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ARTICLE INFO ABSTRACT

Keywords: Rationale: Neuronal excitability and brain energy homeostasis are strongly interconnected and evidence sug-
Glucose metabolism gests that both become altered during epileptogenesis. Pharmacologic modulation of cerebral glucose metabo-
Mouse model lism might therefore exert anti-epileptogenic effects. Here we provide mechanistic insights into effects of the

PET imaging
Epilepsy
Microglia

glycolytic inhibitor 2-deoxy-p-glucose (2-DG) on experimental epileptogenesis by longitudinal 2-deoxy-2[®F]
fluoro-p-glucose positron emission tomography ([*®F]FDG PET) and histology.

Methods: To imitate epileptogenesis, 6 Hz-corneal kindling was performed in male NMRI mice by twice daily
electrical stimulation for 21 days. Kindling groups were treated i.p. 1 min after each stimulation with either
250 mg/kg 2-DG (CoKi_2-DG) or saline (CoKi_vehicle). A separate group of unstimulated mice was treated with
2-DG (2-DG_only). Dynamic 60-min [*®F]FDG PET/CT scans were acquired at baseline and interictally on days
10 and 17 of kindling. [*®F]IFDG uptake (%injected dose/cc) was quantified in predefined regions of interest
(ROI) using a MRI-based brain atlas, and kinetic modelling was performed to evaluate glucose net influx rate K;
and glucose metabolic rate MRg),. Furthermore, statistical parametric mapping (SPM) analysis was applied on
kinetic brain maps. For histological evaluation, brain sections were stained for glucose transporter 1 (GLUT1),
astrocytes, microglia, as well as dying neurons.

Results: Post-stimulation 2-DG treatment attenuated early kindling progression, indicated by a reduction of fully-
kindled mice, and a lower overall percentage of type five seizures. While 2-DG treatment alone led to globally
increased K; and MRg,, values at day 17, kindling progression per se did not influence glucose turnover. Kindling
accompanied by 2-DG treatment, however, resulted in regionally elevated ['®F]FDG uptake as well as increased
K; at days 10 and 17 compared both to baseline and to the 2-DG_only group. In hippocampus and thalamus,
higher MRgy, values were found in the CoKi_2-DG vs. the CoKi_vehicle group at day 17. t maps resulting from
SPM analysis generally confirmed the results of the ROI analysis, and additionally revealed increased MRgyy
restricted to the ventral hippocampus when comparing the CoKi_2-DG and the 2-DG_only group both at days 10
and, more distinct, day 17. Immunohistochemical staining showed an attenuated kindling-induced regional
activation of astrocytes in the CoKi_2-DG group. Interestingly, 2-DG treatment alone (and also in combination
with kindling, but not kindling alone) led to increased microglial activation scores, whereas neither staining of

Abbreviations: BBB, blood-brain barrier; CoKi, corneal kindling; 2-DG, 2-deoxy-p-glucose; 3D-OSEM, three-dimensional ordered subset expectation maximization;
[*®F1FDG, 2-deoxy-2-[*®F]fluoro-p-glucose; GFAP, glial fibrillary acidic protein; GLUT1, glucose transporter 1; IBA1, ionized calcium-binding adapter molecule 1; ID,
injected dose; IDIF, image-derived input function; K;, glucose net influx rate; LC, lumped constant; MAP algorithm, maximum a posteriori algorithm; MR, glucose
metabolic rate; PET, positron emission tomography; MRI, magnetic resonance imaging; PET, positron emission tomography; ROI, region of interest; SPM, statistical
parametric mapping
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GLUT1 nor of dying neurons revealed any differences to untreated controls.

Conclusions: Post-stimulation treatment with 2-DG exerts disease-modifying effects in the mouse 6 Hz corneal
kindling model. The observed local increase in glucose supply and turnover, the alleviation of astroglial acti-
vation and the activation of microglia by 2-DG might contribute separately or in combination to its positive
interference with epileptogenesis.

1. Introduction

About 50 million people worldwide are affected by epilepsy, many
of them suffering from psychiatric or cognitive comorbidities or phar-
macoresistance (WHO, 2018). The mechanisms underlying epilepto-
genesis are still to be fully explored, and the medical need to develop a
treatment interfering with epileptogenesis or modifying its disease
progression remains (Baulac et al., 2015; Loscher and Brandt, 2010).
Nonetheless, previous and ongoing research has shed further light on
cerebral processes following epileptogenic brain insults potentially
contributing to epilepsy development. In this regard, preclinical posi-
tron emission tomography (PET) studies utilizing the radiotracer 2-
deoxy—2—[ISF]ﬂuoro—D—glucose ([*®F]FDG) demonstrate that changes in
brain glucose metabolism can be found during disease development.
Whereas a cerebral glucohypermetabolism is described shortly after
status epilepticus as epileptogenic brain insult (Kornblum et al., 2000;
Mirrione et al., 2006, 2007), glucohypometabolism represents a
common finding during subacute and subsequent stages of epilepto-
genesis as well as during chronic epilepsy (Bascunana et al., 2016;
Goffin et al., 2009; Jupp et al., 2012; Lee et al., 2012; Liu et al., 2010;
Zhang et al., 2015). This is consistent with the glucohypermetabolism
observed in human epilepsy patients while seizing (Struck et al., 2016)
and the hypometabolic appearance of epileptic foci in interictal ['°F]
FDG PET imaging used for pre-surgical evaluation (Burneo et al., 2015;
Drzezga et al., 1999). In view of these glucometabolic alterations as a
typical feature of epileptogenesis and chronic epilepsy, targeting cere-
bral energy metabolism during disease development might exert posi-
tive influence on later disease outcome.

2-Deoxy-p-glucose (2-DG), a candidate anti-seizure drug under
preclinical evaluation (Bialer et al., 2017), impedes the glycolytic
pathway (Xi et al., 2014) and represents an eligible compound for in-
fluencing cerebral glucose metabolism. After crossing the blood-brain
barrier (BBB) via transport by glucose transporter 1 (GLUT 1), pene-
tration into brain cells and transformation to 2-DG-6-phosphate by
hexokinase, it cannot be further metabolized and accumulates in-
tracellularly (Kipnis and Cori, 1959). Here, 2-DG-6-phosphate competes
with glucose-6-phosphate for phosphoglucose isomerase (Nirenberg
and Hogg, 1958; Wick et al., 1957) and seems to inhibit hexokinase
non-competitively (Chen and Gueron, 1992).

2-DG exerts acute anticonvulsant effects in several models of
chronic epilepsy or acute seizures (Gasior et al., 2010; Lian et al., 2007;
Stafstrom et al., 2008, 2009; Yang et al., 2013). Sustained antic-
onvulsant effects were seen in terms of increased afterdischarge
thresholds in the perforant path kindling model in rats (Stafstrom et al.,
2009). Beyond this, impeded kindling progression was reported in three
rat kindling models (amygdala kindling, perforant path kindling, and
olfactory bulb kindling) (Garriga-Canut et al., 2006; Stafstrom et al.,
2009). Despite this increasing evidence also for anti-epileptogenic
properties of 2-DG, knowledge about its mechanistic basis in the con-
text of epileptogenesis is relatively limited.

Aim of this study was to evaluate the impact of post-stimulation 2-
DG treatment on epileptogenesis in the mouse 6 Hz corneal kindling
model. Longitudinal [*®F]FDG PET was performed to evaluate impact of
2-DG treatment on cerebral glucometabolism during kindling progres-
sion, as well as complementary histology to analyse potential involve-
ment of astro- and microglial activation, GLUT1 expression, and neu-
ronal viability.

2. Materials and methods
2.1. Animals

Male NMRI mice from Charles River (Sulzfeld, Germany) were used
in all experiments. They were purchased at an age of about six weeks,
weighing 30-35 g. Experiments commenced after one week of adapta-
tion during which mice were repetitively handled to get used to ex-
perimental procedures. Animals were housed in groups of 9 animals in
individually ventilated cages (Allentown, Neuss, Germany) with bed-
ding and nesting material, under constant laboratory conditions:
20-22 °C, air humidity of 45-55%, 14 h light phase (7 am to 9 pm) and
10h dark phase. Autoclaved water and a standard rodent diet
(Altromin, Lage, Germany) were offered ad libitum. Any efforts were
made to diminish suffering of the experimental animals at the best. All
experiments were performed in conformity with the EU directive 86/
609/EWG and the German animal welfare act, with the permission of
the Lower Saxony State Office for Consumer Protection and Food Safety
(LAVES). Experiments were planned and reported according to ARRIVE
(Animal Research: Reporting in Vivo Experiments) guidelines (Kilkenny
et al., 2010).

2.2. Drugs

For the intraperitoneal (i.p.) injections, 250 mg/kg 2-DG (Sigma-
Aldrich, Steinheim, Germany) were freshly dissolved in 10 ml/kg 0.9%
sterile saline. Vehicle-treated animals received i.p. injections of 10 ml/
kg 0.9% sterile saline. Tetracaine hydrochloride (Sigma-Aldrich) was
dissolved in aqua ad injectabilia to produce a 2% tetracaine eye drops
solution.

2.3. Animal groups and treatment

The experimental design is provided in Fig. 1. Mice were rando-
mized to the experimental groups. During the experiment, two groups
of mice were kindled: A 2-DG-treated group (CoKi_2-DG, n = 18), in-
jected i.p. with 250 mg/kg 2-DG 1 min after each stimulation, and a
vehicle-treated group (CoKi_vehicle, n = 18) receiving i.p. injections of
saline 1 min after each stimulation. An additional group of mice was not
stimulated, but was injected with 250 mg/kg 2-DG i.p. at the same time
points as the animals undergoing kindling (2-DG_only, n = 12). A group
of age-matched naive mice kept under the same conditions (n = 6)
served as reference group for histological analyses. The last treatment
or stimulation before each PET scanning was performed the evening
before, i.e. 18-20 h prior [*®F]FDG PET, to avoid acute effects of 2-DG
or stimulation. The next kindling stimulation and treatment were re-
sumed the evening after PET scanning. Drug or vehicle treatment began
on the evening before the first PET scan (without stimulation). Through
this, the drug treatment state of mice was hold as comparable as pos-
sible for all acquired ['®FIFDG PET scans. Further, this allowed inter-
group comparison of baseline data for assessing potential effects of 2-
DG treatment on brain glucose metabolism that might have persisted
even after the 18-20h time interval between injection and [*®FIFDG
PET.

2.4. Corneal kindling

A stimulator (ECT UNIT, 57800, Ugo Basile, Comerio, Italy) with
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Fig. 1. Experimental design.

On the evening before the first [*®F]FDG PET scan (baseline scan, day 0)
treatment with either 2-DG (250 mg/kg twice daily; n = 18) or vehicle (n = 18)
was started. 6 Hz corneal kindling was started on the evening of day 1 and
consisted of twice daily stimulations until day 21. A second and third [**F]FDG
PET scan were performed on days 10 and 17 of ongoing kindling procedure,
always before the first 2-DG or vehicle injection of the respective day. On day
22, mice were transcardially perfused and brains harvested for histological
analyses. A third group of mice (n = 12) receiving 2-DG treatment and un-
dergoing PET scans remained unstimulated.

leather-covered corneal electrodes (soaked in 0.9% saline) was used to
deliver the corneal kindling stimuli twice daily for 21 days. The stimuli
were monopolar, lasted for 3s, had a frequency of 6 Hz, a current in-
tensity of 44 mA, and a pulse duration of 0.2 ms (Leclercq et al., 2014).
The inter-stimulation interval was at least 6 h. Two minutes prior to
stimulation, a drop of the tetracaine solution was added to both eyes of
each individual animal. A stopwatch was used to ensure the appropriate
time period for induction of local anaesthesia. During stimulation, the
animals were manually restrained. Immediately afterwards, the mice
were unclasped and closely observed for the expression of motor sei-
zures within the first minute after stimulation. The seizure duration was
recorded and seizure severity was scored using a modified Racine scale
(Racine, 1972): score 0, immobility or no reaction; score 1, mild facial
clonus: eye blinking/closing, twitching of the vibrissae, stereotyped
sniffing; score 2, severe facial clonus: chewing, head nodding, and/or
myoclonic twitches of the forelimbs; score 3, clonic convulsions of one
forelimb without rearing; score 4, clonic convulsions of both forelimbs
with/without rearing; score 5, generalized clonic convulsions with
immediate loss of balance (also in lateral position); score 6, tonic sei-
zure of fore- and hind limbs. Mice showing at least eight stage five
seizures within ten consecutive stimulations were declared fully kin-
dled. Body weight was determined each day in order to deliver the
appropriate treatment dosage and to control the health status of the
animals. The first corneal kindling stimulation was done in the evening
after the first ['®F]FDG PET scan.

2.5. Image acquisition

A dedicated small animal PET-CT scanner was used for imaging
brain glucose turnover (Inveon DPET, Siemens, Knoxville, TN, USA).
Mice were scanned at three time points: At day 1 (baseline), i.e. after
first 2-DG or vehicle treatment but before first kindling stimulation, at
day 10, and at day 17 of kindling. Anaesthesia induction was performed
with 3% isoflurane in 31/min oxygen. During the scanning procedure,
the isoflurane concentration was adapted (about 1-1.5% in 0.6 1/min)
to each animal to maintain a respiration frequency of about 60-80/min.
Prior to tracer injection, blood glucose was measured from the vena
saphena (Contour NEXT meter, Bayer, Germany). Animals were then
placed side-by-side in a double mouse scan bed (Minerve, Esternay,
France). During anaesthesia, respiration frequency was monitored and
bed temperature was maintained at 37 °C. The head of the mice was
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positioned in the center field of view. The tracer (8.38 = 0.46 MBq
(mean = SD) [*®F]FDG in a volume of 0.15ml) was injected into a
lateral tail vein and dynamic acquisitions of 60 min were obtained
starting with tracer injection. The acquired list mode data were histo-
grammed to 32 frames. The image reconstruction to a
128 x 128 X 159 matrix (0.78 X 0.78 x 0.8 mm®) was done with a
three-dimensional ordered subset expectation maximization (3D-
OSEM)/maximum a posteriori (MAP) algorithm ( = 1, OSEM itera-
tions = 2, MAP iterations = 18) with scanner-applied scatter correc-
tion. Attenuation was corrected using a °’Co transmission scan. After
each ['®F]FDG PET scan, a standard CT acquisition followed for ana-
tomical co-registration. After the scanning procedure, blood glucose
levels were measured again from the tail vein after removal of the ca-
theter. Average total duration of anaesthesia was 114.9 = 9.56 min
(mean =+ SD).

2.6. Image data processing and kinetic modelling

Image data were processed using PMOD 3.6 software (PMOD
Technologies, Switzerland). First, each CT image was co-registered to
the standard mouse MRI atlas of PMOD (T,-weighted, (Ma et al.,
2005)). Second, each CT image was co-registered to the correlating PET
image, resulting in an exact overlap of MRI atlas and PET image. As a
reliable standard approach, the ['®F]FDG uptake was analyzed in se-
lected ROIs (hippocampus, thalamus, amygdala, cortex, striatum, cer-
ebellum) which were located using the volumetric ROI mouse brain
atlas provided in this PMOD version. This ROI atlas was originally
generated and further validated by Mirrione et al. (2007) from over-
laying a standard T2-weighted MRI mouse brain template from Ma
et al. (2005) with the stereotaxic mouse brain atlas from Paxinos and
Franklin (2001). The tracer uptake values of the analyzed brain regions
were calculated from the last two frames (i. e. the last 20 min of the
acquisition) and expressed as percent injected dose per cubic cen-
timeter. The kinetic modelling was performed using the FDG two-tissue
compartment model offered in the PMOD kinetic modelling tool. For
this, an image-derived input function (IDIF) was obtained by calcula-
tion of the whole blood time-activity-curve for a region of interest
(2 X 2 x 4mm®) positioned in the early frame images on the vena cava
caudalis (Lanz et al., 2014; Thorn et al., 2013). The used lumped con-
stant LC (which delineates the different properties of glucose and [*8F]
FDG concerning the uptake and the phosphorylation) was 0.67 (Thorn
et al., 2013). Individual blood glucose values of both measurements
(before and after each scan) were averaged and then introduced in the
modelling process.

2.7. Statistical parametric mapping analysis

['®F]FDG images underwent voxel-based kinetic modelling applying
the Patlak model in the Pxmod module (Pmod software) and the K; and
MRg), parametric images were calculated. For whole-brain voxel wise
intra- and intergroup comparisons, SPM12 software (SPM; Wellcome
Trust Center for Neuroimaging, UCL, London, UK) was used in MATLAB
(TheMathWorks, Natick, Ma, USA). [*®F]FDG K; and MRg, parametric
images of the different groups at the three time points were compared
by a two-sample unpaired t-test. A significance level threshold of 0.05
(uncorrected for multiple comparisons) and a minimum cluster size of
10 voxels was selected. Parametric t maps resulting from each com-
parison were loaded in PMOD and fused to the T2-MRI template (Ma
et al., 2005). The t-value threshold was set individually for each time
point to show voxels with a correspondent p value lower than 0.05.
Anatomical localization of intra- and intergroup differences identified
by SPM analysis was defined by thorough visual inspection of the t
maps fused to the reference MRI mouse brain atlas integrated in PMOD
(Mirrione et al., 2007) as exemplary illustrated each on one coronal and
one horizontal section of the MRI template in Fig. 4E.
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21. (F) Blood glucose levels measured before each PET scan in unstimulated mice treated with 2-DG, as well as kindled mice treated with vehicle or 2-DG.
Mean * SEM; Kruskal-Wallis ANOVA, Dunn's multiple comparison post-hoc test (B), Student's t-test (C, D), Fisher's exact-test (E), repeated-measures one-way
ANOVA, Dunnett's multiple comparison test (F); p < .05. Asterisk indicates significant difference between treatment groups. (For interpretation of the references to
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2.8. Immunohistochemical staining and analysis of astroglial and microglial
activation

On day 22 after start of kindling, mice were deeply anaesthetized
using ketamine and xylazine. They were trans-cardially perfused with
25ml 0.01 M phosphate-buffered saline and thereafter with 25 ml 4%
paraformaldehyde solution (dissolved in 0.1 M phosphate buffer,
pH = 7.4). Brains were removed, transferred into 4% paraformalde-
hyde solution for 24 h and stored in a solution of 30% sucrose and 0.2%
sodium azide in 0.1 M phosphate buffer until slicing. Brains of the age-
matched naive controls and of 6 randomly chosen mice per treatment
group were sliced on a sliding microtome (Frigomobil CM 1325, Leica,
Wetzlar). Slices (40 um thickness) were stored in 0.1 M phosphate
buffered saline until used for immunohistochemical staining (free-
floating method). Rabbit anti-mouse glucose transporter 1 (GLUT1)
antibody (1:1000; Biotrend Chemikalien GmbH, Cologne, Germany)
was used as primary antibody. Endogenous peroxidase activity was
inhibited using 0.5% hydrogen peroxide. Unspecific antibody binding
sites were blocked with 10% donkey serum. Slices were incubated for
20 h in the primary antibody solution at 7 °C. Slices were exposed to the
secondary antibody (biotin-SP-conjugated affinipure donkey anti-rabbit
IgG, 1:500; Jackson ImmunoResearch Laboratories Europe, Suffolk, UK)
for 1 h at room temperature. Vectastain ABC kit (Burlingame, CA, USA)
provided the avidin-biotin complex for the final visualization reaction
with 3,3’-diaminobenzidine solution and hydrogen peroxide. Stainings
of microglia and astrocytes were performed according to a similar
protocol varying in the following steps: Endogenous peroxidase activity
was inhibited using 0.6% hydrogen peroxide and the blocking step was
done using 5% normal goat serum. Brain slices were exposed to the
primary antibody, anti-ionized calcium-binding adapter molecule 1
(IBA1) antibody (1:500; Synaptic Systems, Gottingen, Germany) or the
anti-glial fibrillary acidic protein (GFAP) antibody (1:5000; Dako
Deutschland GmbH, Hamburg, Germany) for 18 h at room temperature.
Peroxidase affinipure goat anti-rabbit IgG (1:500; Jackson
ImmunoResearch Laboratories Europe, Suffolk, UK) was used as sec-
ondary antibody. Slices were mounted on glass slides (Menzel-Gléser,
Thermo Scientific, Braunschweig, Germany) and cover-slipped with
mounting medium (Entellan, Merck, Darmstadt, Germany).

GLUT1-stained sections of the four groups were visually inspected in
a blinded fashion using a light microscope and screened for group
differences in staining intensity in the regions of interest mentioned
below. Microglial (IBA1) and astroglial (GFAP) activation was semi-
quantitatively scored in a blinded fashion as recently described
(Brackhan et al., 2016); score 0 = inactive cells, < 10% activated, score
1 = predominantly inactive cells, about 30% activated, score 2 = some
inactive cells, about 60% activated, score 3 = > 90% activated cells).
At section levels —1.94 mm and — 3.16/—3.28 mm relative to bregma
(Paxinos and Franklin, 2001), the following brain regions were as-
sessed: hippocampal cornu ammonis (CA)1, CA3a, and dentate hilus, as
well as thalamus, amygdala, piriform and entorhinal cortex (Fig. 5E).
Microglial and astroglial scores were each averaged for the two assessed
brain section levels. In addition to this rank scale approach, we applied
cell counting and morphological assessment on IBAl-stained brain
sections based on a recently published methodoligical approach in a rat
post-status epilepticus model (Wyatt-Johnson et al., 2017). On section
level -1.94 mm, microscopic photographs were bilaterally taken at
400 x magnification in a predefined position of each scored brain
subregion. Within each image, all IBA1-positive cells were counted and
assigned to a certain morphological category (ramified, hypertrophic,
bushy, amoeboid, and rod) based on overall cell diameter including
processes and appearance of processes each cell (Wyatt-Johnson et al.,
2017). As the photograph of the dentate hilus also covered adjacent
areas, the actual dentate hilus area within the image frame was mea-
sured and only cells in this area were counted and categorized. Ax-
ioVision software was used for measurements and counting. Data from
both hemispheres were averaged and are presented as IBAl-positive
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cells per mm?,

To visualize neurodegeneration, Fluoro-Jade C staining was per-
formed as described before (Groticke et al., 2007). Briefly, brain slices
were mounted on protein glycerol coated glass slides and air-dried.
Directly before staining, the slides were bathed twice in ethanol (80%,
5min, and 70%, 2min) and in distilled water to remove the latter.
Staining was performed with 0.0001% Fluoro-Jade C solution (Merck,
Darmstadt, Germany) for 30min. Slices were cover-slipped with
mounting medium (DPX mountant for histology, Sigma-Aldrich). The
stained slices (—1.94 mm relative to bregma) were microscopically
screened for fluorescence-positive neurons concerning the target re-
gions described above. Brain slices of a mouse intrahippocampally in-
jected with kainic acid served as positive control.

2.9. Statistical analysis

All statistical tests were calculated using GraphPad Prism version
7.00 for Windows (GraphPad Software, San Diego California USA). For
comparison of only two data sets (seizure severity, kindling duration) a
Student's t-test or Fisher's exact test (proportion comparison of fully-
kindled mice) was used. Inter-group differences concerning seizure re-
sponse during kindling progression and histological evaluation were
analyzed performing a Kruskal-Wallis analysis of variance (ANOVA)
followed by Dunn's Multiple Comparison Test. For intergroup compar-
ison of data gained from counting and morphological microglia as-
sessment ordinary one-way ANOVA followed by Dunnett's multiple
comparisons were performed. One-way ANOVA with Bonferroni post
tests was conducted regarding the inter-group comparisons of all PET
imaging data and repeated-measures one-way ANOVA with Bonferroni
post tests was used concerning intra-group comparisons of imaging
data. For analysis of blood glucose levels, intra-group comparisons were
performed with repeated-measures one-way ANOVA followed by
Dunnett's multiple comparison test. If not stated otherwise, data is
presented as mean values with standard error of the mean (SEM).

3. Results
3.1. Corneal kindling and tolerability of chronic 2-DG treatment

The 6 Hz corneal kindling course started with seizure responses of
type two to three in most animals (Fig. 2A). On days three, four and five
of kindling, the 2-DG-treated animals showed significantly attenuated
seizure responses (p < .05; Fig. 2B). On days eight and nine, the
duration of the seizure response was shorter in the 2-DG treated group
(13.67 = 0.7346 vs. 10.17 = 1.147, p =.0132, CoKi_vehicle vs.
CoKi_ 2-DG, day 8, and 14.35 = 0.8572 vs. 11.64 + 0.8994,
p = .0383, CoKi_vehicle vs. CoKi_2-DG, day 9). Over the course of the
kindling process, the percentage of type-5 seizures relative to all sti-
mulations per individual was lower in 2-DG-treated than in vehicle-
treated mice (p = .0004; Fig. 2C). According to the used definition of a
fully-kindled state, the percentage of completely kindled mice per
group after 39 stimulations was 88.9% in the CoKi_vehicle group and
50% in the CoKi_2-DG group (p = .0275, Fig. 2E). The mean number of
stimulations needed to achieve a fully-kindled state was increased by 2-
DG treatment (20.81 vs. 29.11 stimulations, CoKi_vehicle vs. CoKi_2-
DG, p = .0058; Fig. 2D). No mortality occurred during corneal kindling.
However, five mice had to be killed before end of kindling due to re-
current penis prolapse of unknown origin (Fig. 2A, indicated in grey).
Body weight of corneally-kindled mice remained stable over time (day
1 vs. day 21, CoKi_vehicle: 34.36 = 0.4576 vs. 33.98 + 0.4784 g,
p =.5761; CoKi_2-DG: 34.46 = 0.4961 vs. 33.41 * 0.5332g,
p = .1607), and the mean body weight did not differ between kindled
groups at any investigated time point (not shown). Unstimulated mice
treated with 2-DG gained about 3 g of body weight over the treatment
period of 2ldays (day 1 vs. day 21, 35.77 * 0.5245 vs.
38.58 + 0.5371 g, p = .0045). At the chosen 2-DG dosage (250 mg/kg
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twice daily), we did neither observe behavioural abnormalities nor
other obvious systemic side effects during twice daily handling and
observation of mice.

Blood glucose levels measured directly before each PET scan re-
mained stable in the 2-DG_only and CoKi_vehicle groups compared to
individual baseline values, while reduced blood glucose levels were
found on day 17 in the CoKi_2-DG group (p = .0221; Fig. 2F).

3.2. Imaging

The 2-DG_only group showed a reduced [®F]FDG uptake on day 17
compared to baseline in thalamus (p = .0372), amygdala (p = .0002),
cortex (p =.0243), and striatum (p = .0023; Table 1). While tracer
uptake did not change in CoKi_vehicle mice (Table 1), an increased
[*®FIFDG uptake was detected in CoKi_2-DG mice on day 10 in

Table 1
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thalamus (p = .0215) and cerebellum (p = .0042; Table 1). On day 10
of treatment, a higher [*®F]FDG uptake was seen in CoKi_2-DG versus 2-
DG_only mice in all analyzed brain regions except for the amygdala
(hippocampus, p = .0016; thalamus, p = .0293; cortex, p = .0107;
striatum, p = .0381; cerebellum, p = .0208; Table 1), whereas on day
17 this was found in hippocampus (p = .0073), amygdala (p = .0012)
and striatum (p = .0060; Table 1).

The influx rate K; as well as the metabolic rate MRg;,, was elevated
in the 2-DG_only group on day 17 compared to baseline in all analyzed
brain regions apart from amygdala (hippocampus, p = .0026; thalamus,
p = .0010; cortex, p = .0019; striatum, p = .0060; cerebellum,
p = .0037; Table 1; hippocampus, p = .0320; thalamus, p = .0072;
cortex, p = .0056; striatum, p = .0137; cerebellum, p = .0169;
Table 1). Compared to baseline, kindling alone did neither alter K; nor
MRgy, (Table 1). Nevertheless, MRg,, was higher in hippocampus

(A) Quantification of the spatiotemporal profile of ['®FIFDG uptake. 2-deoxy-p-glucose (2-DG)-treated, unstimulated mice (2-DG_only, n = 12), vehicle-treated mice
undergoing kindling (CoKi_vehicle, n = 18), and 2-DG- treated mice undergoing kindling (CoKi_2-DG, n = 18) were subjected to [*®F]FDG PET at baseline (after first
treatment, before start of kindling) and at days 10 and 17 of kindling. Regional ['®F]FDG uptake in hippocampus, thalamus, amygdala, cortex, striatum and
cerebellum, was quantified as percent injected dose per cubic centimeter (%ID/cc). (B) Regional glucose net influx rate (K;) values derived from the [**F]FDG two-
tissue compartment model. The input function for the two-tissue compartment model was calculated from the image data by positioning a volume of interest in the
caudal vena cava. (C) Regional glucose metabolic rate (MRgy,) values derived from the ['®F]FDG two-tissue compartment model. The input function for the two-
tissue compartment model was calculated from the image data by positioning a volume of interest in the caudal vena cava. Data is given as mean = SEM; one-way
ANOVA, Bonferroni post hoc test; p < .05. Asterisk indicates significant difference between indicated pairs; sharp indicates significant difference to baseline.

A [[;?;}(Z?G uptake Hippocampus Thalamus Amygdala Cortex Striatum Cerebellum
2 2-DG_only (3.68+£0.12 410+0.15 254 +0.10 3.34+£0.11 3.75+0.14 4.53+0.16
g CokKi_vehicle |3.67 £0.17 3.96 £0.19 263+0.13 3.32+0.15 372017 442 +0.25
“ CoKi_2-DG [3.95+0.14 415+0.14 2.94+0.13 3.61+£0.12 4.02+0.14 451+0.15
@ 2-DG_only [3.36£0.17 3.87+£0.17 2.45+0.10 3.11+£0.12 3.51+£0.15 421+0.18
f CoKi_vehicle [3.97+0.16 % 428 +£0.17 2,68 +0.11 3.52+0.13 379+0.14 = 4.82+0.22
~ CoKi 2-DG  [4.35+0.19 4.65+0.22 #|2.86 +0.12 3.76 £ 0.16 414 +£0.19 5.20 +0.26
o 2-DG_only (3.34£0.16 3.75+0.18 #2.08+0.10 ###(3.04 £0.13 3.31£0.15 ##14.18 £ 0.20
f CoKi_vehicle [3.68+0.15 % 3.99+0.16 252+010 % 3.31+£0.13 368+011 % 472+0.22
“ CoKi_2-DG [4.11+0.17 440+0.19 2.66 £0.10 3.51+0.13 3.93+0.13 4.89 +0.22

B Ki Hippocampus Thalamus Amygdala Cortex Striatum Cerebellum

[ml/mi{tissue}/min]

2 2-DG_only  [0.013 £0.001 0.016 +0.001 0.010 £ 0.000 0.012 £ 0.001 0.013 +£0.001 0.018 £0.001
g CoKi_vehicle {0.017 +0.001 0.019 £ 0.001 0.013 £0.001 0.014 £ 0.001 0.017 +£0.001 0.022 +0.002
“ CoKi_2-DG  [0.016 +0.001 0.017 £0.001 0.012 £ 0.001 0.014 +0.001 0.016 + 0.001 0.020 +0.001
@ 2-DG_only  (0.014 +0.001 0.016 +0.001 0.010 £0.001 0.011 £0.001 0.013 +£0.001 0.018 £0.001

f CoKi_vehicle [0.019 +0.002 * 0.021 +0.002 0.014 £0.001 * 0.015 £ 0.001 0.017 +0.001 = 0.024 +0.002
~ CoKi 2-DG  [0.021+0.002 ##(0.023 £ 0.002 ##1#(0.015 £ 0.001 #$(0.017 £0.002 0.019 £0.002 #|0.026 + 0.002
@ 2-DG_only  (0.017 +£0.001 ##(0.020 £ 0.001 #£0.011 £ 0.001 0.015 £ 0.001 0.016 = 0.001 ##10.023 + 0.001
f CoKi_vehicle 0.018 +0.001 0.020 + 0.001 0.012+0.001 * 0.015 +0.001 0.016 + 0.001 0.024 +0.002
~ CoKi 2-DG  [0.022 +0.002 ###)0.024 + 0.002 ##(0.015 + 0.001 ##(0.017 £ 0.001 0.020 + 0.002 ##10.027 +0.002

C MRG1 Hippocampus Thalamus Amygdala Cortex Striatum Cerebellum

[mmol/min/g]
2 2-DG_only (2044 £1.34 23.97 +1.58 14.86 £ 0.71 17.84 £1.24 20.47 £1.43 27.73+£2.40
g CoKi_vehicle [24.75 +1.96 28.15+1.82 19.38 £ 1.45 2142 +1.89 25.66 +2.02 32.00 £2.03
“ CoKi_2-DG  [28.21+3.17 30.64 +2.92 21.36 £ 2.06 24.00 + 2.65 28.27 £2.94 34.74 £2.92
@ 2-DG_only [21.67 +1.11 26.31+1.30 16.42 +£0.78 18.61 £ 0.90 22.31+1.20 29.92 +1.47
f CoKi_vehicle [23.24 +3.17 27.39+2.99 18.40 +2.40 19.83 £2.22 2411 +£2.66 31.28 £2.44
~ CoKi 2-DG [27.87 +2.97 3143285 20.31 £1.63 22.71£2.23 26.78 +2.37 35.13 £3.20
@ 2-DG_only |23.70 £1.37 #(29.09 +1.94 ##15.94 +0.93 21.57 £1.30 24.73 +1.86 #(33.49+2.18
f CoKi_vehicle |20.90+1.90 * 25.07 £1.99 15.90 £ 1.36 18.41 £ 1.56 21.67+1.85 30.44 +2.09
~ CoKi 2-DG  [29.09 + 2.56 33.49 +2.58 20.89 +1.71 23.66 +1.94 28.54 +2.21 37.39+2.75
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Fig. 3. Statistical parametric mapping (SPM) analysis of ['®F]FDG K; maps in
mice undergoing 2-deoxy-p-glucose (2-DG) treatment in combination with or
without corneal kindling (CoKi).

Coronal (~3.1 mm caudal to bregma; left), and horizontal (~1.5 mm ventral to
bregma; right) t maps resulting from voxel wise comparisons (Student's t-test) of
[*®F]FDG K; maps are shown for comparison of (A) 2-DG-treated mice with and
without kindling on day 10, (B, C) 2-DG-treated, kindled mice on experimental
days 10 and 17 compared to baseline, (D) 2-DG-treated versus vehicle-treated
kindled mice on day 17, and (E) 2-DG-treated, non-kindled mice on day 17
compared to baseline. Only clusters with significantly different voxels are
shown (p < .05, minimum cluster size of 10 voxels). The hot scale represents
the p value for each voxel. For a scheme displaying location of brain regions
with altered glucose intake on the used MRI template see Fig. 4E (colour code:
blue, cortex; dark green, dorsal hippocampus; turquoise, ventral hippocampus;
red, striatum; light green, thalamus; pink, basal ganglia; orange, amygdala;
yellow, cerebellum). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(p = .0199) and thalamus (p = .0247) of the CoKi_2-DG group com-
pared to CoKi_vehicle at day 17 (Table 1). Raised K; values were de-
tected on days 10 and 17 in the CoKi_2-DG group compared to baseline
in hippocampus (day 10, p = .0017; day 17, p = .0005), thalamus (day
10, p = .0008; day 17, p = .0002), amygdala (day 10, p = .0040; day
17, p = .0009), striatum (day 10, p = .0195; day 17, p = .0050), and
cerebellum (day 10, p = .0166; day 17, p = .0007; Table 1). K; in
CoKi_2-DG mice was also higher than in the 2-DG_only group at day 10
in all analyzed brain regions (hippocampus, p = .0191; thalamus,
p =.0321, amygdala, p =.0101; cortex, p = .0346; striatum,
p = .0387; cerebellum, p = .0330) as well as on day 17 in amygdala
(p = .0125; Table 1).

Regarding ['®F]FDG K;, parametric t maps comparing CoKi_2DG and
2-DG_only animals at day 10 show that kindled mice had higher K;
values almost over the whole brain (except for some cortical areas) with
particular high values in hippocampus (Fig. 3A). Compared to baseline,
t maps show higher K; values at 10 days in the CoKi_2-DG group in the
area of basal ganglia (Fig. 3B). At day 17, this elevation became ad-
ditionally evident in the hippocampus and thalamus (Fig. 3C). Ac-
cordingly, when comparing CoKi_2-DG with CoKi_vehicle, SPM analysis
revealed increased glucose influx in similar regions (Fig. 3D). Para-
metric t maps of the 2-DG_only group show increased K; values at
17 days compared to baseline primarily in the dorsal hippocampus and
dorsal thalamus (Fig. 3E).

Regarding [*®FIFDG MRgyy, parametric t maps revealed higher va-
lues at day 10 in the CoKi_2-DG versus 2-DG_only group restricted to the
ventral hippocampus (Fig. 4A), a finding which becomes even more
pronounced at day 17 (Fig. 4B). At day 17, t maps present higher MRgy,
values for CoKi_2-DG versus CoKi_vehicle mice in epilepsy-related brain
regions like hippocampus and thalamus (Fig. 4C). Comparing t maps of
2-DG_only at day 17 with baseline higher values became obvious
mainly in the dorsal hippocampus (Fig. 4A).

3.3. Immunohistochemistry

Visual inspection of GLUT1 staining did not reveal any differences
between groups (not shown). Activation of microglia (IBA1) and as-
trocytes (GFAP) was occasionally seen in brain sections of age-matched
control mice. Using semi-quantitative scoring CoKi_vehicle mice did not
differ from naive controls (Fig. 5A), while distinctly elevated microglial
activation was found in the CA3a region (p = .0030), dentate hilus
(p = .0043), and thalamus (p = .0460) of CoKi_2-DG mice (Fig. 5A,B).
The CAl region and the piriform cortex showed a tendency towards
increased microglial activation (p =.0711 and .0521, respectively;
Fig. 5A,D). In amygdala, no group differences were found (Fig. 5C).
Remarkably, IBA1 staining revealed prominent microglial activation
also in the 2-DG_only group in all analyzed hippocampal subregions
(CAl, p = .0076; CA3a, p = .0026; dentate hilus, p = .0015) and the
thalamus (p = .0072; Fig. 5A,B). Applying cell counting and morpho-
logical assessment of microglia in pre-selected areas of the previously
scored brain regions, absolute numbers of microglia in kindled and/or
2-DG-treated groups did not differ from naive mice in any region (data
not shown). Morphological categorization confirmed the predominant
presence of ramified microglia in naive controls (Fig. 5A-D). In the
other groups, the number of ramified microglia was lower than in
controls while the number of hypertrophic microglia was increased in
all analyzed subregions (Fig. 5A-C) apart from the piriform cortex in the
CoKi_vehicle group (Fig. 5D). Rarely, cells of rod morphology were
found (Fig. 5A). GFAP staining revealed raised astroglial activation in
the CoKi_vehicle group in the CA3a region (p = .0060), dentate hilus
(p = .0008), and piriform cortex (p = .0055), whereas in the CoKi_2-DG
group this was only seen in the dentate hilus (p = .0148; Fig. 6A-E). 2-
DG treatment alone did not lead to astroglial activation higher than in
naive controls (Fig. 6A-E). Fluoro-Jade C-positive neurons were not
detected in any of the investigated groups (not shown).
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SPM analyses performed for MR,

A CoKi_2-DG vs. 2-DG only, day 10

B coki_2-DG vs. 2-DG only, day 17

C CoKi_2-DG vs. CoKi_vehicle, day 17
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Fig. 4. Statistical parametric mapping (SPM) analysis of ['®F]FDG MRgy, maps
in mice undergoing 2-deoxy-p-glucose (2-DG) treatment in combination with or
without corneal kindling (CoKi).

Coronal (~3.1 mm caudal to bregma; left), and horizontal (~1.5 mm ventral to
bregma; right) t maps resulting from voxel wise comparisons (Student's t-test) of
[*®F]FDG MRg, maps are shown for comparison of (A, B) 2-DG treated mice
with and without kindling on days 10 and 17, (C) 2-DG-treated versus vehicle-
treated kindled mice on day 17 compared to baseline, and (D) 2-DG treated,
non-kindled mice on day 17 compared to baseline. Only clusters with sig-
nificantly different voxels are shown (p < .05, minimum cluster size of 10
voxels). The hot scale represents the p value for each voxel. (E) MRI template
with colour-coded labeling of brain regions which showed altered glucose in-
take (see Fig. 3) or turnover due to 2-DG treatment and/or kindling: Blue,
cortex; dark green, dorsal hippocampus; turquoise, ventral hippocampus; red,
striatum; light green, thalamus; pink, basal ganglia; orange, amygdala; yellow,
cerebellum. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4. Discussion

Cerebral glucometabolic changes during epileptogenesis represent
targets for therapeutic intervention gaining growing attention (Boison
and Steinhduser, 2017). This study was designed to evaluate potential
disease-modifying effects of the glycolysis inhibitor 2-DG in the 6 Hz
corneal kindling model and how this might be reflected in brain glu-
cometabolism as assessed by translational ['®FIFDG PET. Our main
findings are: 1. Post-stimulation treatment with 2-DG attenuates epi-
leptogenesis and seizure severity during 6 Hz corneal kindling. 2. Re-
petitive 2-DG treatment alone leads to regionally increased glucose
brain influx and metabolic rate at day 17 but not on day 10 or after
single treatment, and, interestingly, also to microglial activation. 3.
Epileptogenesis in the 6 Hz corneal kindling model in absence of gly-
colysis inhibition does neither alter interictal brain glucometabolism
nor neuronal viability, but indeed results in prominent astroglial acti-
vation. 4. Epileptogenesis in the 6 Hz corneal kindling model in com-
bination with post-stimulation 2-DG treatment results in elevated cer-
ebral glucose influx and metabolic rate, as well as in microglial
activation, while astroglial activation is less prominent as compared to
vehicle treatment.

4.1. Disease-modifying effects of 2-DG in the 6 Hz corneal kindling model

Kindling-decelerating effects of 2-DG treatment have been shown
before in rat models of kindling-mediated epileptogenesis (Garriga-
Canut et al., 2006; Stafstrom et al., 2009). Notably, we here provide
evidence that 2-DG treatment can impair epileptogenesis also when
administered after rather than before kindling stimulations. Epilepto-
genesis progression during kindling, reflected by increasing seizure
severity during kindling course, is based on growing susceptibility to a
consistent seizure-inducing stimulus. Therefore, in kindling models a
true anti-epileptogenic effect in terms of preventive activity against
epileptogenesis-promoting consequences of seizures is difficult to be
separated from a merely anticonvulsant action of a test compound (or a
mixture of both). We aimed to account for this obstacle by choosing a
treatment time point of 1 min after each stimulation, hereby mini-
mizing a direct anticonvulsant action of 2-DG as far as possible. To our
knowledge, pharmacokinetic data for 2-DG in mice are not available in
the literature, but pharmacokinetics of 2-DG have been studied in hu-
mans and rats reporting elimination half-lifes of about 3 to 5h
(Gounder et al., 2012; Raez et al., 2013; Umegae et al., 1990). As-
suming a similar pharmacokinetic profile of 2-DG in mice and con-
sidering a reported peak of its anticonvulsant action against 6 Hz sei-
zures in mice at 1h post administration (Stafstrom et al., 2009), it
seems unlikely that 2-DG should still exert a distinct direct antic-
onvulsant effect on the next stimulation, which was applied at least 6 h
later.

4.2. Effects of 2-DG treatment and kindling on cerebral glucometabolism

To the best of our knowledge, impact of chronic 2-DG treatment as
well as kindling-mediated epileptogenesis on cerebral glucose meta-
bolism in mice has not been evaluated before. Here, we applied ['®F]
FDG PET, which represents a reliable and translational in vivo method
to examine brain glucose metabolism (Goffin et al., 2008; O'Brien and
Jupp, 2009). Like glucose, [*®F]FDG is transported across the BBB via
GLUT1, and then taken up by brain cells again via glucose transporters.
Intracellular phosphorylation prevents ['®F]FDG from being released
again. This metabolic trapping and subsequent radioactive decay re-
presents a good marker for glucose uptake and turnover. Here, chronic
2-DG treatment per se resulted in raised brain glucose influx and me-
tabolic rate. Maximum K; and MRg,,, values were reached only on day
17, suggesting that duration of 2-DG treatment determines the extent of
glucometabolic alterations in the healthy brain. In the brain undergoing
kindling-mediated epileptogenesis (CoKi_vehicle), [*®FIFDG PET did
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Fig. 5. Results of immunohistological microglia activation analysis.
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Images of (A) the right hippocampal area, (B) the thalamus, (C) the amygdala, and (D) the piriform cortex showing IBA1-positive microglia being representative for
morphological subtypes observed in analyzed brain regions of the respective experimental group at day 22 after start of experiment. Data of semi-quantitative
assessment of microglial activation as well as quantitative morphological subtype analysis of IBA1-positive cells in the analyzed brain regions is illustrated (A) below
or (B-D) beside the respective images. Details on analysis methods are provided in the methods section. (E) Scheme displaying the brain regions analyzed (modified
from Paxinos and Franklin, 2001; permission for reprint has been requested). Naive (untreated, unstimulated) control group, n = 6; 2-DG_only, 2-deoxy-p-glucose-
treated, unstimulated mice, n = 6; CoKi_vehicle, vehicle-treated mice undergoing kindling, n = 6; CoKi_2-DG, 2-DG- treated mice undergoing kindling, n = 6; CA,
cornu ammonis. Mean + SEM; Kruskal-Wallis ANOVA, Dunn's multiple comparison post hoc test for semiquantitative scoring or ordinary one-way ANOVA, Dun-
nett's multiple comparisons post hoc test for quantitative morphological subtype analysis, respectively; p < .05. Asterisk indicates significant difference to naive
control group. Bar in (A) indicates 75 um and 10 um (magnified detail), respectively.

not identify altered brain glucose supply or turnover (Table 1), neither
during nor at the end of epileptogenesis, which corresponds to results of
a ['*C]2-DG autoradiography study in a rat rapid kindling model
(Lothman et al., 1985). One could expect both hypo- and hypermeta-
bolic changes induced by the kindling process. While glucose hypo-
metabolism might result from neuronal death or endogenous anti-epi-
leptic/epileptogenic mechanisms occurring post seizure exhibition, like
increase in GABAergic inhibition and reduced (excitatory) neuronal
activity, hypermetabolism might be a consequence of epileptogenesis-
triggered neuronal and/or astrocytic activation. One explanation for
not finding changes in glucose metabolism during kindling progression
could be that we performed PET interictally. This was done to rule out
detecting increased [*8FIFDG uptake as a merely result of convulsions
(Blackwood et al., 1981) instead of imaging energy-demanding pro-
cesses associated with epileptogenesis itself. In the interictal phase
during epileptogenesis in the 6 Hz kindling model, however, potentially
decreased or increased neuronal and astroglial activation might not be
pronounced enough to be detected by [*®FIFDG PET against the

background glucose turnover. Supporting this idea, a recently pub-
lished study using pentylentetrazole-mediated kindling in rats, which is
accompanied by neurodegeneration indeed (Park et al., 2006), found
reduced ['®F]FDG uptake in the hippocampus being predictive for po-
sitive kindling response (Bascunana et al., 2016). We here report that
6 Hz corneal kindling over 21 days does not lead to neurodegeneration,
which is in line with data from the 50 Hz corneal kindling model
(Loewen et al., 2016). This lack of distinct neurodegeneration might
explain why hypometabolism was also not detected in fully-kindled
mice. In addition, continuous anaesthesia is needed for acquiring dy-
namic PET data which is also known to influence brain glucometabo-
lism (Toyama et al., 2004). Lastly, hypo- and hypermetabolic changes
might also occur simultaneously and level each other out. Interestingly,
our data suggest that kindling and 2-DG synergistically enhance glucose
influx, especially during kindling progression (day 10; Table 1). Neu-
ronal firing due to seizing leads to a higher energy demand, and
therefore also uptake of ['®F]FDG is expected to increase. Compensa-
tory elevation of brain energy supply will have to be even higher under
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Fig. 6. Results of immunohistological astroglia activation analysis.

Representative images of (A) the right hippocampal area, (B) the thalamus, (C) the amygdala, and (D) the piriform cortex showing GFAP-positive astroglia of each
experimental group at day 22 after start of experiment. (E) Data of semi-quantitative assessment of astroglial activation in hippocampal subregions, thalamus,
amygdala and piriform cortex. Mean + SEM; Kruskal-Wallis ANOVA, Dunn's multiple comparison post hoc test; p < .05. Asterisk indicates significant difference to
naive control group. Bar in (D) indicates 75 pm and 10 um (magnified detail), respectively. For details about treatment groups and abbreviations see legend of Fig. 5.
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an energetic stress situation like impaired glucose utilization mediated
here by simultaneous 2-DG treatment. The combined effect of 2-DG and
kindling was also reflected by an increase in MRgy, at day 17 in hip-
pocampus and thalamus, i.e. in brain regions relevant for seizure origin
and spread, whose neurons might be especially energy demanding due
to seizure responses of increasing severity during the kindling course.
Moreover, kindling-induced seizures will lead to increased glutamate
release. It has been suggested that astrocytic activation by glutamate
results in a decreased glucose utilization in neurons but increased gly-
colysis by astrocytes leading to lactate production which is then ex-
ported through the so-called astrocyte-neuron-lactate-shuttle to fuel the
neuronal citric acid cycle (Magistretti and Allaman, 2015). Increased
astrocytic glucose metabolism might be all the more pronounced in the
presence of 2-DG hampering glycolysis. The increased energy demand
may also promote glycogenolysis in astrocytes, being the only cells in
the brain that store glycogen (Magistretti and Allaman, 2015), which
would additionally add to elevated glucose metabolism. Indeed, we
here also discovered kindling-mediated astroglial activation in several
limbic brain regions by immunohistological analysis, which is in
agreement with recent findings in the 50 Hz corneal kindling model
(Loewen et al., 2016). The elevated energy demand of neurons and
activated astrocytes during kindling progression might have been met
through the observed elevation in brain glucose supply and in con-
sequence have ameliorated the kindling process.

The brain atlas-independent SPM analysis substantiates the findings
of kinetic modelling by revealing increased glucose influx in major
parts of the brain with a hot spot in the hippocampus (Fig. 3E) when
comparing the CoKi_2-DG with 2-DG_only on day 10. This finding ar-
gues for involvement of the whole brain into the kindling process, but
the magnitude of affection is apparently prominent in typically epi-
lepsy-related areas. Interestingly, SPM analysis of MRgy, demonstrates
elevated glucose turnover in the CoKi_2-DG group limited to epilepsy-
associated brain regions (hippocampus, thalamus; Fig. 4B-D), which
were also affected by astroglial and microglial activation in histological
investigations. This increase in hippocampal glucose metabolism be-
came more pronounced after 17 days of kindling and therefore seems to
be influenced by the duration of epileptogenesis under energy restric-
tion. Furthermore, the duration of energy restriction might have caused
profound cellular changes in energy utilization. MRgy, parametric maps
might reflect pronounced compensatory upregulation of glycolysis /
lactate production by activated astrocytes to meet the epileptogenesis-
associated increased energy demand of activated hippocampal and
thalamic neurons.

4.3. Effects of kindling and 2-DG treatment on constituents of the
neurovascular unit and blood glucose

To assess whether the observed increased glucose influx could be
explained by an altered expression of GLUT1 transporters, being re-
sponsible for glucose brain uptake across the BBB as well as glucose
uptake by astrocytes we performed immunohistological analysis of
GLUT1 expression at day 22 of kindling. Increased expression and
transport activity of the 55-kDa GLUT1 due to chronic hypoglycaemia
have been described before, whereas chronic hyperglycemia had no
impact (Simpson et al., 1999). In our study, 2-DG led to mildly reduced
blood glucose values at day 17 of 2-DG treatment in mice undergoing
kindling (Fig. 2F). However, immunohistochemical staining did not
reveal any obvious influence of kindling or 2-DG treatment, or the
combination of both, on GLUT1 expression. It might therefore be, that
more pronounced hypoglycemia is necessary to increase GLUT1 ex-
pression at the BBB. As the Fluoro-Jade-C staining did not reveal dying
neurons, positive effects of 2-DG on corneal kindling progress cannot be
attributed to a possible neuroprotective action. Rather, astroglial acti-
vation was not as prominent in the hippocampal CA3 region and the
piriform cortex of 2-DG-treated mice that underwent kindling. As sei-
zure-triggered glutamate release can lead to astrocytic activation, one
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may argue that this alleviation could be due to less exhibited seizures in
the 2-DG treated group until the end of kindling when brains were
harvested. However, mice whose brains were randomly chosen for
histological analyses did not differ in the number of experienced gen-
eralized seizures during kindling course (33.50 vs. 30.50, CoKi_vehicle
vs. CoKi_2-DG, median, Mann Whitney test, p = .1234). The less pro-
minent astrocyte activation in 2-DG-treated mice might be a result of
the 2-DG-triggered increased energy supply enabling astrocytes to en-
counter some of epileptogenesis-induced alterations, including higher
neuronal energy demand. IBA1 staining revealed only limited micro-
glial activation induced by kindling compared to brain slices of naive
control mice (Fig. 5), which is generally in line with data from 50-Hz-
kindled mice (Loewen et al., 2016). IBA1 is a protein specifically ex-
pressed in monocytic cell lines (Imai et al., 1996) and increased in
activated macrophages/microglia (Ito et al., 1998). Surprisingly, how-
ever, we found that 2-DG led to strong microglial activation both in
unstimulated mice and in mice undergoing kindling. Cumulating evi-
dence suggests that microglial activation plays a crucial role in epi-
leptogenesis (Amhaoul et al., 2015; Brackhan et al., 2016; Vezzani,
2015). Due to their continuous patrolling tasks for maintaining a
healthy microenvironment for neuronal survival in the CNS, microglia
require huge energy sources including glucose (Kalsbeek et al., 2016).
Microglial activation by 2-DG and epileptogenesis will probably lead to
even higher energy demands compensated by elevated glucose utiliza-
tion. Therefore, the increased glucose turnover detected here by [*8F]
FDG PET in the 2-DG treated mice might partially also reflect increased
microglial glucose consumption. Immunostaining with IBA1 is not
suitable for differentiation of the pro-inflammatory M1 and the anti-
inflammatory M2 state. Therefore, it remains to be elucidated in future
investigations whether 2-DG might preferentially induce the reparative
anti-inflammatory M2 phenotype and whether this might contribute to
the disease-modifying effects of 2-DG found in the present study.

5. Conclusion

In conclusion, we show that chronic 2-DG treatment in mice is well
tolerated and exerts disease-modifying effects in the 6 Hz kindling
model of difficult-to-treat seizures. As revealed by [*®F]FDG PET, 2-DG
leads to increased glucose supply both in the healthy mouse brain and
in the mouse brain undergoing kindling-mediated epileptogenesis.
Together with the alleviated astrocytosis and the activation of microglia
by 2-DG this might contribute to the positive interference with epi-
leptogenesis.
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