganese enhancement in rat brain during
epileptogenesis. Neurolmage. (2007) 38:57-66. doi: 10.1016/j.neuroimage.2007.07.027

80. McCafferty C, Gruenbaum BE, Tung R, Li JJ, Zheng X, Salvino P, et al. Decreased
but diverse activity of cortical and thalamic neurons in consciousness-impairing rodent
absence seizures. Nat Commun. (2023) 14:1-19. doi: 10.1038/s41467-022-35535-4

81. Bouilleret V, Hogan RE, Velakoulis D, Salzberg MR, Wang L, Egan GE, et al.
Morphometric abnormalities and hyperanxiety in genetically epileptic rats: a model of
psychiatric  comorbidity?  Neuroimage. (2009) 45:267-74. doi: 10.1016/j.
neuroimage.2008.12.019

82. Kirazh O, Bay HH, Cakmak YO, Onat E Cavdar S. Comparison of cerebral
ventricular volumes and cortical thicknesses in normal rats and genetic absence epilepsy
(GAERS): A developmental study. Int ] Dev Neurosci. (2018) 68:98-105. doi: 10.1016/j.
ijdevneu.2018.05.007

83. Cao B, Tang YY, Li JP, Zhang X, Shang HE, Zhou D. A meta-analysis of voxel-based
morphometry studies on gray matter volume alteration in juvenile myoclonic epilepsy.
Epilepsy Res. (2013) 106:370-7. doi: 10.1016/j.eplepsyres.2013.07.003

84. Kim EH, Shim WH, Lee JS, Yoon HM, Ko TS, Yum MS. Altered structural network
in newly onset childhood absence epilepsy. J Clin Neurol. (2020) 16:573-80. doi:
10.3988/jcn.2020.16.4.573

85. Park KM, Kim TH, Han YH, Mun CW, Shin KJ, Ha SY, et al. Brain morphology in
juvenile myoclonic epilepsy and absence seizures. Acta Neurol Scand. (2016) 133:111-8.
doi: 10.1111/ane.12436

86. Tosun D, Siddarth P, Toga AW, Hermann B, Caplan R. Effects of childhood absence
epilepsy on associations between regional cortical morphometry and aging and
cognitive abilities. Hum Brain Mapp. (2011) 32:580-91. doi: 10.1002/hbm.21045

87.Betting LE, Mory SB, Lopes-Cendes I, Li LM, Guerreiro MM, Guerreiro
CAM, et al. MRI volumetry shows increased anterior thalamic volumes in patients
with absence seizures. Epilepsy Behav. (2006) 8:575-80. doi: 10.1016/j.
yebeh.2006.02.002

88.Bin G, Wang T, Zeng H, He X, Li F, Zhang J, et al. Patterns of gray matter
abnormalities in idiopathic generalized epilepsy: a meta-analysis of voxel-based
morphology studies. PLoS One. (2017) 12:1-11. doi: 10.1371/journal.pone.0169076

89. Pardoe H, Pell GS, Abbott DFE, Berg AT, Jackson GD. Multi-site voxel-based
morphometry: methods and a feasibility demonstration with childhood absence
epilepsy. NeuroImage. (2008) 42:611-6. doi: 10.1016/j.neuroimage.2008.05.007

90. Chan CH, Briellmann RS, Pell GS, Scheffer IE, Abbott DF, Jackson GD. Thalamic
atrophy in childhood absence epilepsy. Epilepsia. (2006) 47:399-405. doi:
10.1111/j.1528-1167.2006.00435.x

91. Di WG, Dai ZY, Song WG, Wang SE, Shi HC, Pan PL, et al. Grey matter anomalies
in drug-naive childhood absence epilepsy: a voxel-based morphometry study with MRI
at 3.0 T. Epilepsy Res. (2016) 124:63-6. doi: 10.1016/j.eplepsyres.2016.05.003

92.Jarre G, Altwegg-Boussac T, Williams MS, Studer F, Chipaux M, David O, et al.
Building up absence seizures in the somatosensory cortex: from network to cellular
epileptogenic processes. Cereb Cortex. (2017) 27:4607-23. doi: 10.1093/cercor/
bhx174

93. Davis KA, Jirsa VK, Schevon CA. Wheels within wheels: theory and practice of
epileptic networks. Epilepsy Curr. (2021) 21:243-7. doi: 10.1177/15357597211015663

frontiersin.org


https://doi.org/10.3389/fneur.2024.1355862
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3389/fnins.2022.925968
https://doi.org/10.1371/journal.pone.0036896
https://doi.org/10.1016/j.tics.2013.09.015
https://doi.org/10.1016/S0169-328X(01)00240-6
https://doi.org/10.1016/j.eplepsyres.2012.08.008
https://doi.org/10.1016/j.expneurol.2017.06.022
https://doi.org/10.1016/j.expneurol.2017.06.022
https://doi.org/10.1016/j.neuroimage.2019.116144
https://doi.org/10.1016/j.neuroimage.2019.116144
https://doi.org/10.1016/j.nbd.2019.02.012
https://doi.org/10.1016/j.nbd.2019.02.012
https://doi.org/10.1016/j.nicl.2016.11.002
https://doi.org/10.1111/epi.16863
https://doi.org/10.1007/s11064-019-02881-7
https://doi.org/10.1186/s12974-016-0622-7
https://doi.org/10.1016/S0920-1211(96)00038-1
https://doi.org/10.3389/fnmol.2023.1183775
https://doi.org/10.3389/fnmol.2023.1183775
https://doi.org/10.1002/nbm.936
https://doi.org/10.1006/nimg.2002.1075
https://doi.org/10.1016/j.neuroimage.2009.10.079
https://doi.org/10.1371/journal.pone.0055354
https://doi.org/10.1016/j.neuroimage.2008.01.042
https://doi.org/10.1590/S1679-45082012000200023
https://doi.org/10.1016/j.neuroimage.2012.11.054
https://doi.org/10.1016/j.neuroimage.2007.07.027
https://doi.org/10.1038/s41467-022-35535-4
https://doi.org/10.1016/j.neuroimage.2008.12.019
https://doi.org/10.1016/j.neuroimage.2008.12.019
https://doi.org/10.1016/j.ijdevneu.2018.05.007
https://doi.org/10.1016/j.ijdevneu.2018.05.007
https://doi.org/10.1016/j.eplepsyres.2013.07.003
https://doi.org/10.3988/jcn.2020.16.4.573
https://doi.org/10.1111/ane.12436
https://doi.org/10.1002/hbm.21045
https://doi.org/10.1016/j.yebeh.2006.02.002
https://doi.org/10.1016/j.yebeh.2006.02.002
https://doi.org/10.1371/journal.pone.0169076
https://doi.org/10.1016/j.neuroimage.2008.05.007
https://doi.org/10.1111/j.1528-1167.2006.00435.x
https://doi.org/10.1016/j.eplepsyres.2016.05.003
https://doi.org/10.1093/cercor/bhx174
https://doi.org/10.1093/cercor/bhx174
https://doi.org/10.1177/15357597211015663

	Epilepsy-related functional brain network alterations are already present at an early age in the GAERS rat model of genetic absence epilepsy
	Introduction
	Material and methods
	Animals
	Resting state-fMRI
	Animal preparation
	Acquisition
	Preprocessing
	Network construction
	Global network parameters
	Local network parameters
	Network topology
	Manganese-enhanced MRI
	Preparation
	Acquisition
	Analysis

	Results
	Global network topology
	Community structure
	NBS
	Local node parameters
	MEMRI
	Deformation-based volumetry
	Synopsis of 8 months data

	Discussion
	Major findings
	rs-fMRI
	MEMRI
	Volumetry
	General conclusion

	Data availability statement
	Ethics statement
	Author contributions

	References

