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Septal Signaling Suppresses Seizures
Through Stimulating Somatostatin Cells

Direct Septum-Hippocampus Cholinergic Circuit Attenuates Seizure Through Driving Somatostatin Inhibition

Wang Y, Wang Y, Xu C, Wang S, Tan N, Chen C, Chen L, Wu X, Fei F, Cheng H, Lin W, Qi Y, Chen B, Liang J, Zhao J, Xu Z,
Guo Y, Zhang S, Li X, Zhou Y, Duan S, Chen Z. Biol Psychiatry. 2020;87(9):843-856. doi:10.1016/j.biopsych.2019.11.014.

Background: Previous studies indicated the involvement of cholinergic neurons in seizure; however, the specific role of the
medial septum (MS)–hippocampus cholinergic circuit in temporal lobe epilepsy (TLE) has not yet been completely elucidated.
Methods: In the current study, we used magnetic resonance imaging and diffusion tensor imaging to characterize the
pathological change of the MS-hippocampus circuit in 42 patients with TLE compared with 22 healthy volunteers. Using
optogenetics and chemogenetics, combined with in vivo or in vitro electrophysiology and retrograde rabies virus tracing, we
revealed a direct MS-hippocampus cholinergic circuit that potently attenuates seizure through driving somatostatin inhibition
in animal TLE models. Results: We found that patients with TLE with hippocampal sclerosis showed a decrease of neuronal
fiber connectivity of the MS-hippocampus compared with healthy people. In the mouse TLE model, MS cholinergic neurons
ceased firing during hippocampal seizures. Optogenetic and chemogenetic activation of MS cholinergic neurons (but not
glutamatergic or GABAergic [g-aminobutyric acidergic] neurons) significantly attenuated hippocampal seizures, while specific
inhibition promoted hippocampal seizures. Electrophysiology combined with modified rabies virus tracing studies showed that
direct (but not indirect) MS-hippocampal cholinergic projections mediated the anti-seizure effect by preferentially targeting
hippocampal GABAergic neurons. Furthermore, chemogenetic inhibition of hippocampal somatostatin-positive (rather than
parvalbumin-positive) subtype of GABAergic neurons reversed the anti-seizure effect of the MS-hippocampus cholinergic
circuit, which was mimicked by activating somatostatin-positive neurons. Conclusions: These findings underscore the notable
anti-seizure role of the direct cholinergic MS-hippocampus circuit in TLE through driving the downstream somatostatin
effector. This may provide a better understanding of the changes of the seizure circuit and the precise spatiotemporal control
of epilepsy.”

Commentary

In preclinical epileptology, when one thinks of acetylcholine,

one likely thinks of pilocarpine. Half of PubMed abstracts that

include the keywords acetylcholine (or cholinergic) and epi-

lepsy also contain pilocarpine. This is unsurprising, given the

widespread adoption of this muscarinic acetylcholine receptor

(mAChR) agonist as a method to evoke status epilepticus and

model temporal lobe epilepsy (TLE). Alternatively, one might

instead think of soman or other nerve gases which inhibit acet-

ylcholinesterase, or even high dose nicotine, which can pro-

duces seizures. On this evidence, one might place cholinergic

neurotransmission squarely in the “pro-convulsant” camp.

However, a smaller literature examining the medial septum

(MS), the primary source of cholinergic input to the hippocam-

pus, has raised the possibility that cholinergic neurons in this

region may suppress seizure activity. Immunotoxin-mediated

depletion of septal cholinergic neurons facilitates hippocampal

kindling,1 whereas intrahippocampal cholinergic neuron grafts

suppress hippocampal kindling.2 While several studies have

demonstrated anti-seizure effects of septal stimulation,3 the

precise role of cholinergic neurons in these effects has

remained unclear. For example, both glutamatergic neurons4

and GABAergic neurons5 in the MS can drive distal rhythmic

activity. Recently, Wang et al6 have turned to MS cholinergic

neurons as a target for the control of seizures. Through selec-

tive optogenetic and chemogenetic mapping and modulation of

the septo-hippocampal projections, they describe a pathway by

which activation of cholinergic, but not glutamatergic or

GABAergic septo-hippocampal projections suppressed sei-

zures. They report that MS cholinergic neurons target

somatostatin-positive interneurons (SST-INs) in the hippocam-

pus and find that activation of SST-INs is both sufficient to

Epilepsy Currents
2020, Vol. 20(5) 297-299

ª The Author(s) 2020
Article reuse guidelines:

sagepub.com/journals-permissions
DOI: 10.1177/1535759720949240

journals.sagepub.com/home/epi

Creative Commons Non Commercial No Derivs CC BY-NC-ND: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 License (https://creativecommons.org/licenses/by-nc-nd/4.0/) which permits non-commercial use, reproduction and
distribution of the work as published without adaptation or alteration, without further permission provided the original work is attributed as specified
on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

EPILEPSY CURRENTS

https://sagepub.com/journals-permissions
https://doi.org/10.1177/1535759720949240
http://journals.sagepub.com/home/epi
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


suppress seizures and necessary for the anti-seizure effects of

MS activation.

In the hippocampal kindling model of TLE, the authors

examined the profile of cellular activation of MS cholinergic

neurons using a combination of fiber photometry and opto-

genetic identification of single units. Surprisingly, during

kindled seizures, the authors reported a suppression of puta-

tive cholinergic neuron activity, with little to no change in

the firing of other neurons. This pattern differs substantially

from the increased septal activity reported by functional

magnetic resonance imaging, cerebral blood flow, multiunit

activity during hippocampal-evoked seizures in rats,7 and

the striking elevation of hippocampal acetylcholine levels

by chemoconvulsants.8

The suppression of cholinergic activity during seizures led

the authors to hypothesize that activation of these cells might

be an effective strategy to suppress seizures. They found that

optogenetic activation of cholinergic neurons in the septum

increased the number of stimulations needed to produce a fully

kindled state and decreased the duration of after discharges

during kindling. These effects were mirrored in the intrahippo-

campal kainite model using designer receptors exclusively acti-

vated by designer drugs (DREADDs) to activate cholinergic

neurons. Using a within-subject design, they found a decrease

in seizure burden during a week of designer drug treatment

(clozapine-n-oxide [CNO]) as compared to the baseline (pre-

treatment) period. Interestingly, this reduction in seizure activ-

ity outlasted the duration of CNO treatment, raising the

possibility of a disease modifying effect of prolonged choliner-

gic neuron activation. While the authors show that CNO was

ineffective against acute intrahippocampal kainaic acid-evoked

seizures in DREADD-negative animals, they did not include

similar controls for chronic CNO administration. In this regard,

it is noteworthy that CNO can be metabolized to clozapine

which in turn is a high affinity antagonist of mAChRs. This

is of particular concern with chronic administration of CNO,

during which time appreciable concentrations of clozapine may

be produced. However, their findings are consistent with the

data they obtained using optogenetics. Moreover, antimuscari-

nic effects of clozapine would likely result in an underestima-

tion of chemogenetic efficacy, as they report that focal

muscarinic or nicotinic receptor blockade in hippocampus

abolished their anti-kindling effect of optogenetic stimulation.

In contrast to optogenetic/chemogenetic activation of MS cho-

linergic neurons, the authors found that either optogenetic inhi-

bition or genetic ablation of these cells sped the kindling

process, suggesting that not only can they be activated to sup-

press seizures, but also consistent with prior studies using

immunotoxic lesions,1 that endogenous activity of these cells

plays an anticonvulsant role.

While Wang and colleagues reported reduced EEG power

during hippocampal seizures in the presence of optogenetic and

chemogenetic activation, they did not report effects on baseline

EEG power. This is perhaps a missed opportunity, given that

septal cholinergic neurons have been proposed to play a key

role in hippocampal q oscillations.9 Moreover, activation of

septal cholinergic neurons has been reported to disrupt hippo-

campal ripple oscillations,10 which are thought to play a central

role in memory consolidation. Whether their manipulations

altered these “healthy” rhythms, and whether long-term che-

mogenetic treatment would thus impair memory consolidation

and retrieval remain an important consideration.

The MS projects widely throughout the hippocampus—and

signaling through muscarinic receptors—can have both excita-

tory and inhibitory effects. To determine which cell types were

the target of MS cholinergic input, Wang et al used trans-

synaptic viral tracing and found that a higher proportion of

GABAergic neurons as compared to glutamatergic neurons

received cholinergic input from MS, that activation of MS

results in increased firing in a subset of hippocampal INs, and

that selective activation of MS neurons that project to hippocam-

pal GABAergic neurons suppresses kindling. There is a diversity

of IN populations in HPC, which can be been categorized based

on morphology, function, and genetic profiles11 and have differ-

ent impacts on pyramidal cell firing. While the authors found

that similar proportions of parvalbumin INs (PV-INs) and SST-

INs received MS cholinergic input, they found through chemo-

genetic silencing that SST but not PV INs were necessary for the

anti-seizure effects of septal cholinergic neuron activation. This

effect is presumably due to SST-mediated inhibition of pyrami-

dal cells, as others have shown that optogenetic activation of

septal cholinergic neurons triggers IPSCs on CA1 pyramidal

cells.12 Somewhat paradoxically, it has previously been sug-

gested that inhibition secondary to activation of MS cholinergic

neurons is predominantly perisomatic, a form of inhibition that is

thought to be mediated by PV, as compared to SST Ins.11 These

data also differ from direct activation of PV or SST cells—

optogenetic activation of both cell types has been shown to

suppress hippocampal seizure activity in other studies.13,14

Moreover, while the authors target SST and PV neurons geneti-

cally and found clear differences between activating these popu-

lations, it is important to note that there can be overlap based on

these promoters alone. Thus, the hippocampal microcircuit

engaged by MS cholinergic neurons remains understudied and

is the next logical gap to be addressed.

These recent findings raise a new potential target for TLE,

help clarify the role of the septum in regulating seizure activity,

and raise several areas for future direction. First, will activation

of septo-hippocampal projections suppress seizures originating

in other temporal lobe regions? Second, will activation of cho-

linergic projections to other ictogenic regions of the temporal

lobe suppress seizures? Regional differences in either the local

role of acetylcholine could begin to explain the discrepancy

between the present findings and the proconvulsant effects

reported in other models. Third, SST neurons in the hippocam-

pus consist of multiple populations with different effects on the

hippocampal microcircuit. Defining the precise SST neurons

responsible for suppressing seizures and, moreover, the partic-

ular receptor subtypes mediating the cholinergic effects may

reveal new anticonvulsant targets.
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