communications biology

Article

A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-09402-z

Ventral subicular pyramidal neurons
contribute to epileptogenesis via anterior

thalamic circuit
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The subiculum contains functionally distinct dorsal and ventral subdivisions and is implicated in
temporal lobe epilepsy (TLE). Yet, the contribution of ventral subicular glutamatergic neurons (vSub®")
to epileptogenesis remains unclear. Using in vivo fiber photometry and c-Fos mapping in a
hippocampal-kindling TLE model, we identified pronounced hyperactivation of vSub® during seizure
development. Optogenetic activation of vSub® alone recapitulated the kindling process and
accelerated kindling progression when applied following electrical stimulation. Conversely,
optogenetic or chemogenetic inhibition of vSub® robustly suppressed seizure development in both
the kindling model and the acute KA model and delayed epileptogenesis in the chronic KA model.
Circuit-specfic manipulations revealed that the pro-epileptic effects are mediated predominantly
through glutamatergic projections from the vSub to the anterior thalamic glutamatergic neurons
(ATNY). This vSub®“-ATN%" circuit exhibited both necessity and sufficiency for epileptogenesis in the
kindling model, as evidenced by pathway-specific manipulations. Collectively, our findings uncover a
previously unrecognized hippocampo-thalamic circuit that critically governs epileptogenesis in TLE,

highlighting vSub?“-ATN®" circuit as a promising target for TLE therapeutic intervention.

Epilepsy is a circuit-level neurological disorder characterized by recur-
rent seizures that result from pathological neuronal hyperexcitability,
affecting over 70 million individuals worldwide across all age groups'.
The epileptogenic process typically begins with seizure initiation at a
focal site and propagates through aberrant neural networks, eventually
leads to widespread hemispheric or global hyperexcitability’. Although
anti-seizure medications (ASMs) remain the first-line therapy, current
pharmacological strategies meet major clinical limitations, including
drug resistance, side effects and drug-induced disease™. Moreover,
available ASMs primarily suppress seizures rather than modify the
fundamental pathophysiological mechanisms driving epileptogenesis”.
This critical gap persists due to the incomplete characterization of
the spatiotemporal dynamics within epileptogenic circuits®. Therefore,
there is an urgent need to identify circuit-specific targets capable of
modulating epileptogenesis itself, rather than merely alleviate its
symptoms.

The subiculum proper, as the principal output hub of the hippocampal
formation and the primary seizure focus in temporal lobe epilepsy (TLE),
comprises functionally segregated subdomains, namely the dorsal sub-
iculum (dSub) and ventral subiculum (vSub)”™"’. These subregions integrate
and distribute hippocampal information through topographically orga-
nized glutamatergic projections to cortical-subcortical networks''>. Con-
verging evidence from prior studies and our own work indicates that
subicular circuits is involved in both ictogenesis and seizure propagation in
TLE'"""". While research has focused on the dSub, the glutamatergic
neurons in the dSub (dSub®") have been shown as structurally and func-
tionally heterogeneous in TLE'. In contrast, the ventral subiculum - despite
its privileged connectivity with limbic and thalamic networks - remains
largely unexplored in epilepsy research. This gap presents a critical obstacle
to understanding how hippocampal output regulates seizure dynamics.

Viral tracing and single-cell sequencing have revealed the spatial and
molecular heterogeneity within the subiculum. Subicular pyramidal
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neurons exhibit distinct molecular signatures and projection-defined sub-
classes that are organized along the dorsoventral axis'™*’. Intriguingly, the
vSub exhibits a particularly strong epileptogenic potential, as epileptiform
discharges often originate from this region in TLE models"**". Para-
doxically, while GABAergic interneuron subtypes (parvalbumin-positive,
somatostatin-positive, and vasoactive intestinal polypeptide-positive neu-
rons) in vSub have been profiled in TLE”™, its principle glutamatergic
neurons (vSub®") - the primary drivers of vSub excitatory output and pre-
sumed mediators of network hyperexcitability—remain poorly understood.
Here, combining multiscale interrogation approaches including in vivo
optical fiber photometry, optogenetics, chemogenetics, and anterograde
viral tracing, we systematically investigated the role of vSub®" in TLE and
delineated their associated functional circuits.

Results

Ventral subicular glutamatergic neurons were functionally acti-
vated during the kindling-induced epileptogenesis

To characterize the spatiotemporal activation dynamics of vSub®" in TLE, we
firstly quantified neuronal activity during epileptogenesis. Immunohisto-
chemical analysis revealed a significant elevation of c-Fos expression in the
vSub of epileptic mice compared with non-epileptic controls (Fig. 1a, Fig. S1,
Kruskal-Wallis test, # = 5 mice, Con vs. GS, **P < 0.001; Con vs. ES, P > 0.05,
ns; GS vs. ES, P> 0.05, ns), indicating that the vSub is hyperactivated during
TLE pathogenesis. Given the pivotal role of vSub®" function'**, we next
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applied in vivo fiber photometry to monitor calcium dynamics in free-
moving mice during kindling-induced epileptogenesis. After stereotaxic
injection of the Ca/calmodulin-dependent protein kinase Ila (CaMKIla)
promoter adeno-associated virus, and implantation of an optic fiber into the
vSub (Fig. 1b, left), the genetically encoded calcium indicator GCaMP6s was
efficiently expressed in vSub®™ (CaMKIIa neurons expressed green fluor-
escent protein, Fig. 1b, right). Then we simultaneously recorded both the
seizure activities (as indicated by EEGs recorded from the ventral hippo-
campal CA3) and the changes in GCaMP6s fluorescence intensities during
either focal-onset seizures (FS, Racin score 1-3 stage seizures) or generalized
seizures (GS, Racin score 4-5 stage seizures) throughout the kindling process
(representative EEGs of FS and GS are shown in Fig. 1¢). Quantitative analysis
demonstrated marked augmentation of calcium signals (AF/F) in vSub#"
during both FS and GS (Fig. 1d and e, individual traces for each trial were
denoted in Fig. $2-S3, nn = 11 trials in FSs, 72 = 10 trials in GSs, a total of 3 mice
were used). The heat map compromised of each trial were shown in Fig. 2f
and g for FSs and GSs, respectively. While peak fluorescence intensities can
not be differed significantly between seizure severities (Fig. 1h, Unpaired t
test, F(1 109) = 1.299, P > 0.05, ns). Because previous studies suggest that vSubs®
was activated prior to dSub® in TLE'®. To confirm this activated manner, we
next quantified the temporal delay index, which reflects the relative timing or
synchrony between neuronal calcium activity and electrographic seizure
onset. While no statistical significance was observed (Fig. 1i, Mann—-Whitney
test, Fy.19) = 9.930, P > 0.05, ns; Fig. 1j, linear regression, R?=0.2652 in ESs,
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Fig. 1 | Ventral subicular glutamatergic neurons are functionally activated of the
kindling-induced epileptogenesis. a Representative images of c-Fos activation
pattern in the vSub (Scale bar = 500 pmy; left panel, scale bar =100 um, right panel).
b Scheme of experiments for Ca®* fiber photometry of vSub®" neurons in
hippocampal-kindling induced TLE (left panel), the histological verification of
GCaMP6s expression in coronal brain slices in the vSub (Scale bar = 200 pm, right
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panel). ¢ Representative seizure EEG recoded when FS or GS. d, e Averaged AF/F of
vSub#®" in FSs and GSs. f, g Averaged heatmap of. Ca®" signals of vSub®" neurons
during FSs and GS. h Peak value of Ca’* signals AF/F in FSs and GSs, Unpaired-t test,
F(1,10) = 1.299, P=0.5962, ns. i Temporal delay index in FSs and GSs,
Mann-Whitney test, F(; 19) = 9930, P = 0.9725, ns. j Slope distributions of FSs and
GSs (R?=0.2652, ns, n =11 in FS, R’ = 0.5702, ns, n = 10 in GS, from 3 mice).
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Fig. 2 | Optogenetic activation of vSub glutamatergic neurons promotes epi-
leptogenesis. a Left, the diagram of optogenetic activation experiment in
hippocampal-kindling induced TLE; right, the representative coronal images for
ChR2-EYFP expression in the vSub, scale bar = 100 um. b Upper, scheme of directly
optogenetic activating vSub®" neurons to induce TLE; middle, the first optogenetic
stimulation induced a representative focal seizure EEG recorded in hippocampal
CA3; bottom, the last optogenetic stimulation induced a representative generalized
seizure EEG recorded in hippocampal CA3. ¢ Optogenetic activation of vSub®"
directly caused the progression of seizure stages (left, F( 12) = 163.7) and ADDs
(right, F(5,12) = 179.0), n =5 mice in each group, Two-way ANOVA for repeated
measures followed by the Scheffe’s post hoc test compare each group with every
other group; CaMKIla-ChR2-light vs CaMKIIa-ChR2-no light, ***P < 0.001;
CaMKIIa-ChR2-light vs CaMKIIa-EYFP-light, ###P < 0.001. d Left-upper, scheme
of optogenetic activation of vSub#" during epileptogenesis in hippocampal-kindling
induced TLE; bottom, effect of optogenetic activation of vSub®" on the development
of seizure stages (F(2,20) = 4409) and ADD (F(50) = 6.692), n = 8 mice in CaMKIIa-
ChR2- Light OFF and CaMKIIa-ChR2- Light ON group, # = 7 mice in CaMKIIa-
EYFP- Light ON, Two-way ANOV A for repeated measures followed by the Scheffe’s
post hoc test compare each group with every other group, stage: CaMKIIa-ChR2-
Light OFF vs. CaMKIIa-ChR2-Light ON, *P = 0.0451, CaMKIIa-EYFP-Light ON
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vs. CaMKIIa-ChR2-Light ON, ##P = 0.0030; ADD: CaMKIIa-ChR2-Light off vs
CaMKIIa-ChR2-Light ON, *P = 0.0353, CaMKIIa-EYFP-Light ON vs. CaMKIla-
ChR2-Light ON, ##P = 0.0474). e Numbers of stimulations staying in FSs and GSs
between the two groups, One-way ANOVA followed by the Scheffe’s post hoc test
compare each group with every other group (FS: CaMKIIa-ChR2-Light OFF vs
CaMKTla-ChR2-Light ON, Fi 14y = 1.850, *P = 0.0325, CaMKIIa-EYFP-Light ON
vs CaMKIla-ChR2-Light ON, F 13 = 2.138, **P < 0.0079; GS: CaMKIIa-ChR2-
Light OFF vs CaMKIIa-ChR2-Light ON, F(; 14 = 1.850, P = 0.4912, ns, CaMKIIa-
EYFP-Light ON vs CaMKIIa-ChR2-Light ON, F; 13y = 2.164, P = 0.5544, ns).

f Numbers of kindling stimulations needed to reach fully-kindled, One-way
ANOVA followed by the Scheffe’s post hoc test compare each group with every other
group (CaMKIIa-ChR2-Light OFF vs CaMKIIa-ChR2-Light ON, F; 14) = 1.485,
*P =0.0466, CaMKIIa-EYFP-Light ON vs CaMKIIa-ChR2-Light ON,

F(1,13) = 1.936, *P=0.0330). g Representative GS EEGs recorded from ventral hip-
pocampal CA3 in fully-kindled state from mice of the groups. h The scheme of GS
expression experiment, compromised by three phases: pre, light and post. i Effects of
optogenetic activation of vSub#" on generalized seizure stage, GS-ADDs, and GS-
GSDs during GS expression, One-way repeated measures ANOVA with post hoc
Dunnett’s test, n = 8 mice, ns.

R?=0.5702 in GSs). These results indicated that the activities of vSub®" exhibit
comparable hyperactivity regardless of seizure severities. Collectively, our
findings demonstrate that vSub™ were robustly hyperactivated during
kindling-induced epileptogenesis in TLE.

Optogenetic activation of glutamatergic neurons in the vSub
promoted epileptogenesis

To establish a causal link between vSub®" activity and epileptogenesis, we
employed  optogenetic = manipulation to  selectively  activate

Channelrhodopsin-2 (ChR2)-expression CaMKIIa-positive neurons in the
vSub during hippocampal kindling process (Fig. 2a, left). Histological ver-
ification confirmed viral specificity, with ChR2-EYFP expression restricted
to vSub somata (Fig, 2a, right). To test whether activating vSub®" could
mimic epileptogenesis in kindling, we applied a repeated optogenetic sti-
mulation protocol (20 Hz, 473 nm, 5 mW, 30 s epochs in 30 min interval, 10
times/day, 30 stimulations) on naive mice with ChR2 expressed in the vSub
(Fig. 2b, top panel). Remarkably, initial optogenetic stimulation in these
mice were sufficient to elicited focal seizures with afterdischarges (ADs),
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demonstrating that direct activation of vSub®™ could trigger ictogenesis
(Fig. 2b, left). By contrast, identical optogenetic stimulation failed to elicit
any epileptic dischargers in vSub™ ™" mice (Fig, 2b, right). Chronic pho-
tostimulation induced progressive epileptogenesis, as evidenced by esca-
lating afterdischarge durations (ADDs) across 30 times of optogenetic
stimulations, recapitulating the classic electrical kindling dynamics”. And
repetitive optogenetic kindling (30 trials) reliably provoked Racine’s stage
5 seizures in all mice from the CaMKIIa-ChR2-ligh group (Fig. 2¢c, n=5
mice in CaMKIIa-ChR2-light, CaMKIIa-ChR2-no light, and CaMKIla-
EYFP-light groups, two-way ANOVA for repeated measures followed by
the Scheffe’s post hoc test compare each group with every other group,
F2,14=163.7; CaMKIIa-ChR2-light vs. CaMKIla-ChR2-no light,
P <0.001; CaMKIIa-ChR2-light vs. CaMKIIa-EYFP-light,
###P < 0.001), mirroring the electrical kindling progression.

To further examine whether vSub#" hyperactivity potentiates epilepto-
genesis, we combined optogenetic stimulation with hippocampal electrical-
kindling model. Mice received daily electrical kindling (monophasic square-
wave pulses, 400 uA, 20 Hz, 1 ms/pulse, 40 pulses/session; 10 sessions/day,
30 min intervals) paired with concurrent vSub®" activation (473 nm, 5 mW,
20 Hz, 30 s photostimulation; Fig. 2d, upper). Mice were divided into three
groups: the negative control (n=7 mice in CaMKIIa-ChR2-Light OFF
group, n=38 mice in CaMKIIa-EYFP Light ON group) and optogenetic
activation (n=8 mice in CaMKIIa-ChR2-Light ON group). Optogenetic
activation of vSub®" significantly accelerated the progression of behavioral
seizure stages and prolonged the ADDs compared with both control groups
(Fig. 2d, two-way ANOVA for repeated measures followed by the Scheffe’s
post hoc test compare each group with every other group, CaMKIIa-ChR2-
Light OFF vs CaMKIIa-ChR2-Light ON, *P < 0.05, **P < 0.01; CaMKIIa-
EYFP-Light ON vs CaMKIIa-ChR2-Light ON, #P < 0.05, ##P < 0.01). This
acceleration was reflected as the fewer numbers of stimulations staying in FSs
(Fig. 2e, one-way ANOVA followed by the Scheffe’s post hoc test compare
each group with every other group; FS: CaMKIIa-ChR2-Light OFF vs.
CaMKIIa-ChR2-Light ON, Fy 14 = 1.850, *P < 0.05, CaMKIIa-EYFP-Light
ON vs. CaMKIIa-ChR2-Light ON, F; 13, = 2.138, **P < 0.01; GS: CaMKIIa-
ChR2-Light OFF vs. CaMKIIa-ChR2-Light ON, F( 14) = 1.850, P > 0.05, ns,
CaMKITa-EYFP-Light ON vs. CaMKIla-ChR2-Light ON, F; 3 = 2.164,
P>0.05, ns) and reaching fully-kindled state (three consecutively stage-5
seizures) in the CaMKIIa-ChR2-Light ON mice (Fig. 2f, one-way ANOVA
followed by the Scheffe’s post hoc test was used to compare each two groups,
CaMKIIa-ChR2-Light OFF vs. CaMKIIa-ChR2-Light ON, F 14) = 1.485,
*P<0.05, CaMKIla-EYFP-Light ON vs. CaMKIla-ChR2-Light ON,
Fg,13)=1.936, *P <0.05). Fully kindled mice also exhibited a strengthened
amplitude of seizure EEGs of in the CaMKIla-ChR2-LightON group
(Fig. 2g). Finally, to test whether optogenetic activation of vSub®" affects the
sGS expression, we performed optogenetic stimulation following in fully-
kindled mice (Fig. 2h). Optogenetic activation of vSub®" did not alter seizure
stages, ADDs or GSDs in this circumstance (Fig. 2i, one-way repeated mea-
sures ANOVA with post hoc Dunnett’s test, 7 = 8 mice, *P < 0.05, #s).

These results implied that optogenetic activation of vSub®" is sufficient
to promote epileptogenesis in hippocampal kindling-induced TLE, but has
minimal impact on the sGS.

Inhibition of glutamatergic neurons in vSub retarded
epileptogenesis

Correspondingly, to evaluate the therapeutic potential of vSub®" inhibition
for epileptogenesis, we employed ArchT-mediated optogenetic silencing
during hippocampal kindling (Fig. 3a). Mice expressing AAV-CaMKIIx-
ArchT-EGEFP in vSub received concurrent electrical kindling (as described
above) and yellow-light inhibition (589 nm, direct current, 5 mW, 30 slight-
stimulations, immediately after each electrical stimulation, Fig. 3b). Similar
to the ChR2 experiment, mice were assigned to three groups: the two
negative controls (n =8 mice in CaMKIIa-ArchT-Light Off group and
CaMKIIa-EYFP-Light On group) and the optogenetic inhibition (n=38
mice in CaMKIIa-ArchT light-on group) group. Optogenetic inhibition of
vSub®" significantly retarded the progression of behavioral seizure stages

and modestly shortened the ADDs compared with the controls (Fig. 3c,
Two-way ANOVA for repeated measures followed by the Schefte’s post hoc
test was used to compare every two groups, CaMKIla-ArchT- Light Off vs
CaMKlla-ArchT-Light On, *P<0.05, ***P<0.001; CaMKIla-EYFP-
Light ON vs CaMKIla-ArchT-Light ON, ##P < 0.01, ###P < 0.01). This
retardation was reflected as the more numbers of stimulations staying in FSs
and reaching fully-kindled (three consecutively stage-5 seizures) in the
CaMKIIa-ArchT-Light On group (Fig. 3d and e, One-way ANOVA fol-
lowed by the Scheffe’s post hoc test was used to compare every two groups,
*P<0.05, **P < 0.01). Representative seizure EEGs in fully kindled mice of
each group were shown in Fig. 3f. Next, we tested whether optogenetic
inhibition of vSub®" affected sGS expression in the fully-kindled mice
(Fig. 3g). Similarly, optogenetic inhibition of vSub® had no impact on
seizure stages, ADDs or GSDs (Fig.3h, One-way repeated measures
ANOVA with post hoc Dunnett’s test, n = 7 mice, ns).

To further confirm the anti-epileptogenesis role of inhibiting vSub’, we
utilized the chemogenetic experiments to achieve sustained silencing on
vSub®, The AAV-CaMKIla-hM4Di-mCherry was injected in the vSub
(Fig. 4a, left), and the immunohistochemistry examination confirmed the
potent expression of AAV-CaMKIa-hM4Di-mCherry in vSub (Fig. 4a, right).
In hippocampal kindling-induced TLE model, CNO was systematically
administrated to inhibit hM4Di-expression vSub neurons (Fig.4b). Mice
were assigned to three groups: CaMKIIa-hM4Di-Saline (# = 11 mice, saline,
ip., 30 min before the first kindling once daily), CaMKIla-mCherry-CNO
and CaMKIIa-hM4Di-CNO (n=9 mice in CaMKIla-mCherry-CNO,
n=10mice in CaMKIIa-hM4Di-CNO, 1 mg/kg CNO ip., in saline vehicle,
30 min before the first kindling once daily) groups. Chemogenetic inhibition
of vSub®" markedly retarded the progression of behavioral seizure stages and
shortened the ADDs compared with the negative controls (Fig. 4c, Two-way
ANOVA for repeated measures followed by the Scheffe’s post hoc test was
used to compare every two groups, CaMKIIa-hM4Di-Saline vs CaMKIla-
hM4Di-CNO, ***P<0.001; CaMKIla-mCherry-CNO vs CaMKIlla-
hM4Di-CNO, #P < 0.05, ##P < 0.01). This retardation was further reflected as
the more numbers of stimulations staying in FSs and reaching fully-kindled
(three consecutively stage-5 seizures) in mice from the CaMKIla-hM4Di-
CNO group (Fig. 4d and e, One-way ANOVA followed by the Scheffe’s post
hoc test was used to compare every other two group, *P < 0.05, **P < 0.01).
The shortened duration and alleviated amplitude of seizure EEGs of the
CaMKIIa-hM4Di-CNO group can also be observed in representative seizure
EEGs in fully kindled mice (Fig.4f). Mirroring optogenetic findings, che-
mogenetic silencing lacked anticonvulsant efficacy in fully kindled mice, as
CNO administration did not alter GS stages, ADDs, or GSDs (Fig. 4g, Paired
t test, n =10, ns). The temporal specificity indicates that vSub#® activity is
selectively involved in epileptogenesis, but not in GS maintenance.

To assess the translational relevance of vSub" silencing, we extended
our investigation to the acute kainic acid (KA)-induced TLE model***’. Mice
expressing hM4Di in vSub®" received systemic CNO (1 mg/kg i.p., 7= 10
mice) or saline (n =9 mice) 30 min prior to intrahippocampal KA micro-
injection (250 ng, 0.5 uL into ventral CA3, Fig. 4h, upper). In representative
EEGs of the two groups, the alleviated seizure severity in hM4Di-CNO
group could be observed (Fig. 4h, bottom). The behavioral results indicated
that chemogenetic inhibition of vSub®* effectively retarded the seizure
progression, as indicated by the reduced highest seizure stages during the
observation period (Fig. 4i, Mann-Whitney test, **P < 0.01), the prolonged
latency to status epilepticus (SE) and to the onset of first GS (Fig. 4j and k,
**P<0.01, *P<0.05), and the decreased numbers of GS (Fig.4m,
Unpaired-t test, **P<0.01). Interestingly, chemogenetic inhibition of
vSub#" had no effect on decreasing the numbers of ESs (Fig. 41, Unpaired t-
test, P=0.3802, ns). To further evaluate the long-term impact of chemo-
genetic inhibition of vSub® on epileptogenesis, we established the KA-
induced chronic spontaneous seizure model (Fig. 4n). We defined the epi-
leptogenesis latent period as the time from the day of KA insult to the
occurrence of the first recorded generalized seizure by conducting 8 h/daily
continuous EEG monitoring™*. Strikingly, chemogenetic inhibition of
vSub®™ markedly prolonged the latent period (Fig.40, n=9 mice in
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Fig. 3 | Optogenetic inhibition of vSub glutamatergic neurons retards epi-
leptogenesis. a Left, diagram of optogenetic inhibition experiment in hippocampal-
kindling induced TLE; right, the representative coronal images for ArchT-EGFP
expression in the vSub, scale bar = 100 um. b The scheme of optogenetic inhibition
of vSub®"* during epileptogenesis in hippocampal-kindling induced TLE. ¢ Effect of
optogenetic inhibition of vSub®" on the development of seizure stages
(F(2,1)=15.43) and ADD (F, 1y = 15.43), n = 8 mice in CaMKIIa-ArchT- Light
Off, CaMKIIa-ArchT- Light On group and CaMKIIa-EYFP- Light On groups, Two-
way ANOVA for repeated measures followed by the Scheffe’s post hoc test compare
each group with every other group, stage: CaMKIIa-ArchT-Light Off vs. CaMKIIa-
ArchT-Light On, ***P < 0.001, CaMKIIa-EYFP-Light On vs. CaMKIIa-ArchT-
Light On, ###P < 0.001; ADD: CaMKIIa-ArchT-Light Off vs. CaMKIIa-ArchT-
Light On, *P =0.0150; CaMKIla-EYFP-Light On vs. CaMKIIa-ArchT-Light On,
##P < 0.0037. d Numbers of stimulations staying in FSs and GSs between the two
groups, One-way ANOVA followed by the Scheffe’s post hoc test compare each
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group with every other group (FS: CaMKIIa-ArchT-Light Off vs. CaMKIIa-ArchT-
Light On, F(y,14) = 1.158, *P = 0.0275, CaMKIIa-EYFP-light Off vs CaMKIIa-
ArchT-light Off, F(; 14y = 3.851, *P < 0.0220; GS: CaMKIIa-ArchT-Light Off vs.
CaMKIIa-ArchT-Light On, Fy,14) = 1.158, P = 0.1621, ns, CaMKIIa-EYFP-light Off
vs CaMKIIa- ArchT-light Off, F(; 14y = 3.733, **P = 0.0092). e Numbers of kindling
stimulations needed to reach fully-kindled, One-way ANOVA followed by the
Scheffe’s post hoc test compare each group with every other group, CaMKIla-
ArchT-Light Off vs. CaMKIIa-ArchT-Light On, F(y,14) = 1.269, **P = 0.0014,
CaMKIIa-EYFP-light Off vs CaMKIIa-ArchT-light Off, F(; 14) = 1.625,

**P =0.0015. f Representative GS EEGs recorded from ventral hippocampal CA3 in
fully-kindled state from mice of the groups. g The scheme of GS expression
experiment, compromised by three phases: pre, light and post. h Effects of opto-
genetic inhibition of vSub®" on generalized seizure stage, GS-ADDs, and GS-GSDs
during GS expression, One-way repeated measures ANOVA with post hoc Dun-
nett’s te, st, n =7 mice, ns.

CaMKIIa-mCherry-CNO, #n=8 mice in CaMKIla-hM4Di-CNO,
Gehan-Breslow-Wilcoxon test, **P<0.01). Moreover, during the first
seven days of EEG recordings, the rates of interictal epileptiform discharges
(IEDs) were significantly decreased following chemogenetic inhibition
(Fig. 4p, Two-way ANOVA, **P<0.01), indicating decreased epileptic
network hyperexcitability. While chemogenetic manipulation did not sig-
nificantly alter either the number or duration of FSs during the first seven
days recording session (Fig. 4q and r, Two-way ANOVA, ns).

Taken together, these results demonstrated that selective modulation
of vSub™ bidirectionally affect epileptogenesis in TLE, represented by
accelerated and retarded manners through activation and inhibition.

The glutamatergic neural circuit from vSub-ATN were respon-
sible for the participant of vSub in epileptogenesis

Anatomical mapping studies have established the vSub as the principal
output hub of the ventral hippocampus, comprising projection-defined

pyramidal neuron subpopulations with distinct molecular and func-
tional heterogeneity””""**". To determine the downstream targets of
vSub#" that are relevant to epileptogenesis, we performed anterograde
circuit tracing using AAV-CaMKIIa-EYFP (Fig. 5a). Histological ver-
ification confirmed the viral expression within vSub®" somata (Fig. 5a,
bottom). Anterograde tracing results showed an abundant vSub®"
terminals distributed in the accumbens nucleus (Acb), bed nucleus of the
stria terminalis (BST), lateral septum (LS), anterior thalamic nucleus
(AV, anteroventral thalamic nucleus; AM, anteromedial thalamic
nucleus, ATN comprised AV and AM), the anterior hypothalamic
nucleus (AHN), mammillary nucleus (MM) and basolateral amygdala
(BLA) (Fig.5b). Guided by prior pathophysiological evidence impli-
cating the ATN and BLA in temporal lobe epileptogenesis™ ™, and the
negative association of the LS with seizure propagation™”” we tested
these three vSub®™ projecting-regions for subsequent functional
validation.
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To further elucidate the potential downstream regions mediating the
anti-epileptogenesis effect of the vSub®" neurons, we performed projection-
specific optogenetic inhibition in the hippocampal kindling model. AAV-
CaMKIIa-ArchT was stereotaxically injected into the vSub, with optic fibers
positioned to silence efferent terminals in ipsilateral ATN, BLA or LS by
589 nm photostimulation (Fig. 6al-cl). In the hippocampal kindling

EEG recording day EEG recording day

model, optogenetic inhibition of the terminals of ATN projected vSub®"

successfully retarded the progression of seizure stages (Fig. 6¢2, Two-way
ANOVA, ***P <0.001) and shortened the ADDs (Fig. 6¢3, n =7 mice in
both light-off and light-on groups, Two-way ANOVA, ***P < 0.001), while
optogenetic inhibition of BLA or LS projecting-terminals had no such effect
(Fig. 6a2-b5, vSub-BLA: # = 8 mice in Light-OFF and Light-ON; vSub-LS:
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Fig. 4 | Chronic silencing of ventral subicular glutamatergic neurons delays
epileptogenesis in TLE. a Left, diagram of chemogenetic inhibition experiment in
hippocampal-kindling induced TLE; right, the representative coronal images for
hM4Di-mCherry expression in the vSub, scale bar = 100 um. b The scheme of
chemogenetic inhibition of vSub®" during epileptogenesis in hippocampal-kindling
induced TLE. c Effect of chemogenetic inhibition of vSub®" on the development of
seizure stages (F(527) = 5.749) and ADD (F(; 57) = 6.842), n = 11 mice in CaMKIIa-
hM4Di-Saline, n = 10 CaMKIla-hM4Di-CNO, n =9 mice in CaMKIIa-mCherry-
CNO, Two-way ANOVA for repeated measures followed by the Scheffe’s post hoc
test compare each group with every other group, stage: CaMKIIa-hM4Di-Saline vs.
CaMKIIa-hM4Di-CNO, **P = 0.0098, CaMKIIa-mCherry-CNO vs. CaMKIIa-
hM4Di-CNO, ##P = 0.0049; ADD: CaMKIIa-hM4Di-Saline vs. CaMKIIa-hM4Di-
CNO, **P =0.0039, CaMKIIa-mCherry-CNO vs. CaMKIIa-hM4Di-CNO,
#P=0.0116. d Numbers of stimulations staying in FSs and GSs between the two
groups, One-way ANOVA followed by the Scheffe’s post hoc test compare each
group with every other group, FS: CaMKIIa-hM4Di-Saline vs. CaMKIIa-hM4Di-
CNO, F(;,19) = 1.497, *P = 0.0246, CaMKIla-mCherry-CNO vs. CaMKIIa-hM4Di-
CNO, F(y,17) = 3.121, *P = 0.0161; GS: CaMKIIa-hM4Di-Saline vs. CaMKIIa-
hM4Di-CNO, F; 19y = 1.836, P = 0.1763, ns, CaMKIla-mCherry-CNO vs. CaM-
KIIa-hM4Di-CNO, Fy,17) = 3.121, ***P = 0.0009. e Numbers of kindling stimula-
tions needed to reach fully-kindled, One-way ANOV A followed by the Scheffe’s post
hoc test compare each group with every other group, CaMKIla-hM4Di-Saline vs.
CaMKIIa-hM4Di-CNO, F; 19y = 1.231, *P = 0.0135, CaMKIIa-mCherry-CNO vs.
CaMKIIa-hM4Di-CNO, F;,17) = 5.710, *P = 0.0225. f Representative GS EEGs
recorded from ventral hippocampal CA3 in fully-kindled state from mice of the

groups. g Effects of chemogenetic inhibition of vSub®" on generalized seizure stage,
GS-ADDs, and GS-GSDs during GS expression, 7 = 10 mice, Paired t test, GS-stage
P =0.8558, GS-ADD P =0.3127, GS-GSD P =0.3564, ns. h Upper, scheme of acute
KA-induced seizure model; bottom, representative EEGs of the two groups recorded
from ventral hippocampal CA3 in KA-induced seizure model. i Effects of chemo-
genetic inhibition of vSub®" in KA-induced seizure model on the severity of seizure
stages, n = 9 mice in CaMKIIa-hM4Di-Saline, n = 10 mice in CaMKIIa-hM4Di-
CNO, Mann-Whitney test, F(; ;7 = 4.622, **P = 0.0058. j Effects of chemogenetic
inhibition of vSub®" in KA-induced seizure model on the latency to SE,
Mann-Whitney test, F(; ;7 = 6.338, *P = 0.0233. k Effects of chemogenetic inhibi-
tion of vSub®" in KA-induced seizure model on the latency to GS onset, Unpaired t
test, F(1,17) = 3.890, **P = 0.0012. 1, m Effects of chemogenetic inhibition of vSub#" in
KA-induced seizure model on the numbers of FSs and GSs, Unpaired-t test, FS:
F1,17) = 1.394, P = 0.3802, ns; GS, F(1,17) = 1.326, **P = 0.0016. n Upper, scheme of
KA-induced epileptogenesis model; bottom, the representative coronal images for
hM4Di-mCherry expression in the vSub, scale bar = 100 pum; right, representative
EEG signature of interictal epileptic discharge (IED), FS and GS. o Kaplan-Meier
curve of progression from KA-induced epiletogenesis to GS, n = 9 mice in CaMKIIa-
mCherry-CNO, n = 8 mice in CaMKIIa-hM4Di-CNO, Gehan-Breslow-Wilcoxon
test, Chi square = 7.596, **P = 0.0058. p-r Effect of chemogenetic inhibition of
vSub® in KA-induced epileptogenesis on the numbers of IEDs, FSs, and the time of
FSs within the first consecutively 7days 8 h-recordings, Two-way ANOVA, IEDs:
F(1,15) = 14.64, **P =0.0017; FS times: F(; ;5) = 2.947, P =0.1066, ns; FSs:

Fouis) = 2.372, P=0.1444, ns.

a AAV-CaMKIlla-EYFP b

Fig. 5 | The anatomically output brain regions of ventral subicular glutamatergic
neurons. a Upper, scheme of virus-assisted anterograde tracing on vSub#"; bottom,
representative image of EYFP" in vSub, scale bar = 200 um. b Typical EYFP* vSub#"
projecting fibers in the downstream brain regions, distributed in Acb, BST, LS, AV,
AM, AHN, MM, and BLA, respectively, scale bar = 200 um. (Abbrs. vSub ventral

subiculum, DG dentate gyrus, LEC lateral entorhinal cortex, Acb nucleus accum-
bens, BST bed nucleus of the stria terminalis, LS lateral septum, AV anteroventral
thalamic nucleus, AM anteromedial thalamic nucleus, AHN anterior hypothalamic
nucleus, MM medial mammillary nucleus, BLA basolateral amygdala).

n=7 mice in Light-OFF and Light-ON P>0.05, ns). This retardation
caused by inhibiting ATN projecting-terminals was also reflected as more
stimulations staying in FSs and reaching fully-kindled state (Fig. 6c4-c5,
Unpaired t-test, *P < 0.05) in the light-on group. Notably, terminal inhi-
bition lacked anticonvulsant efficacy in fully kindled mice among the three
circuits (Fig. S4a—c, One-way repeated measures ANOVA with post hoc
Dunnett’s test, ns, n =8 mice in vSub-BLA, n =9 mice in vSub-LS, n=7
mice in vSub-ATN, P>0.05, ns), which was in line with the vSub®"
inhibition.

Building on established role of the ATN as a canonical subicular output
hub®*, our previous study demonstrated that optogenetic inhibition of the
dSub-ATN circuit or the ATN glutamatergic neurons (ATN®Y) alleviates

seizure in both epileptogenesis and sGS expressions'®. However, whether
ATNE" contribute to the anti-epileptogenic effect mediated by vSub®" is still
unclear. Firsly, we performed retrograde tracing using cholera toxin subunit
B conjugated with Alexa Fluor-555 in ATN (Fig. S6a). As expected,
numerous ATN-projecting neurons were located within the vSub, con-
firming a direct monosynaptic projection from the vSub to the ATN
(Fig. S6b). Thus, to examine the functional relevance of this neural circuit,
we injected AAV-CaMKIla-ChR2 into the vSub and implanted a fiber optic
on the ATN to selectively activate vSub®" -projecting terminals. At the same
time, AAV-CaMKIla-hM4Di were injected into ATN for inhibiting ATN8Y
(Fig. 7a). We named the vSub™*-ATN-hM4Di**™ as the negative control
group, the vSub®*- ATN-hM4Di** as the positive control group, and the
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Fig. 6 | The vSub®"-ATN circuit predominates the anti-epileptogenesis effect.
al-cl Diagram of optogenetic inhibition in BLA, LS, and ATN, left; viral expression
and optic fibers in BLA, LS, and ATN, respectively. a2-c2 Effect of optogenetic
inhibition of vSub®*-BLA, LS, and ATN on the development of seizure stage, Two-
way ANOVA, vSub-BLA: n = 8 mice in Light-OFF and Light-ON, Light ON vs. Light
OFF, F(y,14) = 0.04214, P = 0.8403, ns; vSub-LS: n = 7 mice in Light-OFF and Light-
ON, Light ON vs. Light OFF, F; 1,y = 0.04998, P = 0.4931, ns; vSub-ATN: n = 7 mice
in Light-OFF and Light-ON, F; ;) = 24.48, ***P = 0.0003. a3—c3 Effect of opto-
genetic inhibition of vSub®'-BLA, LS, and ATN on the development of ADDs, Two-
way ANOVA, vSub-BLA: Light ON vs. Light OFF, F; 14) = 1.036, P = 0.3260, ns;

Numbers of stimulation

vSub-LS: Light ON vs. Light OFF, F( 1,) = 0.05663, P = 0.8159, ns; vSub-ATN:
F(1,12) = 11.85, **P = 0.0049. a4—c4 Numbers of stimulations needed to fully-kin-
dled, Unpaired t-test, vSub-BLA: F(y 14y = 1.029, P = 0.1236, ns; vSub-LS: Light ON
vs. Light OFF, F(, 1) = 1.838, P = 0.5232, n5; vSub-ATN: F(y 1) = 2.773, *P = 0.0146.
a5-c5 Comparison of numbers of stimulations staying in FSs and GSs, One-way
ANOVA with post hoc Dunnett’s test, vSub-BLA FS: F; 14) = 2.446, P = 0.7768, ns,
GS: F(1 14y = 2.446, P=0.2906, ns; vSub-LS FS: F(; 12 = 1.866, P = 03558, s, GS:
Fl12) = 2521, P=0.9628, ns; vSub-ATN FS: Fy 15, = 6.061, *P = 0.0070, GS:

Fi1.12) = 5.838, P=0.3298, ns.

vSub™? ATN-hM4Di®™® as the experiment group. CNO (1 mg/kg, i.p., in
saline vehicle, 30 min before the first kindling session each day) was
administered to inhibit ATN®", whereas optical stimulation (20 Hz,473 nm,
5 mW, 30 s light-stimulations, immediately after each electrical stimulation)
was applied to activate vSub®™ projecting terminals to the ATN. In hippo-
campal kindling-induced TLE model, optogenetic activation of vSub®"“-
ATN projecting terminals significantly accelerated the progression of
behavioral seizure stages and prolonged the ADDs, while CNO adminis-
tration reverse that effect (Fig. 7b and ¢, Two-way ANOVA for repeated
measures followed by the Scheffe’s post hoc test was used to compare every
two groups, n =6 mice in EYFP-Saline, ChR2-Saline and ChR2-CNO,
EYFP-Saline vs ChR2-CNO, **P < 0.01, *P < 0.05; ChR2-Saline vs ChR2-
CNO, ##P<0.01, #P < 0.05 compared with ChR2-Saline). This effect was
further reflected as the reduced numbers of stimulations staying in FSs and
reaching the fully-kindled state in the vSub“*2- ATN-hM4Di*™ group,
compared with the other two groups (Fig. 7d and e, One-way ANOVA
followed by the Scheffe’s post hoc test compare each group with every other
group, **P < 0.01, *P < 0.05). While mice experienced CNO administration
needed more stimulations to fully-kindled state and staying in FSs. In
accordance with previous results, optogenetic activation of vSub®-ATN
and chemogenetic inhibition of ATN®" at the same time did not significantly
affect sGS expression (Fig. 7f, One-way repeated measures ANOVA with
post hoc Dunnett’s test, # = 8 mice, P > 0.05, ns).

Taken together, these results indicated that ATN serves as a crucial
downstream region of the vSub®" neurons in epileptogenesis.

Discussion
The vSub has been rarely investigated in TLE, while how its neurons con-
tribute to epileptogenesis and its related neural circuits remained unclear.

Here, utilizing in vivo calcium imaging, optogenetics, chemogenetics, and
anterograde viral tracing in TLE mice models, we have obtained some novel
findings: (1) hippocampal-kindling induced TLE innervated hyperactivity
of vSub®™ neurons; (2) vSub¥" neurons bidirectionally modulated epi-
leptogenesis, but not expressed GS in TLE- activation accelerates epilepto-
genesis while inhibition retards it; (3) the vSub®“-ATN projecting terminals
predominantly mediated this anti-epileptogenesis effect. These findings
identify the vSub®"-ATN as a potential circuit-level target for therapeutic
intervention on epileptogenesis in TLE.

The subiculum serves as a critical epileptogenic hub in TLE, integrating
hippocampal hyperexcitability and propagating ictal activity to downstream
circuits'***’. Physiologically, the dorsal and ventral subiculum compose
functionally distinct cell populations, highlighting the heterogeneity of
different subicular subregions through the spatial aspect*”*>. However,
previous studies including ours have mainly focused on the dorsal subicular
neural circuits in TLE"'****. Here, we firstly found that direct optogenetic
activation of vSub#" reliably mimicked or accelerated the development of
hippocampal-kindling induced TLE. This evidence pointed out the critical
role of vSub®" in epileptogenesis. Furthermore, we interestingly realized that
all effective manipulations on vSub®" focused on FSs during epileptogenesis,
as optogenetic or chemogenetic inhibition on vSub®" increased the stimu-
lations staying FSs, but not GSs. These finding suggested that the con-
tribution of vSub® is restricted in the early stage in epileptogenesis.
Resonating with previous findings, in pilocarpine-induced spontaneous
seizure model, earliest epileptic activities were most frequently recorded in
vSub”. Similarly, long-lasting and specific type of interictal discharges were
displayed in vSub before the first seizure occurrence in rats experienced pro-
convulsant 4-aminopyridione administration”’. Unlike vSub, both activa-
tion and inhibition of pyramidal neurons in the dSub would not only
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Fig. 7 | Chemogenetic inhibition on ATN®" rescues the promotion on epilepto-
genesis by optogenetic activation on vSub®". a Scheme of the optogenetic activa-
tion of vSub#" and chemogenetic inhibition of ATN®" experiment in kindling-
induced TLE. b, ¢ Effect of chemogenetic inhibition on ATN®" and optogenetic
activation on vSub®'-ATN on the development of seizure stage and ADDs, Two-way
ANOVA for repeated measures followed by the Scheffe’s post hoc test compare each
group with every other group, n = 6 mice in EYFP-Saline, ChR2-Saline, and ChR2-
CNO groups. Stage: EYFP-Saline vs. ChR2-Saline, F(;,10) = 16.28, **P =0.0024,
ChR2-Saline vs ChR2-CNO, Fj 1) = 16.17, ##P = 0.0024, ChR2-CNO vs. EYFP-
Saline, F(; 10y = 2.006, P = 0.1871, ns; ADD: EYFP-Saline vs. ChR2-Saline,

F(1.10) = 5.102, *P = 0.0475, ChR2-Saline vs ChR2-CNO, F; 10y = 9.198, #P = 0.0126,
ChR2-CNO vs. EYFP-Saline, F(; 19y = 0.0007, P = 0.9782, ns. d Numbers of stimu-
lations staying in FSs and GSs, One-way ANOV A followed by the Scheffe’s post hoc

test compare each group with every other group. FS: EYFP-Saline vs. ChR2-Saline,
F(1.10) = 3.685, *P=0.0178, ChR2-Saline vs ChR2-CNO, F(; 1) = 6.638,

**P =0.0032, ns, ChR2-CNO vs. EYFP-Saline, F; 1) = 1.801, P =0.2807, ns; GS
EYFP-Saline vs. ChR2-Saline, F(; ;) = 4.455, **P = 0.0041, ChR2-Saline vs ChR2-
CNO, F(1,10) = 1.15, P = 0.1041, ns, ChR2-CNO vs. EYFP-Saline, F; 1) = 3.875,

P =0.1454, ns. e Comparison of numbers of stimulations needed to fully-kindled,
One-way ANOVA followed by the Scheffe’s post hoc test compare each group with
every other group, EYFP-Saline vs. ChR2-Saline, F( 10y = 4.455, **P = 0.0041,
ChR2-Saline vs ChR2-CNO, Fj 19y = 1.15, P = 0.1041, ns, ChR2-CNO vs. EYFP-
Saline, F(; 10y = 3.875, P = 0.1454, ns. f Effect of optogenetic inhibition on vSub#"
circuits in seizure stage, GS-ADDs and GS-GSDs during GS, One-way repeated
measures ANOV A with post hoc Dunnett’s test, P > 0.05, ns, n = 8 mice in Saline and
CNO group.

influence epileptogenesis, but also attenuate the severities of GS'. These
distinct manners may imply that the epileptic activities usually originated
from the ventral hippocampus during the epileptogenesis, while the dorsal
hippocampus may be more susceptible in the generalization of epileptic
activities. Thus, our results demonstrate that vSub® contribute to epi-
leptogenesis in TLE.

With the great development of neuroscientific tools, cell-type specific
modulation emerges as a promising therapy in preventing epilepsy. It seems
that pyramidal neurons may be a more ideal target for retarding epilepto-
genesis than interneurons in vSub. As previous studies proved, different
sub-types of vSub interneurons may possess distinct effects in TLE.
Chronically inhibition of GABA release from parvalbumin interneurons in
the vSub (vSub™") induced hyperactivity and spontaneous recurrent sei-
zures, assigned its inhibitory role in epilepsy”’. Moreover, selectively inhi-
biting GABA release from Somatostatin (SST) expressing interneurons in
the vSub (vSub**™) to impair feed-back inhibition on pyramidal neurons
promoted interictal hyperactivity and spontaneous seizures, which also
indicated the inhibitory role of vSub™™***. Inversely, the vasoactive intestinal
polypeptide interneurons in the vSub (vSub"™*) showed disinhibitory role
in epilepsy, as that activation of vSub""" was enough to increase epilepti-
form activity”. Although single-cell RNA sequencing and transcriptomic
classification have demonstrated that vSub®" also contains different
subtypes’™". This heterogeneity within the subiculum may partially
explained the diverse effect and innervation in epilepsy or other physiology
and pathology’®*. But in TLE, we found that the vSub#" was hyperactivated
during seizures and inactivation of the whole vSub®" populations could
retard epileptogenesis. Specifically in the KA-induced model of chronic

spontaneous seizures, chronic silencing vSub®" sensationally extended the
latent phase of epileptogenesis. This highlighted that manipulations tar-
geting on vSub®" may be a potential therapy in interfering the epilepto-
genesis, ignoring the heterogeneous cell-type within vSub®", While in lack of
genetically-encoded vSub-specific markers, it’s not feasible to selectively
label and manipulate the entire anatomically defined vSub. Although the
vSub was our intended target region, the viral diffusion or expression spread
and transfect into the vSub-adjacent region- such as DG and vCA1, which
cannot be entirely expelled these contributions to the effect.

At the neural circuitry level, we also proved that vSub®™ afferent to
distinct cortical and subcortical regions, including Acb, LS, AV, AM, AHN,
BLA and MM, which is consistent to previous anatomical studies'*'**’. And
the vSub®-ATN circuit mainly contributed to the anti-epileptogenesis
efficacy of vSub®®, whereas the vSub®"-BLA circuit showed no effect neither
in epileptogenesis nor sGS. This effect was partly similar to dSub®", as
selective activation or inhibition of the dSub-ANT circuit also promotes or
alleviates hippocampal seizures in both epileptogenesis and sGS expression
states'®. This phenomenon may highlight the critical role of the ATN in
epilepsy, as epileptic activities arising from both the dorsal and ventral
hippocampus may converge in the ATN and then propagate to the whole
brain®**"~*’. Indeed, ATN has been considered as the potential ideal target of
deep brain stimulation for patients with drug resistant TLE*". These
findings imply that, in identifying precise therapeutic targets for TLE,
attention may need to shift from the hippocampus to secondary propaga-
tion regions, including the thalamus and other limbic structures. As for the
amygdala, another susceptible brain regions in TLE****, previous studies
have reported the enhanced plasticity from BLA projecting to vSub in

Communications Biology | (2026)9:123


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09402-z

Article

pilocarpine-induced TLE mice™. In contrast, our study found that the vSub-
BLA circuit does not participate in TLE. One possible explanation for this
discrepancy may be the different models used in the two studies. On the
other hand, it can be speculated that a feed-back loop exists between vSub
and BLA, which may be modulated by epileptic activities but do not directly
mediate epileptogenesis. Notably, given the heterogeneity within vSub,
future studies should employ genetically encoded markers or Cre-driver
mouse lines to dissect vSub circuits more precisely and to clarify their
specific roles in epilepsy.

In sum, this research provides the first evidence about vSub®#" parti-
cipate in early epileptogenesis via the downstream ATN circuit in TLE.
These findings not only supplement the map of subiculum-related circuitry
in epileptogenesis, but also emphasize vSub® " ATN®" as a potential ther-
apeutic target for intervention epileptogenesis in TLE.

Methods

Animals

In the current study, 8 weeks old male C57/6] (wild-type) mice were used.
Mice were house-grouped in a 12 h light/dark cycle and allowed to water
and chow ad libitum. All tests were conducted during the light cycle. All
procedures were approved by the guidelines of the Animal Advisory
Committee of Zhejiang Chinese Medical University (approved number:
20230306-10) and in completely accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals.

Stereotaxic surgeries and electrode/optical fiber implantation
Stereotaxic surgery was performed strictly as previously described'**. Mice
were anesthetized by sodium pentobarbital (50 mg/kg, i.p.) and then head
fixed into the stereotaxic apparatus (RWD Life Science, China). Viruses
were unilaterally injected into vSub (AP: —3.6 mm; ML: —3.0 mm; DV:
4.7 mm; relative to bregma) using a micro-glass (Sutter Instrument, USA,
0O.D. 1.5 mm, L.D. 0.86 mm) installed on a 1 ul pipette (Microliter Syringes,
China, O.D. 0.2 mm). The pipette was remained in the place for another
5 min after injection, leaving the virus well-absorbed. Next, the scalp was
shuttered and the mice were placed on a heated blanket (maintained at
30 °C) for recovery. 3—4 weeks are needed for fully viral expression.
Implantations were applied after viral expression. For electrical kind-
ling and EEG monitoring, twisted-bifilar stainless electrodes (795500, A.M
System, USA) were implanted into the right ventral hippocampal CA3 (AP:
—2.9mm; ML: —3.2 mm; DV: —3.2 mm). For optogenetics stimulation,
optic fiber cannula (200 um Core, 6.0 mm length, Inper, China) was located
over the vSub (AP: —3.6 mm; ML: —3.0 mm; DV: 4.7 mm; relative to
bregma), ATN (AP: —0.5 mm; ML: —0.7 mm; DV: —3.0 mm), BLA (, AP:
—1.6mm; ML: —2.5mm; DV: —50mm), LS (AP: +1.0 mm; ML:
—0.5 mm; DV: —3.5 mm). Then four screws were cemented into the skull,
two of them were placed over the cortex and cerebellum as reference and
ground electrodes. One-week post-surgery recovery were kept for mice. The
site of electrode and viral expression were post-verified in all mice at the end
of every experiment. Only the mice with correct placement of electrodes,
optic fibers and restricted viral expression were enrolled into analysis.

Viral vectors
For optical fiber photometry in vivo, AAV-CaMKIla-GCaMPé6s
(2.82E + 12 vg/ml, Taitool, S0229-9, AAV2/9) was injected into the vSub,
injection volume was 200 nL, as 50 nL/min. Two weeks later, an optic fiber
(6 mm, Inper) was implanted above the vSub for photometry recording.
For optogenetic manipulation, 100 nL (20 nL/min) AAV-CaMKIla-
ArchT-EGFP (5.5E + 12 vg/ml, BrainVTA, PT0233, AAV2/9) or AAV-
CaMKIla-hChR-EYFP (44E + 12 vg/ml, BrainVTA, PT0296, AAV2/9)
was injected into the vSub for selectively inhibiting or activating vSub®"
respectively. AAV-CaMKII-EYFP (4.6E + 12 vg/ml, BrainVTA, PT0298,
AAV2/9) was injected into the vSub for anterograde tracing. Three weeks
later, an optic fiber was located 0.01 mm above the vSub, ATN or BLA in
different batches of mice.

For chemogenetic manipulation, 100 nL (20 nL/min) AAV-CaMKIla-
hM4Di-mCherry (4.04E + 12 vg/ml, Obio Technology, H5778) was injected
into the vSub. After 3 weeks viral transfection, designer receptors exclusively
activated by designer drugs (DREADD:s) actuator CNO (1 mg/kg, ip.,
Abcam, ab141704) was administrated for sustainable silencing vSubs"
30 min before experiments'***>*,

For retrograde tracing afferent connections between ATN and vSub,
cholera toxin subunit B conjugated to Alexa-555 (CTB 555, Thermo Fisher,
C34776, diluted in PBS solution of 1 pg/uL, 100 nL) was injected into ATN.
7 days after injections, mice were perfused for histology.

All virus were injected into the unilateral brain region (ipsilateral with
the kindling focus). Post-verification of viral expression was observed under
Olympus VS120.

Optical fiber photometry

Optical fiber photometry was conducted by a genetically-encoded calcium
indicator protein GcaMP6 to capture transient neuronal activity during
electrical kindling as previously described”. The optic fiber photometry
system (Thinkertech, China) includes a 488 nm diode laser (OPIS 488LS;
Coherent), a dichroic mirror (MD498, Thorlabs), an optic fiber (0.23 mm
Core, 0.37 NA, Inper, China) coupled with a x10 lens (Olympus) and fiber
launch (Thorlabs). The laser intensity was controlled ranging from 0.01 to
0.05 mW. The fluorescence GCaMP6 was bandpass filtered and collected by
a photomultiplier tube and converted into the analog voltage signals (sample
rate 100 Hz). And the voltage signals were further analyzed in MATLAB.
The fluorescence changes (AF/F) were calculating (F-F). In this experi-
ment, we collect a 200 s voltage signals, and kindled at the 100 s. And the F,
was averaged from the 90 to 100 s as baseline signals; the later 100 s signals
were defined as F. The data were presented as time-event plot and heatmap.
The peak value and time point of peak value in all enrolled trials were read
and recorded.

The temporal delay index was calculated as the peak value divided its
correspondingly time point. This ratio can be explained as “temporal delay”
or “temporal synchrony.” It describes the relative timing between the peak of
cellular calcium activity and the onset of epileptic brain activity. Essentially,
it reflects the degree of temporal relationship or synchronization between
the changes of fluorescent intensity and seizure activity.

Hippocampal kindling mouse model

The hippocampal kindling mouse model was conducted according to our
previously studies'®*****. After 1-week post-surgery recovery, the after-
discharge threshold (ADT) was determined (monophasic square-wave
pulses, 20 Hz, 1 ms/pulse, 40 pulses) by a constant current stimulator (SEN-
7203, SS202J; Nihon Kohden, Japan) for each mouse, and the EEG was
recorded with a 100 Hz digital amplifier (Neuronscan System, USA). The
stimulation intensity began at 40 pA, and increased in 20 pA steps every
I min till 255 afterdischarge was elicited. This minimal intensity was
deemed as the ADT, and only mice with ADTs less or equal than 200 pA
were conducted to the following experiments.

All mice received 10 kindling stimulations (monophasic square-wave
pulses, 400 pA, 20 Hz, 1 ms/pulse, 40 pulses, 30 min interval). Seizure
severity was evaluated by behavioral seizure stage and after-discharge
duration (ADD). The seizure stage was measured by a well-trained but
unaware of the group observer. Seizure severity was modified according to
the Racine’s scale: (1) facial movement; (2) head nodding; (3) unilateral
forelimb clonus; (4) bilateral forelimb clonus and rearing; (5) rearing and
falling”. Stage 1-3 seizures were indicated as focal seizures (FSs), while stage
4-5 seizures were regarded as generalized seizures (GSs). Once mice
exhibited three consecutive stage-5 seizures were regarded as fully kindled.
Then, we utilized a suprathreshold current (200 pA, 20 Hz, 1 ms/pulse, 40
pulses, 30 min interval) to induce secondary generalized seizures (sGSs). We
classified the first three stimulations as base-state (pre), the later three sti-
mulations as the modulation (optogenetics or chemogenetics) and the last
three stimulations as the post-sGS state (post). In sGS expression
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experiment, seizure stage, ADDs, and generalized after-discharge durations
(GSDs) were obtained™”’,

Intrahippocampal KA model

To evaluate the effect on acute ictogenesis, the acute intrahippocampal KA
model was established according to our previous studies™**”’. Briefly, after
viral expression and implantation surgery, freely moving mice were intra-
hippocampally microinjected with KA (250 ng, 0.5 pL) using an Ultra Micro
Pump (160494 F10E, WPI) at a rate of 100 nl/min using a 1 ul micro-glass
pipette of 5 min via the guide cannula. The EEG was recorded for 90 min
after KA injection using a PowerLab system (filtered with a 50 Hz notch, AD
Instruments, Australia) at a sampling rate of 1 kHz. Saline or CNO (1 mg/
kg, i.p.) was administrated 30 min before KA injection. Status epilepticus
(SE) onset was defined as the time when repetitive and continuous epileptic
ictal discharges occur in EEGs™*". Seizure severity was modified according
to the Racine’s scale: (1) facial movement; (2) head nodding; (3) unilateral
forelimb clonus; (4) bilateral forelimb clonus and rearing; (5) rearing and
falling. Stage 1-3 seizures were indicated as focal seizures (FSs), while stage
4-5 seizures were regarded as generalized seizures (GSs). KA injection
induced high-amplitude spike waves in the EEG and gradually elicited FSs,
GSs, and SE within tens of minutes. The seizure activity and EEGs were
monitored for 90 min.

To better understand the effect on chronic epileptogenesis, chronic
intrahippocampal KA model was used, which is characterized by a latent
period following the initial KA attack until the appearance of spontaneous
recurrent seizures (SRSs)**. Firstly, KA (250 ng, 0.5 uL) was stereotaxically
injected into the right dorsal hippocampus to induce behavioral seizures and
neuropathological lesions. On the next day, EEG was continuously recorded
infree-moving mice by PowerLab system (filtered with a 50 Hz notch, AD
Instruments, Australia) at a sampling rate of 1 kHz. For chronic epilepto-
genesis experiments, CNO was administrated in daily drinking water (5 mg/
200 mL, with 0.5% saccharine)**. Interictal discharges was expressed as a
fast monophasic electroencephalographic transient, short duration
(<250 ms) and high amplitude (>1 mV)****”". The paroxysmal discharge
events with duration >10s, amplitude >3 times versus baseline and spike
frequency >2 Hz were defined as nonconvulsive FS. While convulsive motor
seizures (typical Racine’s stage 4-5 seizures) with a continuous epileptic
event >30 s and post-depression after seizure terminated were termed as
GSs. The epileptogenesis period was defined as the time from the day of KA
attack to the first seizure recorded”®*’. Continuous EEG monitoring was
conducted 8 h/day until the first GS was observed in each mouse.

Optogenetics and chemogenetics intervention
Laser (blue light, 473 nm or yellow light, 589 nm) was delivered by a 200 pm
diameter optical fiber (0.23 mm Core, 0.37 NA, Inper, China), which was
controlled by a Master-8 commutator (AMP], Israel). The laser intensity
was controlled in 5-10 mW. In optogenetic activation section, pulsed blue
light stimulation was delivered immediately after 2-s kindling (20 Hz, 10 ms
duration, 600 pulses, 30's). In optogenetic inhibition section, 30s direct
yellow light was delivered immediately light stimulation after 2 s kindling.
Chemogenetics modulation was performed as described in our pre-
vious studies'®”**®. Briefly, 1 mg/kg clozapine-N-oxide (CNO) was
administrated for chemogenetic inhibition in both kindling and acute KA-
induced epilepsy models, which can increase intracellular Gi signaling for
hm4Di-positive cells and thus decrease neuronal activity’>”. Previous stu-
dies have reported that the brain bioavailability of CNO lasts about 5-10 h,
sufficient to maintain its efficacy throughout our experiments™*"".

Immunohistochemistry

Mice were deeply anesthetized with 100 mg/kg sodium pentobarbital, fol-
lowed by intracardially perfusion with 0.9% saline and freshly prepared 4%
paraformaldehyde (PFA). In c-Fos staining, mice were sacrificed 1.5 h after
ES or GS. Dehydrated brains were cut into slices (25 um) on a freezing
microtome (Thermo Scientific, USA). Brain slices were washed 3 time with
PBS, then incubated in a blocker solution (1% bovine serum albumin and

3% Triton X-100 in 0.05 M PBS) containing 5% donkey serum kept for 2 h
at room temperature. After that, the primary antibody anti-c-Fos (1:1000,
ab208942, mouse monoclonal, Abcam) were incubated overnight in a 4 °C
refrigerator. In the next day, slices were washed for 3 times in PBS and
incubated in a solution containing the secondary conjugated antibody
(Alexa Fluor 488, donkey anti-mouse IgG H&L, 1:1000, ab150105, Abcam)
for 2 h at room temperature. Last, slices were washed and mounted with
DAPI (Vectashield Mounting Media, Vector Labs). Images were captured
by a confocal microscopy (SP8, Leica). Images were analyzed in Image]J
software (1.52a version). C-Fos immunactivity-positive cell counts were
quantified in corresponding nucleus. Three brain slices were averaged as
each mouse.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism software
(Version 9.1.1). All data were presented as the mean +S.E.M. The
number of experimental replicates (#) is indicated in figure legend and
refers to the number of experimental subjects in each experimental
condition. Normal distribution was firstly tested, then matched with
parametric or non-parametric tests. The differences between the two
groups were analyzed using the student’s ¢ test. For multiple compar-
isons, the one-way or two-way ANOVA followed by post hoc Tukey test
was used. A two-tailed P-value of <0.05 was considered statistically
significant. ~ Survival curves were compared using the
Gehan-Breslow-Wilcoxon test. Descriptive statistics and row data for
all groups were provided in supplementary data.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact
upon request. The datasets have been deposited in the Zenodo (https://doi.
org/10.5281/zenodo.17785712).
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