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Abstract

Temporal lobe epilepsy with distributed hippocampal seizure foci is often intractable and its secondary generalization might
lead to sudden death. Early termination through spatially extensive hippocampal intervention is not feasible directly, due to
its large size and irregular shape. In contrast, the medial septum (MS) is a promising target to govern hippocampal
oscillations through its divergent connections to both hippocampi. Combining this  ‘proxy intervention’ concept and
precisely timed stimulation, we report here that closed-loop MS electrical stimulation can quickly terminate
intrahippocampal seizures and suppress secondary generalization in a rat kindling model. Precise stimulus timing governed
by internal seizure rhythms was essential. Cell-type-specific stimulation revealed that precisely timed activation of MS
GABAergic neurons underlay the effects. Furthermore, to achieve non-invasive stimulation of an arbitrary brain region, we
designed an  ‘intersectional short pulse’ stimulation method: transcranial focused electrical stimulation. We verified the
regional specificity of this novel method in rodents; in humans, we demonstrated how it affects ongoing EEG waves.
Combined with the novel non-invasive brain stimulation method, time-targeted MS stimulation can be a novel therapeutic

method to control intractable temporal lobe epilepsy.
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2. Responsive MS stimulation for intervening seizures of HPC-origin

(A) Schema of generalization of HPC seizures and septohippocampal pathway. MEC, medial entorhinal cortex. (B)
Representative LFP traces of HPC seizures propagated to the Ctx. (C) E-stim of the HPC commissure induced
motor seizures as well. RS: the Racine’ s scale. (D1, D2) The concept of open-loop responsive intervention. (E1) The
concept of closed-loop responsive intervention (seizure rhythm-driven stimulation). Seizure waves were detected in
real-time and each detection triggers MS stimulation with a defined delay. (E2) A representative HPC seizure, its

detection, and MS stimulation. Red stripe indicates the targeted phase.
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3. Open-loop MS E-stim has no effects or promotes HPC seizures

(A) Schema of the experiment. (B) Open-loop responsive intervention. (C) Representative seizure waves induced by
the supra-threshold stimulation w/wo open-loop MS E-stim. Scale bars: 10 s. (D) Distribution of modulation indices
(MIs) of duration of HPC seizures by MS E-stim. (E) Duration of HPC and Ctx seizures, and motor seizures. (F)
Distribution of MIs. (G) The same conventions as (E) but with the clustered data. (H) Fractions of seizure-induced

trials against MS E-stim frequencies. (I) MS E-stim frequency resolved representation of the data shown in (G).
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4. Closed-loop seizure rhythm-driven MS E-stim terminates seizures of HPC-origin
(A) Schema of the experiment. (B) Close-loop seizure rhythm intervention. (C) HPC seizure waves w/wo the MS E-
stim. (D) Representative seizure waves w/wo the MS E-stim. (E) Distribution of MIs. (F) Duration of HPC and Ctx
seizures, and motor seizures with the clusters defined in (E). (G) Fractions of success trial pairs as a function of

delays. (H) Delay time resolved representation of the data shown in (F).
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5. Closed-loop seizure rhythm-driven activation of MS GABAergic neurons terminates seizures of HPC-
origin
(A) Schema of the experiment. (B) ChR2 signals were colocalized with GABAergic neurons.(C) cFos expression was
colocalized with ChR2 expressing neurons after illumination. (D) Closed-loop seizure rhythm intervention. (E)
Representative seizures w/wo the MS illumination. (F) Distribution of MI with the MS illumination. (G) Duration of
HPC and Ctx seizures, and motor seizures with the clusters defined in (F). (H) Fractions of success trial pairs as a

function of delays. (I) MS illumination delay resdived representation of the data shown in (G).
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6. MS cholinergic pre-conditioning decreases seizure susceptibility whereas MS E-stim pre-conditioning at
seizure-like-frequency increases it

(A) Pre-conditioning procedure. (B-E) Schemata of the MS optogenetic pre-conditioning. (E) Schema of the MS
electrical pre-conditioning. (F) ChR2 signals were colocalized with cholinergic neurons. (G) cFos expression was
colocalized with ChR2 expressing neurons. (H-J) Stimulus intensity thresholds for inducing HPC and Ctx seizures
w/wo pre-conditioning. (K) Stimulus intensit)-f thresholds for inducing HPC and Ctx seizures w/wo electrical pre-

conditioning.
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7. Intersectional Short Pulse stimulation: a focused transcranial electrical stimulation technology

pairs are located on the skull or scalp. Electrical stimulation was temporally interleaved at 5-25 us and rotated
within the electrode pairs. The electrical field generated by the stimulation is focused to an arbitrary region of the
brain. (B) Expansion of ISP technology for multiple focusing points with two distinct stimulus waveforms (left).
Depending on electrode alignment and stimulus polarity, multiple brain regions can be stimulated using distinct
stimulus waveforms causing the same effect (excitatory or inhibitory) on both hemispheres (right). Black arrows

indicate information flows with phase differences. After Takeuchi Y. and Berényi A. 4
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(A) Closed-loop seizure rhythm-driven MS E-stim is effective to terminate seizures of HPC-origin and successfully

suppresses secondary generalization. Alternating activation of MS GABAergic and Glut neurons may underlie the

seizure terminating effect. In contrast, open-loop responsive MS E-stim does not alter or rather promotes HPC

seizures. (B) Distributions and cumulative probabilities of HPC seizure duration w/wo MS E-stims. Data are from

Figs. 3 and 4. The red and blue arrows indicate significant pro- and anti-seizure effects. Statistical significance was

tested by two-sample Kolmogorov-Smirnov test. n.s., not significant; ***P < 0.001.
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