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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. Our concept 
of phase-targeted proxy stimulation for intervening pathological oscillations can be extrapolated to 
other neurological and psychiatric disorders, and its current embodiment can be directly translated into 
clinical application. 

 

Approximately 1% of world population have 
epilepsy and 30% of them are still refractory (1, 
2). Temporal lobe epilepsy (TLE) is often drug-
resistant and uncontrolled TLE can lead to 
secondary generalized seizures and consequently 
to sudden death (3, 4). Although effective, 
surgical resection of the seizure focus is highly 
invasive, irreversible, and frequently associated 
with cognitive dysfunctions and it may not be the 
best solution for patients with ambiguous or 
multifocus bilateral TLE (5-7). Thus, a new 
therapeutic approach is desired. Deep brain 
stimulation (DBS) has been employed to treat 
neurological and psychiatric disorders including 
epilepsy (8). Direct stimulation of the 
hippocampus (HPC) can reduce seizure 
occurrence especially in medial TLE (8, 9). 
However, because the HPC is a relatively large 
bilateral structure, direct electrical stimulation 
may affect only a small portion of the seizure 

generating structure (10). An alternative 
therapeutic approach is stimulation of another 
brain region than the seizure focus (11-13).  

Here, we propose that activity of the 
HPCs can be thoroughly controlled in a 
technically feasible way by interfering with a 
smaller circumscribed structure, which has 
massive divergent efferent connections to the 
whole extent of HPCs (proxy intervention). The 
medial septum (MS) is an attractive target of such 
proxy intervention because it is a small midline 
structure with diverging projections onto both 
HPCs (14). The septohippocampal pathway plays 
an important role in governing theta (15, 16) and 
high-frequency HPC oscillations (17); the latter 
are particularly vulnerable to become seizure 
activity (18-20). 

Clinical DBS applications, either being 
free-running or responsive (i.e. triggered by the 
detection of certain activity patterns), deliver 
hard-coded, non-adaptive sequences of pre-set 
pulse trains or random noise waveforms (21). 
Although these open-loop approaches are 
effective in reducing seizure occurrence by 
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decreasing seizure susceptibility, they cannot 
quickly terminate already initiated seizures (22). 
This would require temporally aligned stimulus 
delivery targeting specific phases of pathological 
oscillations (23-25). Due to its direct reciprocal 
connections, the septohippocampal axis is 
resonating in a highly coherent manner in 
physiological and pathophysiological conditions 
including ictal periods of epilepsy (26, 27). 
Stimulation of MS neurons can precisely entrain 
HPC local field potentials (LFPs) (28-30). In 
addition, the MS can powerfully gate oscillations 
not only in the HPC but also in the entorhinal 
cortex (EC), which is the bottle-neck structure for 
seizure propagation from the HPC to the 
neocortex (Ctx) (31). Given these anatomical and 
temporal features of the septohippocampal axis, 
we hypothesized that the MS can be a powerful 
seizure regulation center for on-demand control 
of TLE. Thus, we implemented a closed-loop 
stimulation of the MS driven by seizure patterns, 
and investigated whether phase-targeted precise 
stimulus delivery to the MS can cease already 
initiated HPC seizures, before they generalize. 

The present study is also designed to 
obtain a mechanistic understanding of possible 
seizure terminating effects of the MS in a cell-
type specific manner. The MS has GABAergic, 
glutamatergic (Glut), and cholinergic neuron 
populations, and all of them project to distinct 
targets of the HPC and the EC (32-34), with 
distinct excitatory or inhibitory postsynaptic 
effects on these targets (29, 34, 35). Optogenetics 
has been successfully applied to the MS 
populations to dissect their physiological roles in 
the septohippocampal axis (17, 29, 30). We 
employed selective optogenetic effectors in our 
closed-loop approach to dissect the hypothesized 
seizure terminating effects. 

Here, we found that seizure rhythm 
congruent MS electrical stimulation can 
effectively terminate HPC seizures in their early 
phase and suppress secondary generalization. 
Responsive, but open-loop (fixed pattern) MS 
electrical stimulation did not terminate the 
seizures, which emphasized that precise seizure 
phase-matched stimulus delivery is essential to 
break ongoing pathologic oscillations. Time-
targeted optogenetic experiments revealed that 

precisely timed activation of MS GABAergic 
neurons mainly underlay the seizure termination 
effect, while pre-ictal activation of MS 
cholinergic neurons can reduce seizure 
susceptibility. 

Results 

Responsive MS stimulation for intervening 
seizures of HPC-origin 

HPC kindled rats were employed as a model of 
refractory TLE (36); rats were fully kindled by 
daily electrical stimulation (E-stim) of the HPC 
commissure (n = 25). In the kindled rats, the 
commissure stimulation instantaneously induced 
massive 14–20 Hz after-discharges in the bilateral 
HPCs (Figure 1A, B). The HPC seizures were 
then secondary generalized, resulting in Racine’s 
scale 4 or 5 motor seizures (Figure 1A, C; Dataset 
figure 1, see Table S2). To terminate these, we 
focused on two types of responsive MS E-stim: 
open-loop and closed-loop interventions (Figure 
1D, E). For open-loop intervention, stimulus 
trains at fixed rates were delivered in response to 
seizure episodes. For closed-loop intervention, 
each stimulus pulse was triggered by seizure 
waves themselves, meaning that the MS was 
stimulated with the internal, real-time rhythmicity 
of HPC seizures (closed-loop seizure rhythm 
stimulation). A delay of 0 to 60 ms was introduced 
to shift the stimulus pulses to target specific 
phases of the seizure waves (23). 

Open-loop MS E-stim has no effects or 
promotes HPC seizures 

Open-loop responsive MS E-stim was examined 
first (Figure 2A). Each MS E-stim (±400 µA 
biphasic, 1 ms-long) evoked robust and transient 
potentials in the HPC and the EC (1–4 mV) but 
not in the Ctx (Figure S1A, C). Following the 
seizure induction, MS E-stim trains were 
delivered at 1, 8, or 20 Hz for two minutes (Figure 
2B); those stimuli themselves did not cause any 
seizures in non-kindled rats (data not shown). The 
open-loop MS E-stim did not shorten HPC 
electrographic seizures at any frequencies 
examined (50.5 ± 19.9 s to 53.9 ± 26.2 s, P > 0.05, 
paired t-test, Figure 2C, E; Trial numbers, animal 
numbers, and other statistics are fully reported in  
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Figure 1. 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. See also Figure S1. 
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Figure 2. Open-loop MS E-stim has no effects or promotes HPC seizures 

(A) Schema of the experiment. Stimulating electrodes were inserted into the HPC and the MS for 
seizure induction and intervention, respectively. (B) Open-loop responsive intervention. Seizures were 
induced at supra- or sub-threshold intensity. (C) Representative seizure waves induced by the supra-
threshold stimulation w/wo open-loop MS E-stim. Six to nine 10–80 Hz bandpass-filtered LFP traces 
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were overlapped for each brain region. Grey traces represent smoothed LFP traces with a moving 
average filter. Each blue line represents three rms level of baseline of each smoothed LFP trace. Red 
lines represent detected seizures. Scale bars: 10 s. (D) Distribution of modulation indices (MIs) of 
duration of HPC seizures by MS E-stim. A black curve represents a fitted Gaussian model. (E) 
Duration of HPC and Ctx seizures, and motor seizures. Data of different MS stimulus frequencies were 
pooled. Each marker pair with a dashed line represents a pair of consecutive non-stimulated and 
stimulated trials with the same condition. Values are represented as bars for means and circles for each 
trial. (F) Distribution of MIs. Each trial pair was clustered into non-seizure induction or seizure 
induction group by the absolute value of the global threshold was determined via the whole data set 
(see Methods, and Dataset figure 2). (G) The same conventions as (E) but with the clustered data. Red 
colored data represent the seizure-induction cluster. (H) Fractions of seizure-induced trials against MS 
E-stim frequencies. (I) MS E-stim frequency resolved representation of the data shown in (G). Values 
are represented as means ± s.d. n = 108 and 96 trials from four rats for (D, E) and (F–I), respectively. 
Statistical significance was tested by two-sample Kolmogorov-Smirnov for asymmetry (skewness) of 
MI distribution (D, F), paired t-test for seizure durations and Wilcoxon singed rank test for the Racine’s 
scale (E, G), χ2 test for (H), and three-way repeated ANOVA for (I). Results of statistical tests are 
extensively reported in Table S1. n.s., not significant; *P < 0.05; **P < 0.01, ***P < 0.001. See also 
Figure S2. 

the figure legends and in the Table S1). 
Modulation indices (MIs) of the HPC seizures by 
MS E-stim were distributed around 0 and its 
distribution was not skewed, which meant almost 
no modulation (P = 0.39, two-sample 
Kolmogorov-Smirnov test, Figure 2D) Neither 
Ctx electrographic nor motor seizures were 
alleviated by the stimulation (28.3 ± 19.4 s to 25.2 
± 20.0 s and 4.2 ± 1.4 to 4.1 ± 1.6 in Racine’s scale, 
P = 0.37 and 0.47, paired t-test and Wilcoxon 
singed rank test, respectively; Figure 2C, E). 
 We then examined effects of this open-
loop MS E-stim on incomplete seizure episodes 
evoked by sub-threshold commissure stimulation, 
which typically resulted in non-generalized 
partial seizures (Figure 2F–I). The open-loop MS 
E-stim significantly elongated HPC seizures (9.6 
± 22.1 s to 24.3 ± 28.5 s, P < 0.01, paired t-test, 
Figure 2G). To underpin a factor for this pro-
seizure effect, stimulated and non-stimulated trial 
pairs were classified into seizure-induction (MI > 
0.5) and non-seizure-induction trials (MI ≤ 0.5) 
(P < 0.05, two-sample Kolmogorov-Smirnov test, 
Figure 2F). The fraction of seizure-induction 
trials was significantly higher at 20 Hz (0.750) 
than those at 1 Hz and 8 Hz (0.438 and 0.250, 
respectively; P < 0.05, χ2 test, Figure 2H). The 
open-loop MS E-stim significantly deteriorated 
Ctx and motor seizures (5.6 ± 10.9 s to 11.8 ± 18.9 
s and 1.2 ± 1.9 to 2.0 ± 2.1 in Racine’s scale, P < 
0.05 for both, paired t-test and Wilcoxon signed 

rank test, respectively; Figure 2G). Notably, 20 
Hz stimulation induced longer Ctx seizures (22.8 
± 24.4 s) and higher Racine’s scale values (4.1 ± 
1.4) in seizure-induction trials (Figure 2I). It is 
worthy to note that open-loop MS E-stim at 
higher frequency (≥ 40 Hz) induced generalized 
episodes with Racine’s scale 4 or 5 motor seizures 
even in non-kindled rats (data not shown). These 
results suggest that open-loop MS E-stim does not 
alleviate HPC seizures and a false positive 
triggering of an open-loop responsive stimulator 
can even make seizures worse. 

Closed-loop seizure rhythm-driven MS E-stim 
terminates seizures of HPC-origin 

MS E-stim was then delivered in a closed-loop 
manner (Figure 3A, B). The induced HPC 
seizures were processed with a custom-made 
algorithm in real-time and each HPC LFP 
deflection of the 10–130 Hz range triggered a 
single-pulse MS E-stim (±400 µA biphasic, 1 ms-
long) with a fixed delay. In contrast to the open-
loop stimulation, closed-loop seizure rhythm-
driven MS E-stim significantly shortened HPC 
seizures (53.6 ± 22.3 s to 31.8 ± 25.8 s, P < 0.001, 
paired t-test, Figure 3C, D, F). The closed-loop 
stimulation also shortened Ctx seizures (28.1 ± 
1.51 s to 13.2 ± 17.0 s, P < 0.001, paired t-test) 
and decreased seizure severity according to  
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Figure 3. Closed-loop seizure rhythm-driven MS E-stim terminates seizures of HPC-origin 

(A) Schema of the experiment. (B) Close-loop seizure rhythm intervention. Seizures were induced by 
supra-threshold stimulation. Automatic seizure detection was always turned on except seizure-
induction time. Each detection triggered a MS E-stim pulse with a fixed delay. (C) HPC seizure waves 
w/wo the MS E-stim. (D) Representative seizure waves w/wo the MS E-stim. The same convention is 
used as on Figure 2C. (E) Distribution of MIs. The distribution was fitted to a Gaussian mixture model 
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and each trial pair was clustered into success or non-success group by the global threshold. (F) 
Duration of HPC and Ctx seizures, and motor seizures with the clusters defined in (E): Blue, success 
trial pairs; Black, non-success trial pairs. Data with different delays were pooled. (G) Fractions of 
success trial pairs as a function of delays. (H) Delay time resolved representation of the data shown in 
(F). n = 114 trials from three rats. Other conventions for data presentation and statistical tests employed 
are the same as on Figure 2. n.s., not significant; ***P < 0.001. See also Figure S3. 

Racine’s scale (4.4 ± 1.1 to 2.1 ± 2.3 in Racine’s 
scale, P < 0.001, Wilcoxon signed rank test). 
Because these seizure terminating effects were 
rather in an all-or-none manner, distribution of 
MIs of HPC seizures could be fitted with a two-
component Gaussian mixture model and off-on 
trial pairs were classified into success and non-
success trials (P < 0.001, two-sample 
Kolmogorov-Smirnov test, Figure 3E). Fractions 
of success trials were not significantly different 
between delays (0.615, 0.500, 0.571, and 0.688 
for 0, 20, 40, and 60 ms, respectively; P = 0.766, 
χ2 test, Figure 3G). The success and non-success 
classifications were consistently valid for the Ctx 
and motor seizures, too; interaction between MS 
E-stim and success-labelling were all significant 
on HPC, Ctx, and motor seizures (P < 0.001 for 
all, three-way repeated ANOVA, Figure 3H). On 
success trials, the average duration of Ctx 
seizures and Racine’s scale values were robustly 
reduced (< 4.4 s and < 1.1 in Racine’s scale, 
Figure 3H), which meant secondary 
generalization was effectively suppressed. These 
results indicate strong seizure terminating effects 
of the closed-loop MS E-stim. 

Seizure terminating effects of closed-loop 
seizure rhythm-driven MS stimulation are 
mediated by MS neurons 

MS E-stim might activate not only MS neurons 
but also MS targeting HPC neurons via 
antidromic spikes, nearby brain regions by 
current spread, and even glial cells (26, 37). To 
investigate if the seizure terminating effects are 
mediated specifically by MS neurons, we 
employed optogenetic stimulation (Dataset  
figures 3–5). Channelrhodopsin-2 (ChR2) was 
transduced to MS neurons using a viral vector 
with a synapsin promoter (Figure S2A). The gene 
transduction was confined to the MS (Figure 
S1B), and ChR2 signals were well colocalized 
with neuronal marker NeuN immunoreactions 

(Figure S2B). MS blue-light illumination induced 
cFos expression in ChR2 expressing neurons and 
modulated unit activities of MS neurons, which 
meant successful activation of MS neurons 
(Figure S2C; Dataset figures 5, 6). Each MS 
illumination reliably induced robust and fast LFP 
deflections in the HPC and the EC but not in the 
Ctx (Figure S1D). Similarly to E-stim, open-loop 
MS illumination did not alleviate HPC seizures 
(43.6 ± 22.4 s to 40.8 ± 18.9 s, P = 0.51, paired t-
test, Figure S2A, D, E, G, H). Distribution of MI 
was not skewed (P = 0.09, two-sample 
Kolmogorov-Smirnov test Figure S2F). Neither 
Ctx nor motor seizures were affected by the open-
loop illumination (32.1 ± 14.1 s to 30.9 ± 14.5 s 
and 4.5 ± 0.9 to 4.3 ± 1.2 in Racine’s scale, P = 
0.68 and 0.39, paired t-test and Wilcoxon signed 
rank test, respectively; Figure S2G, H). These 
results further indicate that open-loop MS 
stimulation is not effective to terminate seizures 
of HPC-origin. 
 Closed-loop seizure rhythm-driven 
activation of non-specific MS neurons was next 
examined in the same rats (Figure S3A, B). In 
contrast to the open-loop illumination, closed-
loop seizure rhythm MS illumination 
significantly shortened HPC seizures (48.2 ± 
16.6 s to 33.0 ± 25.5 s, P < 0.001, paired t-test, 
Figure S3C, E). The illumination also shortened 
Ctx seizures and decreased Racine’s scale values 
(34.9 ± 20.0 s to 23.0 ± 20.2 s and 4.2 ± 1.3 to 3.0 
± 2.0 in Racine’s scale, P < 0.001 for both, paired 
t-test and Wilcoxon signed rank test, 
respectively; Figure S3C, E). The MI distribution 
was well fitted to a two-component Gaussian 
mixture model; One of the Gaussians was 
centered around -1 and the other was around zero 
(P < 0.01, two-sample Kolmogorov-Smirnov test, 
Figure S3D). Illuminated and non-illuminated 
trial pairs were then classified into success and 
non-success trial pairs based on the model 
(Figure S3D). This classification was consistent 
with all seizure parameters examined (P < 0.001, 
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three-way ANOVA, Figure S3G). 
Manifestations of seizures were significantly 
alleviated in success trials (< 3.9 s, < 5.4 s, and < 
1.9 in Racine’s scale for HPC seizures, Ctx 
seizures, and motor seizures, respectively; Figure 
S3G). Fractions of success trials were not 
significantly different between delays (0.471, 
0.444, 0.125, and 0.267 for 0, 20, 40, and 60 ms 
delay, respectively; P = 0.12, χ2 test, Figure S3F). 
Thus, closed-loop seizure rhythm activation of 
MS neurons has seizure terminating effects 
compatible to those of MS E-stim. These results 
suggest that the seizure terminating effects of 
closed-loop seizure rhythm-driven MS E-stim 
are presumably mediated by MS neurons. 

Seizure terminating effects of closed-loop MS 
stimulation are mediated by GABAergic MS 
population 

We next dissected contributions of the 
GABAergic, Glut and cholinergic MS neurons to 
the observed seizure terminating effects. Cell-
type specific Cre-dependent expression of virally 
transduced ChR2 was established in three 
transgenic lines. As the VGAT- and CaMKIIα-Cre 
driver lines were newly developed using a 
CRISPR-Cas9 technology, we initially confirmed 
the cell-type specific ChR2 expression, and their 
proper electrophysiologic functionality (Dataset 
figures 5–9). 

Closed-loop seizure rhythm-driven activation of 
MS GABAergic neurons terminates seizures of 
HPC-origin and prevents generalization 
The MS of VGAT-Cre driver rats were injected 
with a Cre-dependent ChR2 expressing viral 
vector (Figure 4A). ChR2 signals were 
predominantly colocalized with glutamate 
decarboxylase (GAD) 65/67 immunoreactions 
but not with those of choline acetyltransferase 
(ChAT) (Figure 4B, Dataset figure 7). Some 
ChR2 signals were colocalized with glutamate 
reactions because glutamate is a precursor of 
GABA and MS GABAergic neurons use 
glutamate as local transmitters (38). MS 
illumination of the rats induced cFos expression 
in ChR2 expressing neurons (Figure 4C) and LFP 
deflections in the HPC and the EC but not in the 
Ctx (Figure S1E). Similarly to MS E-stim and 

hSyn::ChR2 illumination, closed-loop seizure 
rhythm activation of MS GABAergic neurons 
significantly shortened HPC seizures compared 
with those in the interwoven non-illuminated 
trials (47.4 ± 21.9 s to 34.6 ± 18.3 s, P < 0.01, 
paired t-test, Figure 4D, E, G). The closed-loop 
GABAergic activation also shortened Ctx 
seizures and decreased Racine’s scale values 
(25.5 ± 7.6 s to 14.8 ± 16.6 s and 4.1 ± 1.3 to 2.7 
± 1.9 in Racine’s scale, P < 0.001 for both, paired 
t-test and Wilcoxon signed rank test, respectively; 
Figure 4E, G). Illumination and non-illumination 
trial pairs were classified into success and non-
success trial pairs as before (P < 0.001, two-
sample Kolmogorov-Smirnov test, Figure 4F) 
and this classification was consistently valid on 
Ctx seizures and motor seizures as well (P < 
0.001 for all, three-way ANOVA, Figure 4G, I). 
On success trials, Ctx seizures were quite short 
and Racine’s scale values were less than three, 
which meant secondary generalization was 
effectively suppressed (< 7.25 s and < 2.25 in 
Racine’s scale, Figure 4I). Fractions of success 
trials were not significantly different over delays 
but there was a trend that larger delays (20–60 
ms) were more effective than no delay (Figure 
4H). These results suggest that GABAergic 
neurons mediate seizure terminating effects of 
closed-loop MS stimulation especially when 
stimulus was delivered with an appropriate delay. 
Open-loop activation of MS GABAergic neurons 
was also investigated (Figure S4Figure S3A, B). 
However, open-loop MS GABAergic activation 
did not shorten HPC or Ctx seizures and did not 
decrease Racine’s scale values (49.6 ± 21.8 s to 
45.5 ± 27.4 s, 27.0 ± 16.1 s to 24.1 ± 16.4 s, and 
4.3 ± 1.0 to 3.9 ± 1.2 in Racine’s scale, P = 0.38, 
0.52, and 0.06, respectively; Figure S4C–F). 
These results suggest that seizure rhythm 
congruent activation is crucial for seizure 
terminating effects of MS GABAergic neurons as 
well. 

Closed-loop seizure rhythm activation of MS Glut 
neurons does not effectively terminate seizures of 
HPC-origin 
Roles of MS Glut neuronal populations were then 
investigated. The MS of CaMKIIα-Cre driver rats 
were injected with a Cre-dependent ChR2 
expressing viral vector (Figure 5A). ChR2 signals  
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Figure 4. 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. Arrows 
indicate colocalizations. Scale bar: 20 µm. (C) cFos expression was colocalized with ChR2 expressing 
neurons after illumination. Arrows indicates colocalizations. Scale bar: 20 µm. (D) Closed-loop seizure 
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rhythm intervention. Each detection triggered a 30 ms-long MS illumination with a fixed delay. (E) 
Representative seizures w/wo the MS illumination. (F) Distribution of MI with the MS illumination. 
The distribution was fitted with a Gaussian mixture model and each trial pair was clustered into success 
or non-success trial group by the global threshold. (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 resolved representation of the data shown in (G). n = 138 trials from four rats. 
Other conventions are the same as on Figure 3. **P < 0.01; ***P < 0.001. See also Figure S4.

were predominantly colocalized with glutamate 
immunoreactions but not with those of GAD67 or 
ChAT (Figure 5B, Dataset figure 8). MS 
illumination in the rats induced cFos expression 
in ChR2 expressing neurons (Figure 5C) and fast 
LFP deflections in the HPC and the EC but not in 
the Ctx (Figure S1E). Closed-loop seizure rhythm 
activation of MS Glut neurons did not 
significantly decrease duration of HPC and Ctx 
seizures, and Racine’s scale values in population 
data (53.2 ± 20.9 s to 50.6 ± 17.2 s, 27.8 ± 15.4 s 
to 26.4 ± 15.0 s, and 4.5 ± 1.1 to 4.2 ± 1.5, P = 
0.37, 0.46, and 0.10, respectively; Figure 5D, G). 
Distribution of MIs of HPC seizures has its mode 
around zero; however, the distribution has a 
longer tail toward -1, which meant that there were 
success trial pairs (Figure 5F). Thus, the threshold 
was introduced to classify the MI distribution into 
success and non-success trial pairs. This 
classification was consistently valid on Ctx 
seizures and Racine’s scale as well (P < 0.001, 
Figure 5F, H). Although still low, the fraction of 
the success trials with none-delayed illumination 

in CaMKIIα::ChR2 rats tends to be higher than 

those with delays (0.200, 0.039, 0.067, and 0.067 
for 0, 20, 40, and 60 ms delay, respectively; 
Figure 5E, I). This result on delay was 
complementary with those with VGAT::ChR2 
rats; activation of MS GABAergic population 

was more effective with 20‒60 ms delay after 

each seizure wave detection (Figure 5I). The sum 
of fractions of success trial pairs from 
CaMKIIα::ChR2 and VGAT::ChR2 experiments 
is similar to that of MS E-stim experiments (0.422, 
0.333, 0.361, and 0.537 for CaMKIIα + VGAT 
and 0.539, 0.429, 0.429, and 0.436 for E-stim, 
respectively; Figure 5I).  

Open-loop MS Glut activation was also 
investigated (Figure S5A, B). However, the open-
loop MS Glut activation did not shorten HPC or 
Ctx seizures and did not decrease Racine’s scale 

values at all (53.2 ± 21.0 s to 50.6 ± 17.2 s, 27.8 
± 15.4 s to 26.4 ± 15.0 s, and 4.5 ± 1.1 to 4.2 ± 1.5 
in Racine’s scale, P = 0.08, 0.85, and 0.26, 
respectively; Figure S5C–F). 

Together, these results suggest that 
activation of the MS Glut neuronal population 
alone does not effectively terminate HPC-origin 
seizures. Precisely timed activation of MS Glut 
neurons might have a relatively minor 
contribution to the seizure terminating effects of 
seizure rhythm MS activation with distinct phase 
preference from that of the activation of 
GABAergic population. 
Neither closed-loop nor open-loop activation of 
MS cholinergic neurons alleviates seizures of 
HPC-origin 
The MS of ChAT-Cre driver rats were injected 
with a Cre-dependent ChR2 expressing viral 
vector (Figure S6A, F). ChR2 signals were 
predominantly colocalized with ChAT 
immunoreactions but not with those of 
GAD65/67 (Figure 6F, Dataset figure 9). Some 
ChR2 signals were colocalized with glutamate 
reactions as well, which is presumably because 
glutamate is local transmitter also in MS 
cholinergic neurons (38). MS illumination in the 
rats did not induce deflection of HPC LFPs 
(Figure S1E) but induced cFos expression in 
ChR2 expressing neurons (Figure 6G, Dataset 
figure 9). In contrast to GABAergic and Glut 
activation, closed-loop seizure rhythm activation 
of MS cholinergic neurons did not alleviate HPC, 
Ctx, or motor seizures (55.0 ± 17.8 s to 51.2 ± 
21.4 s, 39.2 ± 17.8 s to 36.0 ± 19.5 s, and 4.8 ± 
0.6 to 4.8 ± 0.8 in Racine’s scale, P = 0.28, 0.22, 
and 0.83, respectively; Figure S6B, C, E). MI 
distribution was not skewed (P = 0.51, two-
sample Kolmogorov-Smirnov test, Figure S6D). 
 Open-loop activation of the MS 
cholinergic neurons was then examined but it 
again did not shorten HPC, Ctx, or motor seizures  
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Figure 5. Closed-loop seizure rhythm-driven activation of MS Glut neurons does not effectively 
terminate seizures of HPC-origin 
(A) Schema of the experiment. (B) ChR2 signals were colocalized with Glut neurons. (C) cFos 
expression was colocalized with ChR2 expressing neurons after illumination. (D) Closed-loop seizure 
rhythm intervention. (E) Representative seizure waves w/wo the MS illumination in CaMKIIα::ChR2 
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rats. (F) Distribution of MIs with the MS illumination in CaMKIIα::ChR2 rats. Each trial pair was 
clustered into success or non-success group by splitting at  the global threshold. (G) Duration of HPC 
and Ctx seizures, and motor seizures with the clusters defined in (F). (H) MS illumination delay 
resolved representation of the data shown in (G). (I) Fractions of success trial pairs as a function of 
delays in rats with MS CaMKIIα::ChR2 illumination. Fractions of success trial pairs in rats with MS 
VGAT::ChR2 illumination and MS E-stim are re-plotted from Figures 4H and 3G, respectively. The 
summation plot of CaMKIIα::ChR2 and VGAT::ChR2 data (CaMKIIα+ VGAT) is similar to that of E-
stim data. n = 142 trials from three CaMKIIα::ChR2 rats. Other conventions are the same as Figure 4. 
See also Figure S5. 

 (51.8 ± 30.7 s to 53.5 ± 29.6 s, 29.6 ± 20.6 s to 
32.5 ± 22.5 s, and 4.1 ± 1.6 to 3.9 ± 1.6 in Racine’s 
scale, P = 0.79, 0.50, and 0.58, respectively; 
Figure S6F, G, H, J). MI distribution was not 
skewed (P = 0.39, two-sample Kolmogorov-
Smirnov test, Figure S6I). These results suggest 
that phasic activation of MS cholinergic neurons 
during ictal periods is not effective to alleviate 
seizures of HPC-origin. 

MS cholinergic pre-conditioning decreases 
seizure susceptibility whereas MS E-stim pre-
conditioning at seizure-like-frequencies 
increases it 

Finally, driven by our idea of preventing seizure 
development through prediction of ictal activity, 
we investigated whether pre-activation of any 
septal neuronal populations at seizure-like 
frequency decreases seizure susceptibility. We 
found earlier that MS cholinergic activation can 
decrease high-frequency HPC oscillations (17). 
Thus, we first activated MS cholinergic neurons 
in kindled rats at 20 Hz for 60 s before seizure 
induction (Figure 6A, B). With repeating this pre-
conditioning, stimulus intensity on the HPC 
commissure was incremented over trial and trial 
to determine threshold intensities to trigger HPC 
and Ctx seizures. Cholinergic pre-conditioning 
increased thresholds for HPC and Ctx seizures 
(46.6 ± 34.1 µA to 57.1 ± 35.7 µA and 92.7 ± 99.5 
µA to 122.7 ± 129.4 µA, respectively; P < 0.05 
for both, paired t-test, Figure 6H). Five-second-
long pre-conditioning was not enough to decrease 
the seizure susceptibility (data not shown). In 
contrast to cholinergic signaling, pre-activation of 
GABAergic neurons decreased thresholds for 
HPC and Ctx seizures (63.0 ± 53.0 µA to 44.3 ± 
34.6 µA and 98.9 ± 56.9 µA to 64.9 ± 43.2 µA, 
respectively; P < 0.05 for both, paired t-test, 
Figure 6C, I). Pre-activation of Glut neurons did 

not cause any change in the thresholds (52.9 ± 
27.4 µA to 45.9 ± 18.4 µA and 105.1 ± 137.6 µA 
to 80.6 ± 114.0 µA, P = 0.21 and 0.21 for 
thresholds for HPC and Ctx seizures, 
respectively; paired t-test, Figure 6D, J). To 
determine net effects of simultaneous pre-
activation of these three neuronal populations, 
electrical pre-conditioning of the MS was next 
conducted (Figure 6E). MS E-stim at 20 Hz for 
60 s before seizure induction significantly 
decreased thresholds for HPC and Ctx seizures 
(83.6 ± 25.7 µA to 24.1 ± 30.2 µA for both, note 
that thresholds for HPC and Ctx seizures were the 
same in all trials, P < 0.001, paired t-test, Figure 
6K). Notably, 20 Hz MS E-stim itself 
occasionally induced seizures during the pre-
conditioning exposure. These results suggest that 
selective activation of MS cholinergic neurons 
during pre-ictal periods could prevent seizure 
development. However, this seizure preventing 
effect is cell-type specific because the net effect 
of MS E-stim at 20 Hz (seizure like frequency) is 
pro-seizure. Therefore, MS E-stim at seizure-like-
frequency should not be delivered during pre-ictal 
periods; it should be delivered rather during ictal 
periods in a closed-loop manner, precisely 
aligned to internal seizure patterns. 
 
Discussion 

We found that properly performed MS 
stimulation can terminate epileptic seizures of 
HPC-origin and can prevent their generalization. 
Notably, there is a dramatic difference between 
outcomes of closed-loop and open-loop 
interventions; closed-loop seizure rhythm-driven 
MS stimulation significantly shortens HPC 
seizures whereas open-loop stimulation does not 
shorten or even prolongs them. Considering 
significant correlations between modulation of 
HPC seizures and those of Ctx and motor seizures  
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Figure 6. MS cholinergic pre-conditioning decreases seizure susceptibility whereas MS E-stim 
pre-conditioning at seizure-like-frequency increases it 
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(A) Pre-conditioning procedure. MS neurons were optogenetically or electrically activated at 20 Hz 
for 60 s before seizure induction. (B–E) Schemata of the MS optogenetic pre-conditioning. MS 
cholinergic, GABAergic, or Glut neurons were selectively activated, respectively. (E) Schema of the 
MS electrical pre-conditioning. (F) ChR2 signals were colocalized with cholinergic neurons in ChAT-
Cre driver rats injected with a Cre-dependent ChR2 expressing viral vector. (G) cFos expression was 
colocalized with ChR2 expressing neurons in the rats after illumination. (H–J) Stimulus intensity 
thresholds for inducing HPC and Ctx seizures w/wo pre-conditioning in MS cholinergic, GABAergic, 
or Glut neurons, respectively. (K) Stimulus intensity thresholds for inducing HPC and Ctx seizures 
w/wo electrical pre-conditioning. n = 78 trials from four rats for (H), 22 trials from three rats for (I), 
32 trials from two rats for (J), and 60 trials from two rats for (K), respectively. Values are represented 
as columns for means and a marker for each trial. Statistical significance was tested by paired t-test. 
n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. See also Figure S6.  

(Figure S7), we claim bidirectional roles of the 
MS on TLE: anti- and pro-seizure effects (Figure 
7). Our cell-type specific optogenetic 
experiments revealed that the MS GABAergic 
neuronal population mediated mainly the anti-
seizure effects of MS. 

MS as a target of DBS in refractory TLE: 
dual roles in anti-seizure effects 

The MS has dual roles regarding its anti-seizure 
effects: on-demand seizure terminating effects 
and seizure susceptibility reducing effects. 
Regarding the former, such powerful on-demand 
seizure terminating effects on already initiated 
episodes have not been reported yet with other 
proxy interventions in refractory TLE. E-stim of 
the anterior nucleus of the thalamus (ANT) (12), 
the cortex (21), the vagus nerve (39) achieved 
approximately 40–50% reduction of seizures 
occurrence in TLE patients. However, the 
remaining 50–60% of the episodes, which may 
become secondary generalized, remain to be 
treated. The powerful seizure terminating effect 
of the MS presumably stems from driving its 
direct reciprocal connections to the bilateral 
HPCs and the ECs in a temporally precise manner 
(26, 40). Regarding the other role, previous 
studies have shown that open-loop theta (4–8 Hz) 
MS E-stim reduces seizure susceptibility in 
animal models (41, 42). This theta rhythm MS 
stimulation has been thought to restore disrupted 
theta oscillations in the epileptic HPC via 
presumably cholinergic mechanisms (43, 44). 
The dual roles of the MS for anti-seizure effects 
make it valuable as a target of DBS for refractory 
TLE. 

Advantages of MS stimulation in TLE 

We point out three additional advantages of MS 
stimulation. First, because the MS is located at the 
midline, there is no need to insert multiple 
electrodes for bilateral neuromodulation. This is 
advantageous compared to stimulation of the 
ANT, the HPC, and the Ctx (8), as for example 
the ANTs are bilaterally located and each of them 
is indirectly connected only to the ipsilateral HPC 
via the Papez circuit (45). Second, electrical 
stimulation can be employed for clinical practice: 
no need of optogenetics. Although cell-type and 
phase specific seizure terminating effects of the 
MS were revealed, only a seizure rhythm 
congruent stimulus delivery is practically 
required for the seizure terminating effects. Third, 
both seizure rhythm and theta rhythm stimulation 
can be delivered in an on-demand manner. This 
time-targeting (responsive) nature is a significant 
advantage over pharmaceutical treatments and 
traditional continuous DBS (21). Practically, 
continuous MS stimulation should be avoided so 
as not to disrupt cognitive functions supported by 
natural oscillations in the septohippocampal axis 
(28, 46) and to prevent kindling effects. Repeated 
stimulus of the limbic system including the MS 
may make the circuit epileptic (47). Adaptive, but 
continuous DBS with real-time modulation of 
stimulus amplitude (48) may not be suitable for 
the MS because even sub-threshold stimuli may 
induce kindling effects there. Responsive (on-
demand) stimulus delivery to the MS will 
overcome the risk of kindling effects with the 
continuous DBS. Together, responsive seizure 
rhythm and theta rhythm MS stimulation for ictal 
and predicted pre-ictal periods would be 
beneficial to achieve successful control on TLE. 
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Figure 7. Summary 

(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 Figures 2 and 3. 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. See also Figure S7. 

Possible mechanisms of seizure terminating 
effects of closed-loop MS stimulation 

Network mechanisms 
Three network mechanisms could underlie the 
seizure terminating effects. The first one is on 
network stability. Seizure networks have multi-

stable states as interictal, pre-ictal, and ictal states 
(49, 50). Huge perturbation on network dynamics 
during ictal states would cause state transitions to 
another state. Each MS stimulation may have 
only a small impact. However, if many stimuli are 
time-locked to a certain phase of seizure 

.CC-BY-NC-ND 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/2020.03.09.982827doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.09.982827
http://creativecommons.org/licenses/by-nc-nd/4.0/


Takeuchi Y. et al. 2020    Closed-loop septal stimulation for intractable epilepsy 

 

16 
 

oscillations, either resonating with (in-phase) or 
occluding it (counter-phase), their impacts would 
be temporally summed. The network dynamics 
could be then pushed away from the ictal state as 
a swing collapse. For example, counter-phase 
activation of MS or HPC projection neurons 
could occlude seizure oscillations with their 
refractory periods. In addition, antidromic spikes 
of MS targeting HPC neurons presumably induce 
collisions on their axons and occlude seizure 
oscillations as well. Even excess in-phase positive 
feedback may disrupt stability of seizure states 
like a howling phenomenon (51). Open-loop 
stimulation would not cause such resonance and 
result in small impacts. The second network 
mechanism is a competition between different 
oscillation frequencies. Newly added oscillations 
influence pre-existing oscillations (30). Neuronal 
networks have their own resonating frequency 
and because closed-loop seizure rhythm 
stimulation would be a similar oscillation pattern 
to the original oscillation, the synthetized wave 
would be harmonics of the original one, which 
could reduce the original oscillation. The third 
one is a bottle neck effect. Seizures of HPC-origin 
reverberate and are amplified in the HPC-HC and 
the HPC-MS loops. To be secondary generalized, 
the EC is then passed through, which is the bottle 
neck structure. MS GABAergic neurons project 
not only to the HPC but also the EC in a very 
diffuse manner. The projection is primarily 
targeting interneurons in the EC as well as in the 
HPC (52). EC and HPC interneurons have wide-
spread oscillation gating effects there: hub-like 
effect (53, 54). These proxy and hub-like effects 
could be then synergistically amplified by 
temporal summation on oscillation cycles to gate 
the EC. 

Cellular mechanisms 
The blue light illumination of MS cell populations 
in VGAT::ChR2, CaMKIIα::ChR2, and 
ChAT::ChR2 rats induced very distinct 
spatiotemporal patterns of LFP deflection in the 
HPC and EC (Figure S1) and seizure terminating 
effects (Figures 4–6, S4–6). Our failure to 
terminate seizures in CaMKIIα::ChR2 animals 
confirm that the observed effects of our 
optogenetic experiments would not be artifacts of 
illumination or heating itself, which would 

happen even without any opsins (55), but are cell-
type specific neuronal responses. 

MS GABAergic neurons projects to the 
HPC and the EC and terminate there on mainly 
GABAergic neurons (56). Phasic activation of 
MS GABAergic neurons during trough phase 
(20–60 ms from peak) would induce rebound 
firing of HPC GABAergic neurons. The rebound 
activation then introduces powerful perisomatic 
inhibition on HPC pyramidal neurons around the 
next peak of seizure oscillations, when population 
burst of pyramidal neurons synchronously occurs 
(57). This time-targeted inhibitory effects on 
pyramidal neurons can be temporally summed by 
the phase-locked nature and spatially amplified 
by wide-spread axonal innervation of MS 
GABAergic neurons to the HPC and the EC (52). 
Because HPC GABAergic neurons are 
hypofunctional during TLE, which leads to 
epileptiform discharges of pyramidal neurons, 
this time-targeted phasic activation of HPC 
GABAergic neurons via the MS would be 
essential for terminating epileptic discharges in 
the HPC. 
 Although relatively weekly, MS Glut 
neurons might also mediate the seizure 
terminating effects. Interestingly, Glut and 
GABAergic interventions had complemental 
preferred phases to achieve their best seizure 
terminating effects (Figure 5I). Because MS Glut 
neurons have intense intra-septal innervation on 
GABAergic neurons and their direct innervation 
to the HPC and EC is minor, their seizure 
terminating effects would be mediated through 
MS GABAergic neurons. The approximately 20 
ms temporal shift between MS Glut and 
GABAergic activation can stem from synaptic 
delays between them, and the time required to 
cumulate a significant gross glutamatergic effect 
on the GABAergic population. The tri-synaptic 
pathway of MS Glut neurons -> MS GABAergic 
neurons -> HPC GABAergic neurons -> HPC 
pyramidal neurons can deteriorate temporal 
summation for the seizure terminating effects via 
cumulating synaptic jitters and varying 
transmission efficacy. This can be a reason why 
MS Glut activation has weaker seizure 
terminating effects compared to those of MS 
GABAergic neurons. 
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 The on-demand seizure terminating effect 
is not grossly influenced by the septohippocampal 
cholinergic signalling because this latter is mainly 
mediated by slow metabotropic receptors (34), 
which cannot follow rhythmicity of the seizure 
oscillations. Additional anti-seizure effects by 
HPC cholinergic tone during ictal periods could 
not be observed. In contrast, activation of MS 
cholinergic neurons in the pre-ictal periods 
reduced seizure susceptibility (Figure 6). This is 
consistent with our report that activation of MS 
cholinergic neurons decreased occurrence of 
high-frequency episodes in the HPC (17). Oriens-
lacunosum moleculare cells may mediate these 
effects (58). 
 Our experiments revealed the seizure 
terminating effect of closed-loop intervention in a 
provoked seizure model. The temporal 
organization of the stimulation may need to be 
adjusted if using other chronic spontaneous 
seizure models, since their underlying cellular 
and network mechanisms may be different. The 
feasibility of the MS induced seizure termination 
in other seizure models shall be investigated in 
the future. 

Possible future clinical application 

MS E-stim has been suggested for clinical studies 
after the finding that theta rhythm MS stimulation 
reduces seizure susceptibility (59, 60). Together 
with the previous findings on open-loop 
stimulation of the MS (41, 42), our current results 
indicate that a single electrode in the MS can be 
used for dual purposes: seizure termination by 
closed-loop seizure rhythm-driven stimulation 
during ictal periods and seizure prevention by 
open-loop theta rhythm stimulation during pre-
ictal seizure initiation periods. Development of 
reliable seizure prediction and detection 
algorithms for spontaneous seizures in humans 
would be a future challenge and is out of the scope 
of this work, as we only employed a provoked 
seizure models in rats. Stability of closed-loop 
stimulation should be optimized by decreasing 
particularly false positive detections of stimulus 
artifacts and other ambient noises. Longitudinal, 
patient specific fine-tunings of detection and 
stimulus algorithms would be important to ensure 
long-term effectiveness and safeness of MS E-
stims. Intelligent DBS approaches utilizing deep 

learning technology may be effective for real-
time classification of brain states to deliver proper 
stimulus patterns in an on-demand manner (61). 

In the present study, we showed that 
closed-loop seizure rhythm-driven MS E-stim 
successfully terminated HPC seizures preventing 
its generalization, and provided a concept for a 
novel therapeutic approach of TLE directly 
translatable to clinical practice. The concept that 
precisely time-targeted proxy stimulation can 
produce massive impacts on pathological 
oscillations could be extrapolated in the future to 
regulate other oscillopathies including movement 
or mental disorders (62). 
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Materials and Methods 

CONTACT FOR REAGENT AND 
RESOURCE SHARING 

Further information and requests for resources 
and reagents should be directed to and will be 
fulfilled by the Lead Contact, Antal Berényi 
(drberenyi@gmail.com). 

EXPERIMENTAL MODEL AND SUBJECT 
DETAILS 

Rat models 
All experiments were performed in accordance 
with European Union guidelines (2003/65/CE) 
and the National Institutes of Health Guidelines 
for the Care and Use of Animals for Experimental 
Procedures. The experimental protocols were 
approved by the Ethical Committee for Animal 
Research at the Albert Szent-Györgyi Medical 
and Pharmaceutical Center of the University of 
Szeged (XIV/218/2016). In total 50 adult Long-
Evans rats (eight wild type and 42 transgenic, 3–
6 months old, 300–640 g) were used in the present 
study. Both sexes of rats were used. VGAT-Cre 
rats (LE-Slc32a1tm1(cre)Sage; RGD Cat# 12905033; 
RRID:RGD_12905033) and CaMKIIα-Cre rats 
(LE-Camk2atm1(IRES-cre)Sage, RGD Cat# 12905032; 
RRID:RGD_12905032) were purchased and 
licensed from Horizon Discovery (Cambridge, 
UK). ChAT-Cre rats: LE-Tg(ChAT-Cre)5.1Deis, 
RGD Cat# 10401204; RRID:RGD_10401204) 
were given by Dr. Deisseroth (63). Rats were fed 
a commercial diet and water ad libitum with 
controlled temperature and lighting (12/12 h 
light/dark cycle) and housed as groups. Rats were 
either bred from in house colonies or purchased 
from Charles River (Sulzfeld, Germany). No 
animals were excluded from analysis.  
 

METHOD DETAILS 

Genotyping 
ChAT-Cre rats were maintained as male 
heterozygotes and genotyped by a standard PCR 
procedure with the following primers: CW-Cre2, 
5’-ACC TGA TGG ACA TGT TCA GGG ATC G-
3’ and CW-Cre3, 5’-TCC GGT TAT TCA ACT 
TGC ACC ATG C-3’, producing 108-bp 
fragments from the cre allele (64). Other Cre 
driver lines were maintained as homozygotes of 
both sexes after initial genotyping using the 
manufacturer’s PCR protocols. No randomization 
or blinding was employed for experiments below. 

Stereotaxic viral vector injections 
For ChR2 expression, AAV5-hSyn-
hChR2(H134R)-mCherry or AAV5-EF1α-DIO-
hChR2(H134R)-mCherry (UNC Vector Core, 
Chapel Hill, NC, USA) was injected into the MS 
of wild-type or Cre-driver animals using a 
standard intracranial virus vector injection 
technique, respectively. Briefly, animals were 
anesthetized with 1–3% isoflurane and then 
mounted on a stereotaxic apparatus. Atropine (0.1 
mg/kg, s.c.) was administered immediately after 
the anesthesia induction. Stages of anesthesia 
were maintained by confirming the lack of 
nociceptive reflex. The rectal temperature was 
maintained at 36–37°C with a DC temperature 
controller (TMP-5b; Supertech, Pécs, Hungary). 
The head position was adjusted so that the bregma 
and lambda were at the same level. Small incision 
on the skin was then made for craniotomy after 
subcutaneous lidocaine injections. A craniotomy 
centered at 1.0 mm leftward from the midline and 
0.5 mm anterior from the bregma was drilled and 
a small incision on the dura mater was made. A 
glass capillary (tip 10–20 µm) filled with an AAV 
vector without dilution (qPCR titer: 3–5×10^12 
vg/ml) was installed with an auto-nanoliter 
injector (Nanoject II; Drummond Scientific, 
Broomall, PA, USA) and the injector was 9.5 
degree leftward tilled from the sagittal plane to 
avoid the sagittal sinus. Three penetrations were 
made from the following stereotaxic coordinates: 
0.2, 0.5, and 0.8 mm anterior from the bregma and 
1.0 mm leftward from the midline. Along each 
penetration, 0.3 µl viral solution was ejected at 
5.8, 6.1, and 6.4 mm from the pia at a rate of 0.9 
nl/s. The capillary tip was kept there for at least 
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five minutes after each ejection and then gently 
retracted. The cranial window was covered with a 
hemostatic gel, and the skin wound was sutured. 
The injected animals were housed at least four 
weeks before optogenetic intervention. 

Electrophysiology 
To monitor electrographic seizures, intracranial 
LFP recordings were made from freely-moving 
animals. Intra-MS Electrophysiological 
correlates of optogenetic stimulation were 
confirmed in anesthetized animals (Dataset figure 
5) 

Construction of recording electrodes 
Tripolar tungsten wire electrodes were prepared 
as previously reported (65). Briefly, we glued 
three 50 µm diameter HML-insulated tungsten 
wires (Tungsten 99.95%; California Fine Wire, 
Grover Beach, CA, USA) into a 25G stainless-
steel tube. Tips of the tungsten wires were spaced 
at a 0.4 mm axial distance. Impedance of each 
wire was 30–90 kΩ at 1 kHz.  

Chronic implantation surgery 
Each animal was implanted with 10 tripolar 
electrodes under stereotaxic guidance as 
previously described (65). In total 30 recording 
sites were distributed to the bilateral dorsal 
hippocampus (rHPC, lHPC), right medial 
entorhinal cortex (MEC), and right somatomotor 
cortex (S1/M1). The stereotaxic coordinate of 
recording sites was as follows: S1/M1 (AP: 1.0 
and 2.5 mm anterior from the bregma; ML: 3.0 
mm; DV: 1.2, 1.6, and 2.0 mm from the dura), 
HPC (AP: 3.5, 4.5, and 5.5 mm posterior from the 
bregma and ML: 2.0, 3.0, and 4.0 mm, 
respectively; DV: 2.6, 2.9, and 3.3 mm from the 
dura), MEC (AP: penetrated from the 0.1 mm 
anterior from the transverse sinus at a 20° 
caudally tilted angle from the coronal plane; ML, 
3.5 and 4.5 mm; Distance: 3.2, 3.6, and 4.0 mm 
from the dura). The dura matter was not removed 
but penetrated with the tripolar electrodes. After 
insertion, the electrodes were physically fixed 
with a dental cement (Unifast Trad; GC, Tokyo, 
Japan). Two stainless-steel machine screws were 
installed in the skull above the cerebellum as 
reference and ground electrodes. A bipolar 
stimulus electrode was placed targeting the HPC 
commissure for kindling and seizure induction 

during the experiments (see below). Either an 
optical cannula or a bipolar stimulus electrode 
was inserted into the MS as well. Finally, an on-
head Faraday cage made of copper mesh 
connected to the ground electrode was cemented 
on the skull to prevent environmental noise and 
physically protect the implanted components. The 
implanted animals were housed in individual 
cages. 

Data acquisition from freely-moving animals 
Daily LFP recordings were performed in the 
animals’ own home cages. The tungsten wire 
electrodes were connected to a signal 
multiplexing headstages (HS3_v1.3, Amplipex, 
Szeged, Hungary) attached to a thin and light 
cable (36 AWG Soveron served Litz wire; 
Kerrigan-Lewis, Alpha wire, Elizabeth, NJ, USA) 
pending from a trolley system on the room ceiling, 
which allowed free moving of the animals. To 
avoid twisting and over-tension of the recording 
cables and an optical fiber for optogenetic 
stimulation, a bore-through electrical commutator 
(VSR-TC-15-12; Victory-Way Electronic, 
Shenzhen, China) and an optical rotary joint 
(RJPSF2; Thorlabs, Newton, NJ, USA) were 
integrated into the recording cables. The 
multiplexed signals were acquired at 500 Hz per 
channel for closed-loop intervention experiments 
(23) and at 20 kHz per channel for open-loop 
intervention experiments and other recordings 
(KJE-1001, Amplipex) (66). 

Post-mortem localization of the recording sites 
After data acquisition, animals were deeply 
anesthetized with 1.5 g/kg urethane (i.p.). One or 
two recording sites of each tripolar electrode were 
lesioned with 100 µA anodal direct current for 10 
s via tips. The animals were transcardially 
perfused and their brains were sectioned as 
described below. The sections were stained with 
1 µg/ml 4′,6-Diamidino-2-phenylindole 
dihydrochloride in distilled water (D8417; 
Sigma-Aldrich, St. Louis, MO, USA), cover-
slipped, and observed with a confocal microscopy 
(Figure S1). 

Hippocampal electrical kindling 
Kindling procedure 
A bipolar stimulus electrode for kindling and 
seizure induction was prepared using the same 
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tungsten wire as tripolar recording electrodes. 
Tips of the bipolar stimulus electrodes were 
axially spaced at 0.5 mm distance and insulation 
0.4–0.5 mm around the tips were stripped to 
decrease their impedance to 10–20 kΩ at 1 kHz. 
The stimulus electrode was implanted on the HPC 
commissure during the chronic implantation 
surgery for recording electrodes in the following 
stereotaxic coordinate: AP, 0.84 mm posterior 
from the bregma; ML, penetrated from 1.5 mm 
rightward from the midline at a 18° rightward 
tilted angle from the parasagittal plane; Distance, 
4.5 mm from the dura. The kindling electrode was 
fixed with dental cement. After recovery from the 
implantation surgery, the HPC was daily 
stimulated at sub-convulsion intensity through 
the kindling electrode. Each kindling stimulation 
consisted of 120 × 0.5 ms positive-0.5 ms 
negative bipolar rectangular pulses at 62.5 Hz 
(36) generated via a programable isolator in 
current control mode (STG4008; Multi Channel 
Systems, Reutlingen, Germany). Stimulus 
intensity was determined as the minimum 
intensity that induced after-discharge (population 
spikes) in HPC LFPs, which was typically ±20–
200 µA. The kindling stimulation was conducted 
six times per day for 10 days and each kindling 
stimulation was delivered with at least 30 min 
inter-stimulus intervals to develop secondary 
generalized seizures in response to the kindling 
stimulation (Dataset figure 1, see Table S2). 

Behavioral monitoring  
Behavior of animals were continuously 
monitored during electrophysiological recordings 
with a webcam (LifeCam Studio; Microsoft, 
Redmond, WA, USA) in VGA resolution and in 
30 fps rate in a synchronized manner to the 
acquired neuronal data. Severity of motor 
seizures was evaluated on-line and off-line 
according to the Racine scale: 1, Mouth and facial 
movements; 2, Head nodding; 3, Forelimb 
clonus; 4, Rearing; 5, Rearing and falling (47). 
Number of wet-dog shakes on each stimulation 
trial was also counted, which negatively 
correlated with a fully kindled state (67). 
 

Optogenetics 
Construction of optical cannulas 
One side of 0.39 NA, Ø200 µm core multimode 
optical fiber (FT200EMT, Thorlabs) was 
terminated with a stainless-steel ferrule (SF230, 
Thorlabs). The buffer on the other side were 10 
mm-removed with a fiber stripping tool (T12S21, 
Thorlabs) and the TECS cladding was then 
removed using an acetone-soaked cotton bud. 
After that, the exposed silica core was etched with 
hydrofluoric acid to form its tip as pencil-like 
shape, which facilitates penetration and increases 
illumination volume. Current-output power 
relationships were examined on every optical 
cannula with a photodiode power sensor (S130C, 
Thorlabs) and a power meter (PM200, Thorlabs). 
The typical maximal power at the tip was set to 
30–40 mW. 

Construction of optoprobes 
A multimode Ø50 µm optical fiber (FG050LGA, 
Thorlabs) was attached to each silicon probe 
based on a method previously described (68). 
Briefly, one side of the fiber was terminated with 
a stainless-steel LC ferrule (SFLC127, Thorlabs) 
in accordance with a manufacturer’s guide 
(FN96A, Thorlabs). The acrylate coating of the 
other side was removed at 1 cm-long, fluorine-
doped cladding was then thinned with 
hydrofluoric acid while the silica core was kept 
intact. After that, each etched optical fiber was 
mounted on a single shank 32 channel silicon 
probe (A1x32-Poly2-10mm-50s-177-
H32_21mm; NeuroNexus, Ann Arbor, MI, 
U.S.A.) with a UV-curing optical adhesive 
(NOA61, Thorlabs). Current-output power 
relationships were examined on every optoprobe 
with a photodiode power sensor (S130C, 
Thorlabs) and a power meter (PM200, Thorlabs). 
The typical maximal power at the tip was set to 
1–2 mW. 

Light source and its control 
A 450 nm laser diode (PL450B; Osram, Munich, 
Germany) was driven via a current controller with 
analog modulation (LDC205C; Thorlabs), and 
the emission beam was collimated with an 
aspheric lens. The collimated ray was divided and 
directed into two channel fiber ports, each of 
which is connected to a rat via multimode patch 
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cables and a rotary joint. The laser power on each 
fiber port can be controlled between 0–100 mW 
with a polarizing beam splitter, a half-wave plate, 
analog modulation, and manual shutters (Dataset 
figure 4). Laser power was stabilized with a self-
made feedback control system consisted of a 
photo detector (PDA36A-EC, Thorlabs) and a 
microcomputer (STM32L152RE; 
STMicroelectronics, Geneva, Switzerland). 
External command voltage was provided from a 
data acquisition board (USB-6212; National 
Instruments, Austin, TX, USA) or a pulse 
stimulator (Master-9; A.M.P.I., Jerusalem, Israel). 

Unit recordings of MS neurons and their 
optogenetic modulation 
Animals with ChR2 expression in the MS were 
anesthetized with 1.5 g/kg urethane (i.p.) and 0.1–
0.3 mg/kg atropine (s.c.) and mounted on a 
stereotaxic instrument. Depth of anesthesia was 
maintained by confirming the lack of nociceptive 
reflex. The rectal temperature was maintained at 
36–37°C with a DC temperature controller. The 
head position was adjusted so that the bregma and 
lambda were at the same level. A small cranial 
window (approx. 1 mm diameter) was made at 0.5 
mm anterior from the bregma and 1 mm leftward 
from the midline. An optoprobe was inserted at an 
angle 9.5° leftward tilted from the parasagittal 
plane and gently advanced toward the MS. The 
electrode was kept and stabilized at several sites 
in the MS (5700–7000 µm from the pia) for 
recordings. At each recording site, pulse and sine 
wave illuminations paired with non-illuminating 
epochs were applied to find optogenetically 
modulated units. The parameters for pulse 
illumination were as follows: duration: 10 ms; 
amplitude: typically 1 mW; frequency: 1, 5, 10, 
20, and 40 Hz; number of trials: 20; minimum 
number of cycles in each trial: 20; minimum trial 
duration: 5 s. The parameters for sine wave 
illumination were as follows: amplitude: typically 
1 mW; frequency: 1, 4, 8, 12, and 20 Hz; number 
of trials: 20; minimum number of cycles at each 
trial: 10; minimum trial duration: 5 s. Illumination 
was conducted through a 450 nm laser diode 
(PL450B, Osram) driven via a current controller 
(LDC205C; Thorlabs) and a data acquisition 
board (USB-6212, National Instruments). DiD 
solution (2% in ethanol, Thermo Fisher Scientific 

Cat# D307, Waltham, MA, USA) was applied to 
the non-recording side of the shank of optoprobes 
for post hoc location of the recording sites. 

Seizure interventions via MS stimulation 
Electrical and optogenetic stimulation 
During the chronic implantation surgery of the 
recording electrodes, either a bipolar stimulating 
electrode (same construct as the kindling 
electrode) or an optical cannula targeting the MS 
was implanted, too. The coordinates used were as 
follows: AP: 0.5 mm anterior from the bregma; 
ML: penetrated from 1.0 mm leftward from the 
midline at a 9° leftward tilted angle from the 
parasagittal plane; Distance: 6.0 mm from the pia. 
The stimulating electrode or the optical cannula 
was fixed with dental cement. MS stimuli for 
seizure interventions were commanded by TTL 
signals either before (pre-conditioning) or after 
(closed-loop or open-loop) seizure induction by 
E-stim of the HPC commissure. For E-stim of the 
MS, each TTL signal triggered a bipolar, 0.5 ms 
positive, 0.5 ms negative rectangular pulse at 
±400 µA intensity. For optogenetic stimulation, 
each TTL signal triggered 30 ms-long square 
wave illumination at maximum intensity through 
each optical cannula (typically 30–40 mW). 

Open-loop septal stimulation experiments 
Either electrical or optogenetic MS stimuli were 
delivered for two minutes at a fixed frequency (1, 
8, or 20 Hz) following each seizure induction. 
These stimulus frequencies were chosen because 
low- and theta-frequency stimulation of the 
limbic system during interictal periods alleviate 
temporal lobe epilepsy (42, 69) and 20 Hz was the 
maximum frequency MS stimulation at which 
frequency did not cause seizures in non-kindled 
rats in pilot experiments. Intensity of E-stim for 
seizure induction was determined either as the 
minimum intensity by which HPC after-
discharges were reliably (>90%) induced (supra-
threshold stimulation: ±10–100 µA typically) or 
the maximum intensity by which HPC after-
discharges were seldom (<10%) induced (sub-
threshold stimulation: ±5–50 µA typically). MS 
stimulated and non-stimulated trials were always 
alternated, with the same seizure induction 
intensity in a pseudo random manner. 
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Closed-loop septal stimulation experiments 
HPC electrographic seizure waves were detected 
on-line using a programmable digital signal 
processor unit (RX-8; Tucker-Davis Technologies, 
Alachua, FL, USA) to trigger either electrical or 
optogenetic stimulation of the MS for on-demand 
real-time seizure interventions. Pre-amplified and 
multiplexed LFP signals were fed to the processor 
unit in parallel to the recording unit sampled at 
500 Hz, and the signals were demultiplexed and 
analysed on-line to detect each population spike 
in HPC LFPs using a custom-made seizure 
detection algorithm based on a previously 
established one (23). Briefly, LFP signals were 
demultiplexed at 500 Hz per channel and a signal 
from a pre-selected HPC channel was band-pass 
filtered with a 4th order Butterworth filter to 10–
130 Hz. The detection was triggered if the filtered 
signal consequently exceeded a threshold within 
a time window (typically 30–300 ms). Both 
threshold for amplitude and a duration of the 
time-window were fine-turned for each animal. A 
delay (0, 20, 40, or 60 ms) was introduced 
between detection and stimulation to target a 
specific phase of seizure waves (Figure 1). 
Intensity of E-stim for seizure induction was 
determined as a minimum intensity by which 
HPC after-discharges were reliably (>90%) 
induced (supra-threshold stimulation: ±10–100 
µA typically). MS stimulated and non-stimulated 
trials were always paired with the same seizure 
induction intensity in a pseud random manner. 
Trials in which no after-discharges were observed 
were discarded. 

Pre-conditioning 
Either electrical or optogenetic MS stimuli were 
delivered for 5 or 60 seconds at 20 Hz before 
seizure induction. Intensity of seizure induction 
were varied trial-by-trial to determine thresholds 
for HPC and Ctx electrographic seizures: 
regenerative after-discharges in the HPC and 
large amplitude oscillations in cortical LFPs 
associated with Racine’s scale 4 or 5. The 
stimulus intensity was typically started from ±10 
µA and incremented at ±10 µA steps. MS 
stimulated and non-stimulated trials were always 
paired with a pseudo random sequence of 
stimulus intensity. 
 

Immunohistochemistry 
Colchicine injection 
To enhance immunohistochemical reaction of 
cellular markers (glutamate and GAD), 150 µg 
colchicine dissolved in saline (C9754; Sigma-
Aldrich) was pressure-injected into the lateral 
ventricle 48 h before perfusion (38). The 
stereotaxic coordinate of the injection site was as 
follows: AP, 0.8 mm posterior from the bregma; 
ML, 1.5 mm rightward from the midline; DV, 4.4 
mm from the pia. 

Perfusion and sectioning 
The animals were deeply anesthetized with 1.5 
g/kg urethane (i.p.) and transcardially perfused 
with physiological saline followed by 4% 
paraformaldehyde (PFA) and 0.2% picric acid 
(PA) in 0.1M phosphate buffer (PB) (pH 7.2–7.3). 
After removal, brains were postfixed in the same 
fixative orvernight, embedded into 4% agarose, 
and sectioned in 40–50 µm thick slices using a 
vibrating blade microtome (VT1000S, Leica, 
Buffalo Grove, IL, USA). Sections were collected 
in 0.1 M phosphate buffered saline (PBS), and 
then subjected to staining described below. All 
staining procedures were performed at room 
temperature. 

NeuN immunohistochemistry 
All incubations were followed by washing with 
0.3% Triton-X in 0.1 M PBS (PBS-X). Sections 
were incubated successively with 10% normal 
goat serum (NGS) in PBS-X for 30 min, 1:1000 
diluted mouse anti-NeuN monoclonal antibody 
(Millipore Cat# MAB377, RRID:AB_2298772) 
in PBS-X containing 1% NDS and 0.02% sodium 
azide (PBS-XG) overnight, and 2 µg/ml Alexa 
Fluor 488-conjugated goat anti-mouse IgG for 
two hours (Thermo Fisher Scientific Cat# A-
11029, RRID:AB_2534088). Sections were then 
counter-stained with fluoro-Nissl solution 
(Thermo Fisher Scientific Cat# N-21479). 
Sections were finally mounted on gelatine-coated 
glass slides, cover-slipped with 50% glycerol and 
2.5% triethylene diamine in PBS. 

GAD-67/65-immunohistochemistry 
Somatic GAD expression levels were enhanced 
by colchicine as described above. Sections were 
incubated successively with 10% NGS in PBS-X 
for 30 min, 1 µg/ml rabbit anti-GAD67/65 
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polyclonal antibody (Frontier Institute Cat# 
GAD-Rb, RRID:AB_2571698) in PBS-XG 
overnight, and 2 µg/ml Alexa Fluor 633-
conjugated goat anti-Rabbit IgG for two hours 
(Thermo Fisher Scientific Cat# A-21071, 
RRID:AB_2535732). 

Glutamate immunohistochemistry 
Somatic glutamate expression levels were 
enhanced by colchicine as described above. The 
animals were perfused as described above but 
0.5% glutaraldehyde was added to the fixative 
solution. Sections were incubated successively 
with 10% normal donkey serum (NDS) in PBS-X 
for 30 min, 1:4000 diluted mouse anti-glutamate 
monoclonal antibody (ImmunoStar Cat# 22523, 
RRID:AB_572244) in PBS-X containing 1% 
NDS and 0.02% sodium azide (PBS-XD) 
overnight, and 2 µg/ml Alexa Fluor 647-
conjugated donkey anti-mouse IgG for two hours 
(Thermo Fisher Scientific Cat# A-31571, 
RRID:AB_162542). 

ChAT-immunohistochemistry 
Sections were incubated successively with 10% 
NDS in PBS-X for 30 min, 1:500 diluted goat 
anti-ChAT polyclonal antibody (Millipore Cat# 
AB144P, RRID:AB_2079751) in PBS-XD 
overnight, and 2 µg/ml Alexa Fluor 633-
conjugated donkey anti-goat IgG in PBS-XD for 
two hours (Thermo Fisher Scientific Cat# A-
21082, RRID:AB_2535739).  

cFos-immunohistochemistry 
Just before perfusion, the MS with ChR2 
transduction were laser-illuminated with 20 Hz 
sinusoidal waves (20 mW) for two hours in 
freely-moving states as described above. Sections 
were incubated successively with 10% NGS in 
PBS-X for 30 min, 1:4000 diluted rabbit anti-
cFos polyclonal antibody (Millipore Cat# 
ABE457, RRID:AB_2631318) in PBS-XG 
overnight, and 4 µg/ml Alexa Fluor 633-
conjugated goat anti-rabbit IgG in PBS-XG for 
two hours (Thermo Fisher Scientific). 

Concurrent GAD, Glutamate, and ChAT 
immunohistochemistry 
Somatic expression levels were enhanced by 
colchicine as described above. Sections were 
incubated successively with 10% NDS in PBS-X 

for 30 min, a mixture of primary antibodies in 
PBS-XD overnight (1 µg/ml rabbit anti-
GAD67/65, Frontier; 1:4000 mouse anti-
glutamate, ImmunoStar; 1:500 goat anti-ChAT, 
Millipore), and a mixture of secondary antibodies 
in PBX-XD for two hours (donkey anti-goat, 
rabbit, and mouse IgGs conjugated with Alexa 
Fluor 488, 555, and 647, respectively; 2 µg/ml 
each; Thermo Fisher Scientific Cat# A-11055, 
RRID:AB_2534102; Cat# A-31572, 
RRID:AB_162543, and Cat# A-31571, 
RRID:AB_162542). 

GAD and PV double immunohistochemistry 
Somatic expression levels were enhanced by 
colchicine as described above. Sections were 
incubated successively with 10% NDS in PBS-X 
for 30 min, a mixture of primary antibodies in 
PBS-XD overnight (1 µg/ml rabbit anti-
GAD67/65, Frontier and 1:3000 mouse anti-PV, 
Swant Cat# 235, RRID: AB_10000343), and a 
mixture of secondary antibodies in PBS-XD for 
two hours (Alexa Fluor 555-conjugated donkey 
anti-rabbit IgG and Alexa 647 conjugated donkey 
anti-mouse IgG; 2 µg/ml, Thermo Fisher 
Scientific). 

Confocal microscopy 
Stained sections were examined using a Zeiss 
LSM880 scanning confocal microscope (Carl 
Zeiss, Oberkochen, Germany). Images of 1–2 
µm-optical thickness were acquired using a Plan-
Apochromat 40×/1.4 Oil DIC M27 or an alpha 
Plan-Apochromat 63×/1.46 Oil Korr M27 
objective lens, 4.12 µs pixel time, and 16 times 
frame average at 512 × 512 resolution. The 
illumination power ranged 0.4–0.7 mW, which 
did not induce obvious fading. 

QUANTIFICATION AND STATISTICAL 
ANALYSIS 

All data analyses were performed in MATLAB 
(RRID:SCR_001622; Mathworks, Natick, MA, 
USA), unless otherwise noted. 
Duration of electrographic seizures 
Wide-band 20 k sample/s signals of open-loop 
intervention experiments were first down-
sampled to 1250 sample/s and filtered with a 3rd 
order zero phase lag Butterworth filter between 1 
and 625 Hz to prepare LFP signals. Signals of 
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closed-loop intervention experiments sampled at 
500 Hz were filtered between 1 and 250 Hz for 
LFP signals. Peri-stimulus LFPs (30 s baseline 
and 180 s test epochs) were then extracted using 
timestamps recorded in a digital channel. The 
peri-stimulus LFP signals were further band-pass 
filtered to 10–80 Hz to prepare narrow-band LFPs. 
The narrow-band LFPs were then smoothed using 
a three-second-long moving average filter. 
Durations of the HPC and Ctx electrographic 
seizures were automatically detected and defined 
as duration in test epochs when all amplitude of 
the smoothed LFPs in each brain region exceeded 
three times the root-mean-square levels of the 
corresponding baseline epochs. Duration of 
electrographic seizures with MS electrical 
interventions were refined by the consensus 
estimate of manual inspections by two 
experienced researchers using Neuroscope 
software (RRID:SCR_002455) (70) because the 
automated-detection algorithm sometimes 
misestimated due to the electrical artifacts. 
Coefficient of variation between manual and 
automated detections examined with data of 
optogenetic interventions was less than five 
percent on both researchers. 

Modulation index of HPC electrographic 
seizures 
Modulation index (MI) of duration of HPC 
electrographic seizures by MS stimulation was 
defined as (HPC seizure duration with MS 
stimulation – HPC seizure duration without MS 
stimulation) / (HPC seizure duration with MS 
stimulation + HPC seizure duration without MS 
stimulation). Distributions of MIs were fitted 
with a Gaussian mixture model for clustering of 
possible sub-populations with anti-seizure effects 
(‘Success’ and ‘Non-success’ trials) or pro-
seizure effects (‘Induction’ or ‘Non-induction’ 
trials). Skewness (asymmetry) of MI distributions 
was evaluated by comparing absolute value 
distributions of positive and negative MIs. 

Assessment of severity of motor seizures 
Severity of motor seizures was video monitored and 
evaluated according to the Racine’s scale on each 
trial (47). 

Spike sorting and unit classification 
Neuronal spikes were detected from the digitally 
high-pass filtered raw signal (0.5–5 kHz) by a 
threshold crossing-based algorithm and detected 
spikes were automatically sorted using a masked 
EM algorithm for Gaussians mixtures (71) 
implemented in Klusta software, an open source 
automatic spike sorting package 
(https://github.com/kwikteam/klusta) (Dataset 
figure 5). This automatic clustering process was 
followed by manual refinement of the clusters 
using KlustaViewa software to obtain well-
isolated single units (72) 
(https://github.com/klusta-team/klustaviewa/). 
Multiunit and noise clusters were discarded 
during the manual process. Quality of cluster 
isolation was estimated by calculating the 
isolation distance and interspike interval index for 
each cluster as previously described (66); poor 
quality clusters were discarded. 

Detection of optogenetically modulated units 
For detection of modulated units by 10 ms pulse 
illumination, peri-stimulus time histogram 
(PSTH) was prepared and cross-correlation 
(CCG) analysis has been applied between 
stimulus and spike timestamps (Dataset figure 5). 
Significant modulation in firing rate of each unit 
was identified using a shuffling method. For each 
stimulus and unit pair, surrogate data set of 
timestamps were constructed by random 
permutation of labels: either stimulus or unit 200 
times. Point-wise 95% acceptance bands were 
calculated from the surrogate data set CCGs for 
each 1 ms bin and multiple comparison error was 
corrected by introducing 'global significance 
bands' (73). The 10 ms illumination was 
considered to have excitatory or inhibitory effects 
on the referred unit if any of its CCG bins reached 
above or below these global bands within the 
considered time window. 
 For detection of modulated units by 
sinusoidal illumination, instantaneous phase 
values of stimulus wave were calculated using 
Hilbert transform and significant distribution of 
each unit on the phase was tested using the 
Rayleigh-test in CircStat MATLAB Toolbox with 
a 0.05 alpha level (74). 
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Detection of modulated units by septal LFPs 
LFP signals were calculated on each recording 
site in the MS by 1250 Hz down-sampling and 
<300 Hz low-pass filtering and the LFP signals 
were averaged (Dataset figure 5). The averaged 
LFP signal was then band-pass filtered into five 
frequency bands (delta, 1–4 Hz; theta, 4–12 Hz; 
beta, 12–30 Hz; low-gamma, 30–45 Hz; mid-
gamma, 45–80 Hz; high-gamma, 80–150 Hz) 
with an 3rd order zero phase-lag Butterworth filter, 
and instantaneous phase values were calculated 
using Hilbert-transform. Significant modulations 
of each unit by these LFP frequency bands were 
tested using the Rayleigh-test. 

Image analysis 
Acquired raw image files were opened and ChR2-
mCherry and immunohistochemical signals were 
automatically and linearly enhanced with a Carl 
Zeiss software (ZEN Digital Imaging for Light 
Microscopy, RRID:SCR_013672), and each 
image was exported as an eight-bit tiff file. 
Colocalizations between ChR2-mCherry signals 
and immunohistochemical reactions of cell-type 
markers were manually inspected with Cell 
Counter plugin of ImageJ software 
(RRID:SCR_003070, NIH, Bethesda, MD, USA). 

Statistical analysis 
Values are given as mean ± standard deviation 
(s.d.) unless otherwise noted. MATLAB with 
Statistics and Machine Learning Toolbox was 
used for statistical tests. Two-tailed paired t-test 
was employed to compare means of durations of 
electrographic seizures and threshold intensity of 
seizure induction w/wo septal pre-conditioning. 
Wilcoxon singed rank test was employed to 
compare the Racine’s scales between trials w/wo 
MS stimulation. χ2 test was employed to examine 
biased fractions of MI-based clustering (Seizure 
induction trials or Success trials) over a MS 
stimulus condition (frequency or delay). Two-
way repeated measure ANOVA was employed to 
test interaction of stimulus frequency or stimulus 
delay and main effect of MS stimulation. Three-
way repeated measure ANOVA was employed to 
examine consistent interactions between MS 
stimulation and clustering based on MI on seizure 
parameters (HPC seizure duration, Ctx seizure 
duration, and Racine’s scale). Spearman’s rank 
correlation test was employed to examine 

correlations between MI of HPC seizure duration, 
changes of Ctx seizure duration, and changes in 
Racine’s scale by MS stimulation. Two-sample 
Kolmogorov-Smirnov test was employed to 
compare absolute value distributions of positive 
and negative MIs and distributions of HPC 
seizure durations w/wo MS stimulation to 
evaluate skewness. The significance level was set 
at P < 0.05. One, two, and three asterisks on the 
figures denote significance levels <0.05, <0.01, 
and <0.001, respectively. 

DATA AND SOFTWARE AVAILABILITY 

All of the raw data and codes used to generate the 
graphs shown in the figures and additional dataset 
figures are available at 
http://www.data.mendeley.com (ID 
10.17632/k9hwm7p33x.1). 
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