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Focal non-convulsive status epilepticus (fNCSE) is a neurological condition characterized
by a prolonged seizure that may lead to the development of epilepsy. Emerging
experimental evidence implicates neuronal death, microglial activation and alterations
in the excitatory and inhibitory synaptic balance as key features in the pathophysiology
following fNCSE. We have previously reported alterations in the excitatory adhesion
molecule N-cadherin in rats with fNCSE originating from the hippocampus that
subsequently also develop spontaneous seizures. In this study, fNCSE rats were treated
intraperitoneally with the conventional anti-epileptic drug levetiracetam in combination
with intraparenchymal infusion of N-cadherin antibodies (Ab) for 4 weeks post-fNCSE.
The N-cadherin Ab was infused into the fornix and immunohistochemically N-cadherin
Ab-stained neurons were detected within the dorsal hippocampal structures as well as
in superjacent somatosensory cortex. Continuous levetiracetam treatment for 4 weeks
post-fINCSE reduced microglia activation, including cell numbers and morphological
changes, partly decreased neuronal cell loss, and excitatory post-synaptic scaffold
protein PSD-95 expression in selective hippocampal structures. The additional treatment
with N-cadherin Ab did not reverse neuronal loss, but moderately reduced microglial
activation, and further reduced PSD-95 levels in the dentate hilus of the hippocampus.
Despite the effects on brain pathology within the epileptic focus, neither monotherapy
with systemic levetiracetam nor levetiracetam in combination with local N-cadherin Ab
administration, reduced the amount of focal or focal evolving into bilateral convulsive
seizures, seizure duration, or interictal epileptiform activity during 1 month of continuous
electroenephalogram recordings within the hippocampus after fNCSE. Behavioral tests
for spatial memory, anxiety, social interaction and anhedonia did not detect gross
behavioral differences between fNCSE rats with or without treatment. The results reveal
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Levetiracetam and N-Cadherin Antibody Post-fNCSE

and C), 10 umin (E) and 250 pm in (G) and 20 wm in inset in (G).

FIGURE 5 | Altered neuronal loss and microglial activation following 4 weeks of levetiracetam and N-cadherin antibody treatment post- focal non-convulsive status
epilepticus. (A) Representative images of NeuN™ cells in Ctrls, fNCSE-Veh-Sal, fNCSE-Veh-Lev, fNCSE-N-cad-Lev and (B) stereological quantification in GCL, CA1
and dentate hilus. (C) Representative images of Iba1* cells (arrow heads), (D) quantification of Iba1™ cells in the HPC, (E) different morphological phenotypes of
microglia, (F) relative percentage of Iba1 morphology in different sub-regions of HPC, (G) DCX* cells (arrows) in the subgranular zone of the hippocampal dentate
gyrus. Data are presented as median =+ range, except lbal morphological phenotypes which is presented as mean + SEM; fNCSE-Veh-Sal, n = 6-9; fNCSE-Veh-Lev
n = 6; fNCSE-N-cad-Lev n = 7. *P < 0.05. ML = molecular layer. RAM = ramified, INTER = intermediate, R/A = round/amoeboid Iba1. Scalebar = 500 wm in (A

rats as well as fNCSE rats with levetiracetam and N-cadherin Ab
infusion (Figure 6D).

Analysis of the inhibitory scaffolding synaptic protein
gephyrin in the iML showed increased expression in
untreated animals following fNCSE compared to Ctrls
(Supplementary Table 1.22), but levels were not reversed
after treatment with levetiracetam or N-cadherin Ab
combined with levetiracetam (Figures 6E,F). In the GCL,
levels of gephyrin were also increased in untreated fNCSE
rats compared to Ctrls (Supplementary Table 1.22), but
no changes compared to treatment groups (Figure 6F). In
CAl and hilus no changes in gephyrin expression were

Further analysis of the inhibitory synaptic adhesion molecule
NL-2 did not reveal any changes in expression levels in the
iML, CAl, hilus, and GCL following fNCSE compared to control
group (Supplementary Table 1.23), nor was there a difference
after the two treatments (Figures 6G,H). Sub-analysis of PSD-
95, NL-1, gephyrin, and NL-2 levels from rats that developed
spontaneous seizures week 2—4 after fNCSE (67, 83, and 100% in
the {NCSE-Veh-Sal, fNCSE-Veh-Lev, fNCSE-N-cad-Lev group,
respectively) did not show any additional changes between
groups (data not shown).

DISCUSSION

detected  following fNCSE  (Supplementary Table 1.22)

and expression was not altered in animals following A {NCSE poses clinical challenges for proper diagnosis,
treatment (Figure 6F). prognosis and treatment. In the current study, we describe how
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FIGURE 6 | Reduced PSD-95 expression following 4 weeks of levetiracetam and N-cadherin antibody treatment post- focal non-convulsive status epilepticus.
Photomicrographs of (A) PSD-95 clusters and (B) quantification of PSD-95 intensity, (C,D) photomicrographs and quantification of neuroligin-1 (NL-1), (E,F) gephyrin
and (G,H) NL-2 clusters. Arrows in (A), (C), (E), and (G) point toward clusters of synaptic proteins. Data are presented as median + range; fNCSE-Veh-Sal, n = 6-9;
fNCSE-Veh-Lev n = 6; fNCSE-N-cad-Levn = 7. *P < 0.05. iML = inner molecular layer. Scalebar in (A) = 5 um for all photomicrographs.
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brain pathology in a model of fNCSE in rodents may be altered
by the commonly used anti-convulsive drug levetiracetam
in systemic monotherapy and levetiracetam in combination
with a local intracerebral infusion of an Ab against the
excitatory synaptic adhesion molecule N-cadherin within
the epileptic focus. Microglial activation, neurodegeneration,
and the excitatory synapse-associated PSD-95 expression
were modulated, however, the subsequent development of
spontaneous seizures and amount of interictal epileptiform
activity were not counteracted after 4 weeks of either
treatment post-fNCSE.

We have recently reported a decreased expression of
N-cadherin within the hyperexcitable epileptic focus at 4 weeks
following fNCSE. This reduction was specifically observed
in fNCSE rats with subsequent development of spontaneous

seizures and not in rats with only acute symptomatic seizures
within 1w post-fNCSE (19). In the present study, where
we administered N-cadherin Ab locally within the epileptic
focus in addition to levetiracetam in an attempt to further
decrease hyperexcitability within the epileptic focus, we did
reduce the expression of excitatory postsynaptic scaffolding
protein PSD-95, decreased microglia activation and neuronal
death, but without a detectable difference in the development
of subsequent spontaneous seizures. Cell death within the
dentate hilus and CA1 of the HPC are prominent pathological
features associated with epilepsy (42) and previous studies
have shown neuroprotective effects of levetiracetam in both
epileptic and non-epileptic disorders, including pilocarpine-
induced convulsive SE in rodents (8, 43, 44), stroke and
traumatic brain injury (45-48). The present combination of local
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administration of N-cadherin Ab and systemic levetiracetam
treatment reduced PSD-95 expression in the dentate hilus,
whereas levetiracetam alone decreased PSD-95 expression also
in the iML. PSD-95 is known to modulate synaptic transmission
(49, 50) and conditional ablation of N-cadherin at excitatory
synapses has been shown to decrease post-synaptic excitatory
scaffolding proteins such as PSD-95 and increase clusters of
inhibitory post-synaptic scaffold proteins such as gephyrin,
suggesting N-cadherin as a seizure-promoting protein (20). In
addition, long-term blocking of N-cadherin leads to synapse
elimination and loss of post-synaptic PSD-95 expression,
supporting a possible role for N-cadherin in PSD-95 regulation
as well as synaptic transmission (51). Thus, the combinatorial
treatment-induced decrease in PSD-95 expression observed in
the present study may reflect decreased hyperexcitability within
the epileptic focus.

Impaired cognitive functions and increased risk of mood
disorders are commonly associated with epilepsy (52-55).
An experimental model of NCSE, induced by administration
of low-dose pilocarpine, has similar behavioral deficits (34).
In the present electrical model of fNCSE, we could not
confirm gross behavioral changes, either as working memory
deficiency, anhedonia or increased anxiety with the performed
behavioral tests at 4 weeks post-fNCSE, with or without
treatment. However, it is possible that behavioral deficits
arise at later stages when the epileptic environment has been
more established. Here we merely state that treatment with
levetiracetam and N-cadherin Ab did not induce detectable
negative effects on the cognitive performances in rats at 4
weeks post-fNCSE.

None of the present treatments altered the number of acute
symptomatic or spontaneous seizures following fNCSE, which
is in contrast to previous reports on reduced number of
generalized tonic-clonic seizures during 2 weeks of levetiracetam
treatment after pilocarpine-induced convulsive SE (56), even
if video/EEG-recordings in that specific case were performed
<24h per day. The discrepancy can be attributed to either dose-
dependent treatment effects, rat strain differences, or, perhaps
more likely, the difference in the SE model and subsequent
features of the spontaneous seizures. Indeed, differences in
SE models have previously shown discrepancies in terms of
the anti-convulsive effects observed with levetiracetam. Studies
showed that the anti-convulsive effect was completely absent in
the maximal electroshock seizure (MES) and pentylenetetrazol
(PTZ) models (57), whereas in amygdala kindled rats the same
treatment showed potent protective effects against seizures (58).
However, despite early contradicting experimental observations,
levetiracetam is today widely used in the clinic and is known
to have anti-convulsive properties in patients with epilepsy.
The known underlying mechanisms by which levetiracetam
facilitates these mechanisms are mainly through inhibition of the
synaptic vesicle protein 2A (45) and by reducing seizure-induced
changes in synaptic remodeling genes and thus decreasing seizure
propensity (59). Whether or not levetiracetam may be more
efficient in reducing severe generalized tonic-clonic seizures
compared to focal seizures is yet to be confirmed (60). In the

present model of fNCSE we did not detect any differences
between the effect of levetiracetam on focal non-convulsive and
focal evolving into bilateral convulsive seizures. The additional
local treatment with N-cadherin infusion within the epileptic
focus had no further effect on seizure development. The Ab-
exposed region within the epileptic focus may have been too small
to have an impact or the alterations in N-cadherin and PSD-95
expression were not large enough to change seizure susceptibility.
In addition, we cannot exclude the possibility of a gradual
decrease in N-cadherin Ab function during the 2 week-infusion
period or levetiracetam masking potential effects of N-cadherin
Ab on seizure-induced pathology, although the two treatments
have different mechanisms of action and primarily target pre-
and post-synaptic compartments, respectively. However, it is
also plausible that a reduced seizure burden (anti-convulsive
effect) may manifest at later stages after 4 weeks post-fNCSE,
which could be considered in future studies of the disease-
modifying effects of levetiracetam and N-cadherin Ab treatment
of refractory epilepsy.

CONCLUSION

We conclude from the current study that fNCSE leads to
pathophysiological changes within the epileptic focus in
the brain that to some extent can be reversed within 1
month by daily monotherapy with levetiracetam. Only a
minor additional change was confirmed with the addition
of intracerebral N-cadherin Ab infusion within the epileptic
focus. Despite the effects on brain pathology, the treatment did
not alter the subsequent development (frequency, severity
and duration) of spontaneous seizures or the amount
of interictal activity. The current experimental model of
electrically-induced fNCSE mimics clinical fNCSE and we
report for the first time the development of therapy-resistant
temporal lobe seizures in this model. It makes it a promising
model for future evaluations of therapeutic strategies for
refractory epilepsy.
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