nature medicine

Article

https://doi.org/10.1038/s41591-024-02924-9

Thefasciola cinereum of the hippocampal
tail asaninterventional targetin epilepsy

Received: 24 October 2023

Accepted: 15 March 2024

Published online: 17 April 2024

Ryan M. Jamiolkowski®"’
Ryan J. McGinn?, David A. Hartmann ®*4, Jeff J. Nirschl® %, Mateo I. Sanchez®,
Vivek P. Buch"® & Ivan Soltesz®'®

, Quynh-Anh Nguyen®'?77, Jordan S. Farrell®'?,

% Check for updates

Targeted tissue ablation involving the anterior hippocampus is the standard

of care for patients with drug-resistant mesial temporal lobe epilepsy.
However, asubstantial proportion continues to suffer from seizures even
after surgery. We identified the fasciola cinereum (FC) neurons of the
posterior hippocampal tail as an important seizure node in both mice

and humans with epilepsy. Genetically defined FC neurons were highly
active during spontaneous seizures in epileptic mice, and closed-loop
optogeneticinhibition of these neurons potently reduced seizure duration.
Furthermore, we specifically targeted and found the prominent involvement
of FC during seizures in a cohort of six patients with epilepsy. In particular,
targeted lesioning of the FCin a patient reduced the seizure burden present
after ablation of anterior mesial temporal structures. Thus, the FCmaybea
promising interventional target in epilepsy.

Epilepsy is one of the most prevalent neurological disorders in the
world, with tens of millions of people burdened by the occurrence
of chronic spontaneous seizures'. For the one-third of patients with
epilepsy who do not experience adequate seizure control with exist-
ing anti-seizure medications, surgical resection or ablation of the
underlying epileptic tissue is the standard of care. Mesial temporal
lobe epilepsy (TLE) is acommon form of drug-resistant epilepsy, and
the most common type treated with surgery, which ablates the anterior
hippocampus and amygdala®®. However, about one-third of patients
whoundergo surgerystill do not receive adequate seizure freedom>° ™",
Thisraises the question of whether aseizure focus remainsin the pos-
terior hippocampus.

Results

Thefasciola cinereumis highly active during seizures in mice
We haverecently shown that alight- and calcium-gated molecular inte-
grator called scFLARE (single-chain fast light- and activity-regulated
expression; Fig.1a) can be used to label neurons active during seizures

inmice'. Toidentify novel brainregionsinvolved in TLE, we first trans-
duced the hippocampus of mice with scFLARE and mCherry-reporter
viruses before intrahippocampal injection of kainic acid to induce
acuteseizures. We then used a closed-loop system to deliver a pulsed
boutofbluelightinresponse to adetected seizure on the hippocam-
pallocal field potential (LFP) recordings to activate the scFLARE tool
and enable the labeling of seizure-active neurons (Fig. 1b). Of the
mCherry-positive areas in the hippocampus™, we found prominent
scFLARE-mediated labeling of cells in the fasciola cinereum (FC) sub-
region (Fig. 1c,d), which forms alongitudinal midline structure in the
dorsal hippocampus of rodents™ " (Extended Data Fig. 1) and promi-
nently expresses the genetic marker Purkinje cell protein 4 (PCP4;
Fig.1c). Arecent study in non-epileptic rats found FC neurons to be
distinct from adjacent brain areas in their morphology and in their
connectivity', including input from the lateral entorhinal cortex and
outputto the crest of the dentate gyrus. Importantly, the labeling of FC
cellswasalso found in scFLARE experiments performed in chronically
epileptic mice (Extended Data Fig. 2) and in mice with acute seizures
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Fig.1|FCneurons are highly active during seizures in mouse models of acute
and chronic TLE. a, Diagram showing how scFLARE induces stable labeling

of neurons with mCherry only when there are both high intracellular Ca*" and
light delivery. CaTEV, Ca**-activated TEV protease; hLOV, hybrid light-oxygen-
voltage-sensing domain; TEVcs, Tobacco Etch Virus protease cleavage site; TF,
transcription factor. b, Schematic showing closed-loop seizure detection and
light delivery in wild-type mice to label seizure-active neurons. TTL, transistor—
transistor logic ¢, Coronal section wide-field image and higher magnification
ofthe boxed region of interest (inset) from a non-epileptic mouse, with evident
PCP4 expression in the FC. Representative image from three mice, three to

five sections per mouse. d, Coronal section wide-field image (left) and higher
magnification of the region of interest (right three images) with FC cells labeled
with mCherry, indicating that the FC cell population is highly active during

seizures. Representative image from six mice, three to five sections per mouse.
The scale bar in the fourth image also applies to the second and third images.
e, Schematic showing two-photon imaging setup in PCP4-Cre chronically
epileptic mice. f, Example trace showing the fluorescence intensity (AF/F,
normalized to that cell’s maximum) of a representative FC neuron imaged
using jGCaMP8f (green), above a plot of spiking rate recorded simultaneously
from that mouse’s hippocampus, with time intervals meeting seizure criteria
highlighted in gray. g, Heat map for each of the 80 FC neurons recorded from
three mice, showing an increase in activity (as reflected by intracellular Ca**
and AF/F) during interictal spikes, set as time = 0. h, Heat map for each of the
recorded FC neurons showing anincrease in activity during the start of a seizure
and a decrease in activity when the seizure ends. Correlation between Ca*'
activity and spiking for the cellsis r=0.43 + 0.03 (s.e.m.).

duetointra-amygdalar kainic acid injection (Extended Data Fig. 3a,b).
Negligible scFLARE-mediated labeling was seenin the FC of non-seizing
control mice (Extended Data Fig. 3c).

To study the patterns of FC neuronal dynamics during epileptic
activity, we performed two-photon calcium imaging of FC neurons
by using a PCP4-Cre transgenic mouse line, where Cre recombinase is
selectively expressedin PCP4 expressing neurons, and Cre-dependent
expression of the genetically encoded calciumindicator jGCaMP8fin
the FC of chronically epileptic mice. These mice were also implanted
with an LFP electrode placed in the hippocampus to record interictal
and ictal activity (Fig. le,f). We confirmed accurate targeting of FC
neurons by their distinct granule-cell-like morphology and dendritic

branches fanning out toward the ventricle' (Extended Data Fig. 4).
We found increases in calcium activity of FC neurons aligned with the
epileptiform spiking activity (Fig. 1g,h). Analysis of individual cell
calcium dynamics showed that FC neuron activity increased during
interictal spikes (Fig.1g) and at the start of seizures (Fig. 1h, left panel),
and decreased when the seizure ended (Fig. 1h, right panel). Together,
these results show that FC neurons are highly active members of the
TLE seizure network.

TheFCisatherapeutic target in mice with epilepsy
To test whether FC neurons have a mechanistic role in seizure prop-
agation (and would thus be a potential target for intervention),
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Fig.2|The FCin miceis anintervenable target for the treatment of TLE.

a, Schematic showing closed-loop seizure detection and light delivery to
activate theinhibitory opsin stGtACR2 in PCP4-Cre mice. b, Section of mouse
hippocampus showing stGtACR2-FusionRed in the bilateral FC of a chronically
epileptic mouse, with the tract (dotted white line) left by the optical fiber
terminatingjust superior to the FCipsilateral to the previous kainic acid
injection. Representative image from four mice, three to five sections per mouse.
¢, Example seizures detected at the time marked by pink lines in which light was
delivered (top, blue bar) and not delivered (bottom). d, Cumulative distribution
curve and histogram (n = 4 mice) showing a greater proportion of short seizures
(<5s) measured from the time of seizure detection when light is delivered (blue)
compared with when it is not (gray) for PCP4-Cre mice expressing stGtACR2

inthe FC. A mixed-effect model comparing the seizure durations with light off
versus light onresulted in F(1,1,010) = 51.47, P < 0.0001, for mice expressing
stGtACR2. e, Cumulative distribution curve and histogram (n = 4 mice) showing
similar seizure duration after the trigger when light was delivered (blue)
compared with when it was not (gray) for PCP4-Cre control mice expressing
mCherry in the FC. A mixed-effect model comparing the seizure durations

with light off versus light on resulted in F(1, 778) = 0.1133, P= 0.74, for control
mice expressing mCherry. f, Normalized seizure duration comparing seizure
length with light off versus that with light on, for mice expressing stGtACR2 and
control mice expressing mCherryin the FC. stGtACR2, 76 + 3% (2,075 seizures
from 4 mice); mCherry, 98 + 4% (1,627 seizures from 4 mice); normalized seizure
durationts.e.m.**P=0.0038, t = -4.56213, two-tailed ¢-test.

we used an optogenetic approach and expressed the inhibitory opsin
soma-targeted Guillardia theta anion-conducting channelrhodopsin
2 (stGtACR2) in FC neurons of chronically epileptic PCP4-Cre mice. An
optical fiber wasinserted to terminate superior tothe FC, whilean LFP
electrode was placedin the hippocampusto enable closed-loop seizure
detection to trigger optogenetic inhibition (Fig. 2a-c). Closed-loop
light delivery shortened seizure durationin chronically epileptic mice
expressing stGtACR2in FC neurons (Fig. 2¢,d,f), but notin those with-
outthe opsin (Fig. 2e,f). This effectis evident not only in the aggregated
databutalsointheindividual responses of each of the four miceinthe
GtACR2 and control groups (Extended Data Fig. 5). Thus, FC neurons
are highly active during seizures, and their inhibition can provide sei-
zure controlin mice.

The FCis anode for seizure propagationin humans

We then sought to determine whether FC plays a similar role in human
patients with TLE. In humans, the FC (along with the fasciolar gyrus) is
the main gray matter structure in the posterior-medial hippocampal
tailatthelevel of the quadrigeminal cistern, posterior to the brain stem
andinferior to the corpus callosum'", The mouse hippocampus bends
mediallyinits dorsal aspect, resulting in the medial position of the mouse
FC? (Fig.3a). The comparable medial bend in the human hippocampus
occursventrally instead (that s, anteriorly, as the human hippocampus
also lies in a more horizontal rather than vertical orientation) at the
level of the uncus® (Fig. 3b). The dorsal position of the FC thus results
init being in the posterior hippocampal tail'® (which also has a gentle
medial bend; Fig. 3b), rather than being along the midline as in mice.

Before this study, there has not been sufficient suspicion of the
FC as a specific seizure focus” to systematically target it during ste-
reoelectroencephalography (sEEG) in human patients. Here we pre-
sent six patients (Table 1, and Figs. 3c—n, 4 and 5) who underwent sEEG
implantation where posterior hippocampus sampling was desired,
specifically targeted to the FC. In humans, sEEG sampling of the hip-
pocampus rarely extends that far posterior-medially along the tail; the
posterior hippocampusis usually targeted whereit is larger and thicker,
anterior tothe FC. This trade-off'is explicit for patient 1 (Fig. 3c), whose
anatomy allowed only the FC to be targeted on the right, while a more
conventional trajectory to the hippocampal tail was used on the left. For
eachpatient, SEEG widely sampled many brainregions (such as frontal,
temporal, insular, occipital and thalamic) that were suspected to be
involved in the seizure network of each patient based on a consensus
ofimaging, non-invasive EEG, semiology and neuropsychiatric testing
reviewed by a panel of clinicians.

In sampled patients, the posterior-medial hippocampal tail
containing the FC was a site of epileptiform discharges and ictal
spiking, with high-frequency oscillations (80-250 Hz) consistent
with participation in a seizure propagation network (Extended Data
Fig. 6). The variety of stereotyped patterns for the involvement of
the FC (independent involvement of only the FC or only the anterior
hippocampus, simultaneous involvement of both or spread from
the anterior hippocampus to the FC; Table 1) suggests that the FC is
animportant node for seizure propagationin mesial TLE. In addition,
the FC may be important not only in mesial TLE but also in patients
with temporal (patient 4) or non-temporal (patient 5) neocortical
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Fig.3|The FCin the human posterior-medial hippocampal tail isinvolved
inseizureinitiation and propagationin TLE. a,b, Schematicillustrations of
hippocampal formation (HF) comparing rodent and primate FC anatomy, as
previously described®. a, The rodent dorsal HF bends medially, leading to a
medially located FC (blue). b, In primates, the anterior (equivalent to ventral)
HF (uncus and genu of the anterior hippocampus) bends medially, so the FC

is posteriorly located. Hippocampus drawing adapted with permission from
ref. 18, Springer. ¢, Diagram of sEEG electrodes in the right posterior-medial
hippocampal tail (FC, blue), the hippocampal body and head (orange), and the
amygdala (green) of patient 1, with the thalamus shown in purple. Of note, the
left hippocampus of this patient has an electrode targeting the hippocampal
tail less posteriorly than the FC, inamore conventional trajectory. d, All seizures
recorded from this patient had FC involvement (n =7 of 7 seizures). e, LFP trace

] ! "‘NN/N m‘” W\um

0 20 40 60
Time (s)

for arepresentative seizure as recorded by electrodesin the FC (blue) and the
amygdala and anterior hippocampus (orange). f, Diagram of sEEG electrodes
targeting the amygdala, anterior hippocampus and FC of patient 2. g, Of the
seizures recorded from this patient, 83% had FC involvement (n =15 out of 18
seizures). h, Representative LFP traces for a seizure from this patient. i, Diagram
of sSEEG electrodes targeting the amygdala, anterior hippocampus and FC of
patient 3.j, All seizures recorded from this patient had FC involvement (n = 5 out
of 5seizures). k, Representative LFP traces for a seizure from this patient.

1, Diagram of sEEG electrodes targeting the amygdala, anterior hippocampus and
FCof patient 4. m, All seizures recorded from this patient had FC involvement
(n=3outof3seizures). n, Representative LFP traces for a seizure from this
patient. Note the differencesin the vertical axesine, h,kand n.

epilepsy. In both patients, seizures started in the neocortical tis-
sue (patient 4—non-lesional superior temporal gyrus (STG); patient
5—occipital focal cortical dysplasia) and propagated to the FC.
Particularly in patient 5, the FC activity was robustly independent of
the anterior hippocampus (Fig. 4).

The FCis atherapeutic targetin humans with epilepsy

In humans, open amygdalohippocampectomy resections rarely
extend as far posterior-medially along the hippocampal tail toreach
the FC. For laser interstitial thermal therapy (LITT) amygdalohip-
pocampectomy, the human FCis medial of the posterior-to-anterior

Nature Medicine | Volume 30 | May 2024 | 1292-1299

1295


http://www.nature.com/naturemedicine

//doi.org/10.1038/s41591-024-02924-9

https

Article

"1s0d snieis ‘d/s ‘A19A008Y UOISISAU| Pa1BNUSIY-PINI{-Pa1yBlom-z | ¥V T14-ZL {UOIIedIpaW aInzIas-lue ‘NSY

‘UOIBINWIISOINAU dAIsUOdsal ‘SNY ‘BISBIASAP 18911100 1800} ‘D4 ‘SIS019)0s 1eiodwa) jeIsaw ‘S| ‘sndwesoddiy Jolsiue pue ejlepBAWe ‘Hy 48] “7 AYBL ‘Y *s2110108(e1] PSIEDIPaP 1BUOCIIPPE YUIM palabiel 8q 0s|e PINod 04 83 ‘9]ge)|IBAR SWO09] SPes) 10w
UM swalsAs J1 1nq ‘JusweBeuew 1eniul oyl 96ueyo 10U PIp JUSWSAI0AUI D4 JO 9Bpaimour) 1no ‘g-| syusied 1o} ‘eiojeiay] “sndweooddiy Jolelue ay) uo Buisnooy seli010s(el) jledwedoddiy jeuoinusAuod pasn sjusied aseyl ul SN jedodwel |elsew jeiaie)iq
‘spes) 0m] 01 paliwll] AjjuaLInDd Bulag swaisAs SNY 8Yi 01 anqg “Juswliedwl Alowaw INOYlIM pauolsa) 8q jouued idweooddiy ylog asneoaq ‘(uoleige 1ase) Jo Aiebins ‘sl 1eyi) Buiuoisa) ueyl Jayiel SNy alinbai syusied jedwedoddiy jeis1e)iq 18Y) 810N,

Spes) SNY Aq paxue)} Alneo
Uum eisedsAp 18011109 1800y

uonoasal
1e21110008U 870 |eJodwa) paio)ie}

«SNY

SN

D4 71enpisaijo 1117 1821d1000 7 8Y1 JO Uonoasey papinB-Aydei6021110004109]3 .SNY 1eiodwa) jeIsaw |eiele)lg jeljodwel jeissw jeselellg  1elodwel jeisaw elele)ig uonuanIau|
S1IA Yyum Asdayide Asda)ide aqo) jeudiooo S1N 1eJ91e)Iq Yyum Asda)ide Asde)ide
1eiodway |eisaw jessie)iun 1E01110008U 7 |e4le|Iun 37 1801110008U Y BI91E|IUN Asdeyide jeiodwel jeisaw jeile)lg jelodwe) jelsaw jeselellg  jesodwel jelsaw elale)iqg sisoubeiq
04 ¥ pue
04 inoyum HY ¥ 03 HY 7 ‘8inz|es |
PaAIOAUI HY ‘sainzies € ‘AjsnosueinwWIs PaAjoAUl
HY 701 peaids inoyum HY pue D47 ul18suo snosuejnuis ‘D4YO0IHY ¥ ZPUBD4T  O4YPUBHY Y 'seinzies ¥
Auo o4 ‘004 181d1000 T WOl 041 04 ¥ pue Hy ¥ 01 peaids yum YUM S2INZIBS Z (U0 | Y U0 7) O HV 1€L'HY W0l D401 ‘panjoaul Ajuspuadapul sBuipuy

7 wouy Buneulbuo sainzies /||

0} peauds pideu ‘sainzies G|

18SUO0 ©] G 1B01110008U Y ‘S8INZI8s §

HY Wolj D4 0} peaids sainzies ¢

peauids Alpides saunzies G|

D4y ‘seunzies g

(933s) 11 9seyd

wylAyl
yoealq jesodwa) pue Buimols
Jejodwia) 7usnIwILIUL

sd.eys jejodwal Y pawlio)
Ajiood aleu ‘sabieyosip Joleisod

}osuo jejodwial 7 4O saunzies 7 p1oy-Ispeouq Juspuadspul 19sU0 Jejodwal Y Yyum sBuipuy
OlU012-01UO] |eJalE)Iq pUBR  BUIMO]S BIBY1 8shyip JeJodway des)s ‘sdieys jesodwa) 8)pplwi-IoLIalue 195U0 ‘Jensul pue sainzias 1800y a)dinw (933 09pIA
1sa.1Je Jeloineyag (PUOOaS 8y} 7 SNSJI9A 1B13USD }BSUO 40 1IN0 BULLINOD0 S8INZISS OlUO)O 7 19su0 jesjodwia)-piw 7 yum 1ejodwa) ] pue ‘jesodwa) ‘(4<7) sdieys jesodway AAISeAUl-uoUu)
210Joq ‘uone|qe sy 8yl aely)  jedodwel TYlM Sainzles|edo4  -Oluo] |elale)iq 01 1eoo) jeiodwel y se.nzies sseualeme paliedw| 1004 ¥ YlIM sainzies 18004 1uspuadepul jeijodwalg 1oseyd
900] jesodwal 7 pue eisejdsAp $9q0] jeJodwa) Jolvue 800)
1€011400 1800} 1e11d1200 7 e)nsul pue sndwedoddiy a1 Jo wslogelswodAy Jesjodwal jeIsaw 8y} Jo
1ewloN ay) ul ye1dn pasealoaq 1ewIoN 78y1 ur wsnogelswodAy piIN OllldWWAS 8Jeneg  axeldn pseseslosp 8)1qnsg sBuipuyy 13d
(s1sois10s (s1soie10s
J1e1 jedwesoddiy o1qissod) Aljewlouqe jeubis a)qissod) 8qo) jesodwal ] 8y}
Jolieisod jenpisal 8yl Yum ‘[ |1 1edweooddiy 7 pue eise)dsAp 1noybBnouyy pue sndweosoddiy eyl
d/s sisoia)os jejodwal jelsaw 18011109 1e11d1000 7 eIpaN (S1S04910S OU) JBWION  JO ANSULIUI ¥ 14/Z L pPasessoul ApIA S1IN 1eJele)g (S1s04919s OU) JeWION sBuipuly N
SpIWESIUOZ ‘pIok.
oplwesiuoz ol0id|eA ‘@1ewel|do] ‘Weleoel1ans) ulolAusyd ‘suidezeqieoxo ulolAuayd ‘weledeleAllq
‘auiBlilowe) ‘apIuwesooeT auidezeqJeoxo ‘aulblijoweT] ‘auiBlowe) ‘suidazeweqie) aplwesiuoz ‘eyewelido] ‘Wejaoellona ‘WEISDRINOAST SINSY Shoinaid
aplwesiuoz
WIe19okI1oAd] ‘Oleweqous)  Weledellans) ‘eulidezeqieolsy oplwesooe suiblnowe ‘p1oe ojoidieA ‘epiwesode] oplwesooe) ‘aulbliiowe] SISY ua1in)
syiomiau esodwal
Jousiue pue jejodwaioluoly
sNo0j JeJodwaioluoly uonouny jesodwialoluoly pue suolBal jejodwa)
78y3 03 Buizieoo) suolep 7 8Y3 Jo asiwoldwod piw Juswiedw Alowaw 1e1SOW Y <7 S9Z1EO0] 1ela1e)Iq
1010W pue 8AIIUBOD 1)eI9N0 ‘s)1ys 1enedsonsia ybiy ou 1nq (snJAB jejuoly Joliagul 1oy 01 ‘Bunjads ‘uonuane ‘Alowsw sns.ian Buizijelsle)-uou
YUM ‘S)|3jS 1eQI9A pue ‘sallljiqe pajeanal abeione $9711800]) ADUSN)} |BCUSA DJUBWISS  WJS)-1I0YS ‘Uoisusyaidwod 118490 ‘Aljige sBuipuy

salljiqe jeneds jensia ybiH

yum aousbiyjeiul sbessne-ybiH

sainseaw Alowauw jeqan paliedw|

pautedul Ap)iw yum aunaseq YoIH

Asoupne pasiedw|

OAIIUB0O abelane-Mmo

olelyoAsdoinaN

Buluayns 69) pue wue 1ybu
Aq papaoald Ajjeuoiseodo pue
daa)s Jo 1n0 UBYO ‘UOISINAUOD

eisdouejuelpenb soliedns
¥ O1UOJYO Sy ‘swisiiewoine
jenuew ‘Bupjoews di

9ouaunuooul ‘bunig anbuol
‘A)IAI}OR D1UO]O-0IUO] |RIS1E)I] ‘YS)
3y} 01 uoneInap azeb pue Buluiny

$S9USNOIOSU0D paJiedw
‘sjuswianowW puey Y padAlosiels
‘Bupjoews di) :y1es} Jo Bulysniq pue

1se.le jeloineyad ‘Bunjoews

Buiyim puey
ess1e)iq pue Bupjoews di)

pue 1saile Joineyag ‘Buliels ‘ssausieme JO ssO7 peay Yim SSausSnolosuoo JO SO Bunes Aq paiabbli) 1nzies xa)joy dn ‘6unbun diuebul UM ssaualeme paJiedw| ABojoiwag
(puooss ayy ai0jaq ‘uoneige
1511} Y3 Joye) yuow Jad g
‘(uonejqe juswieal) alojoq
18414 841 810j0Q) yuow Jad f-¢ yuow Jad g Jeah Jad G-| doom Jod ¢ Noomad | Joom sod G- Aouanbauyainzieg
EIE aewaS 1. ajewa BIET BIET pET
1S 8 9¢ Ly 8c 8T (s1eak) by
9 -] v € 4 ) jusned

$34N310NJ1s jesodwal-uou JaY1o pue sa4n1onJis jesodwal jeisaw J1ayio ‘94 ay} ul pajueid sapoao91d Yum sjusned 1oy sBuipuly 933s pue solisiia1oeieyo Juaned | | ajgeL

1296

Nature Medicine | Volume 30 | May 2024 | 1292-1299


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02924-9

Thalamus

4

Rii&--‘ -
'\ - ."’:Q-:A, ; ’
\. | &
\\ a2 \ \
Medzamecrbita[{ca

e

e 1,000 4

-500
200 4

I FC involved

Voltage (uV)

-100 4
-200 -

100
-100 + |

-200 +
-300 +

| (AN
o i MR B ‘»." LA

Cc

Medial occipital

Medial occipital

Medial occipital

- b o .
: e ety
o N1 g A

Anterior hippocampus

N A Ak e i/ Ak AR AR 1 A
by VIO AR A o W
| Al | | i

Fig. 4 |FCisinvolved in seizures originating from an occipital focus. a, Fast
gray matter acquisition T1inversion recovery axial MRI showing left occipital
FCD. b, Diagram of sEEG electrodes in the left posterior-medial hippocampal
tail (FC, blue), as well as in the hippocampal body and head (orange) and
amygdala (green), of patient 5, with the thalamus shown in purple. Other
electrodes targeted the medial-occipital FCD in the left lingual gyrus (pink).
¢, Reconstruction of sEEG electrode positions based on postoperative CT and

T T T T T
10 20 30 40 50

Time (s)
T1MRI, with the blue arrow pointing to the contact in the FC. The electrode in
the occipital FCD is also apparent, indicated by the white arrow. d, All seizures
recorded from this patient had FC involvement (n =15 out of 15 seizures). e, LFP
trace for arepresentative seizure originating from the medial-occipital FCD, as
recorded by electrodes in the medial-occipital cortex and FCD (pink), FC (blue)
and anterior hippocampus (orange).

trajectory along the hippocampal long axis used to ablate the amyg-
dala and the rest of the hippocampus. In a patient whose seizures
recurred after LITT despite successful ablation of the amygdala and
anterior hippocampus (Extended Data Fig. 7 and Table 1 (patient 6)),
we hypothesized that the FC was responsible for his continued sei-
zures. Inarepeat evaluationincluding sEEG, we implanted one elec-
trodeinthe FC, whichwas the expected remnantofthe LITT procedure
(Extended Data Fig. 8). Indeed, the sEEG localized his seizure onset
zone exclusively to the FC (Fig. 5a-c). He then underwent a repeat
laser ablation, which lesioned most (but not all) of the remaining FC
(Fig.5d-g). At the 18 month follow-up, the frequency of his seizures
was reduced by 83% (from twice per month before FC ablation down
toonceevery 3 months). Thus, the FCis atargetable source of seizure
recurrence in humans.

Discussion

Seizure freedom remains an elusive goal for a substantial proportion
of patients with epilepsy. Precise seizure localization in patients often
reliesonsEEG, thatis, electrodes implanted directly into the brain. Brain
regions targeted by sEEG electrodes are often biased toward known
epileptogenic foci, thus constraining the discovery and identification
of novel seizure fociin humans. Here we used scFLARE in combination
with closed-loop optogenetics toidentify the FC subregion of the brain
as anovel node of seizure propagation and target for interventionin
mice and extended these insights to human patients. Critically, our
finding that all patients with TLE from whom we obtained recordings
had epileptic activity in this area can lead to a fundamental change in
the standard of care. Approximately two-thirds of patients with mesial

TLE who have a conventional lesioning (leaving the FC as a residual)
have adequate seizure response; thus, it currently would be unethical
totarget only the FC without the anterior mesial temporal structures.
However, conventional lesioning alone is inadequate for one in three
patients. Our data currently support the FC as atarget in patients with
TLE for whom lesioning of the anterior hippocampus and amygdala
was insufficient.

Our findings suggest that the FC should be targeted during sEEG
forall patients withsuspected TLE. In unilateral mesial TLE, FC seizure
activity caninformthe extent of lesioning required viasurgical resec-
tionor laser ablation. For bitemporal epilepsy, patient and side-specific
FCinvolvement could alter conventional approaches to the hippocam-
pus for responsive neurostimulation, which currently miss the poste-
rior hippocampal tail. Based on these results, FC involvement could
inform surgical management to optimize outcomes for patients with
medically refractory TLE.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41591-024-02924-9.
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Methods

Animals

Allprocedures were carried outin accordance with the National Insti-
tutes of Health guidelines for animal care and use and were approved
by the Administrative Panel on Laboratory Animal Care of Stanford
University (protocol number 30183). For the scFLARE experiments,
adult wild-type male C57BL/6 mice 12-20 weeks old (Jackson Labora-
tory, strainnumber 000664) were used. For the two-photon micros-
copy and closed-loop optogenetic experiments, PCP4-Cre male and
female mice 12-24 weeks old (RIKEN, strain number RBRC05662)
were used.

All surgeries were conducted under aseptic conditions using a
small-animal stereotaxic instrument (Leica Biosystems). Mice were
anesthetized with isoflurane (5% for induction, 1.5-2.0% after) in the
stereotaxic frame for the entire surgery, and their body temperature
was maintained using a heating pad.

Kainate injectionin mice

Intrahippocampal kainic acid injections were performed as described
previously?. Briefly, mice were placed under isoflurane anesthesia and
givenlocal anesthetic, 0.5% bupivacaine, at the site of incision. Kainic
acid (60 nl, 20 mmol I' in saline; Tocris Bioscience) was injected into
the dorsal hippocampus (from the bregma: —2.0 mm anterior-posterior
(AP), +1.25 mm medial-lateral (ML), -1.6 mm dorsal-ventral (DV)). The
above protocol was modified for intra-amygdala kainic acid injec-
tions in which 100 nl, 20 mmol I kainic acid in saline was injected
into the right basolateral amygdala (from the bregma: -1.2 mm AP,
+3.3 mm ML, -4.2 from dura DV). For both intrahippocampal kainic
acid and intra-amygdala kainic acid, kainic-acid-induced status epi-
lepticus after injection was allowed to self-terminate. For experiments
conducted in the setting of acute seizures, animals were allowed to
recover for 2 h (scFLARE experiments in Fig. 1¢,d and Extended Data
Fig.3b) orreturned to the vivarium for at least 2 weeks to allow for the
emergence of chronic spontaneous seizures (sScCFLARE experiments
in Extended Data Fig. 2b, and all calcium imaging and closed-loop
optogenetic experiments).

Virusinfusioninmice

For scFLARE experiments, the hippocampus was targeted using the
following coordinates from the bregma: —2.3 mm AP, +1.5 mm ML
and -1.35 mm DV. Adeno-associated viruses 1/2 (AAV1/2s) carrying
scFLARE2 (Addgene 158700) and tetracycline response element
driven expression of either mCherry or eGFP fluorescent reporters
(TRE-mCherry (Addgene 92202) or TRE-eGFP (Addgene 89875)) were
gifts from M. Sanchez and A. Ting, and were injected using a 10 pl
microsyringe with abeveled 33-gauge microinjection needle (Nanofil;
World Precision Instruments (WPI)). A total volume of 1.5 pl of virus was
injected (750 nlat-1.35DV and 750 nlat-1.55DV) at arate of 100 nl min™*
using a microsyringe pump (UMP3; WPI) and its controller (Micro4;
WPI). After each injection, the needle was raised 100 um for an addi-
tional 10 min to allow for viral diffusion at the injection site and then
slowly withdrawn.

For two-photon and closed-loop optogenetic experiments, the
FC was targeted using the following coordinates from the bregma:
-1.9 mm AP, +0.15 mm ML and -1.85 mm DV. For two-photon experi-
ments, 60 nl of AAV5-syn-FLEX-jGCaMP8f-WPRE (a gift from the GENIE
Project, Addgene 162379) was injected. For closed-loop optogenetic
experiments, 60 nl of either AAV1-hSyn1-SIO-stGtACR2-FusionRed
(agift from O. Yizhar, Addgene 105677) or AAV5-EF1a-DIO-mCherry
(University of North Carolina Vector Core) was injected. After each
injection, the needle was slowly withdrawn.

Mice were selected for viral injections and experimentation with
no particular order to avoid systematic biases. Expression was verified
after each experiment, and only mice with clear expression were used
for further analyses.

scFLARE labelingin mice

Light was delivered 6-7 days following viralinjection. For light delivery,
the optical fiber implant was connected to a 473 nm diode-pumped
solid-state laser (Shanghai Laser & Optics Century). Mice were allowed
2 htorecover fromimplant surgery before light delivery. For kainate
experiments, closed-loop seizure detection and light delivery were
carried out as previously described®. Briefly, LFP recording electrodes
(PlasticsOne) for kainate-injected animals were connected to an elec-
trical commutator (PlasticsOne) routed to an amplifier (BrownLee
410, Automate Scientific), and in turn connected to a digitizer (USB-
6221, National Instruments) and acomputer running custom MATLAB
recorder and seizure detection software. When aseizure was detected,
the software enabled light delivery. Animalsin allgroups receiving light
had one single session of 10 mW 473 nm light delivered in 2 s pulses
every 6 s(33%duty cycle), for atotal of 10 min. Animals were euthanized
and perfused 18-24 h after the end of light administration.

In vivo two-photon calciumimaging

Within1week of virus injection, mice were anesthetized with isoflurane
and secured into a stereotaxic frame. We then inserted a 4-mm-long
0.5-mm-diameter gradient-index (GRIN) relay lens (Inscopix), which was
lowered with astereotaxicarmata5° angle (to avoid the superior sagittal
sinus) toatarget of -1.9 mm AP, +0.15 mmML and -1.7 mm DV, whichis at
the bottom of the corpus callosumand just above the FC. After atleasta
week of recovery, asmall craniotomy was performed over the ipsilateral
hemisphere (-2 mm posterior, —2 mm lateral to the bregma—marked
withapermanent marker during the previous surgery) underisoflurane
anesthesiaand mice were transferred to afloating ball where they woke
up. Abipolar twisted wire (A-M Systems, catalog number 795500) tung-
sten electrode with gold amphenol pin connectors was slowly lowered
into the CAl hippocampal subfield while LFP was monitored for the
occurrence of ictal and interictal spiking activity. Once the electrode
was at an ideal depth (maximum spiking amplitude), it was secured in
place withdental cement and the mouse was returned toitshome cage.

Mice were habituated to the imaging setup (a treadmill consisting
of a2-m-long belt) and head fixation for at least two 20 min sessions
before experimentation. Ipsilateral CA1LFP duringimaging was ampli-
fied 1,000x (A-M systems 1700) and digitized at 10 kHz. Imaging was
performed on a two-photon microscope (Neurolabware) equipped
withapulsed infrared laser (Mai Tai, Spectra-Physics) tuned to 920 nm,
GaAsP PMT detectors (Hamamatsu) and a x16 water immersion objec-
tive (0.8 NA, 3.0 mm WD; WI, Nikon) and recorded at 15.49 frames
per second (Scanbox.org).

Calciumimaging datawere processed and analyzed using Python
scripts. Motion correction was performed using the HiddenMarkov2D
function of SIMA?, Binary regions of interest were drawn manually
around jGCaMP8f-expressing cells visible on an average intensity
projectionimage of motion-corrected movies. Next, the fluorescence
intensity traces were extracted for each region of interest by averaging
the included pixel intensities within each frame. Changes in fluores-
cence intensity (DF/F) traces were obtained as described previously*.
LFP traces were automatically processed to detect ictal and interictal
spiking as described*.

Closed-loop seizure detection and light delivery

Within 1-2 weeks of virus injection, mice were anesthetized with iso-
flurane and secured into a stereotaxic frame. We then performed a
small craniotomy and inserted optical fibers (0.37 NA, low OH, 200 pm
diameter; ThorLabs) terminated in1.25 mm ceramic ferrules (Kientec
Systems) toatarget of -1.9 mm AP, +0.15 mm ML and 1.7 mm DV, which
isattheinferior aspect ofthe corpus callosumandjust superior to the
FC.Duringthe same surgery, another small craniotomy was performed
over the ipsilateral hemisphere (~2 mm AP, +2 mm ML) and a bipolar
depth electrode (PlasticsOne) was implanted to a depth of -2 mm DV
to detect seizures from the CAL.
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Following the implant procedure, animals were connected through
an electrical commutator (PlasticsOne) to a Brownlee 410 amplifier;
signals were digitized by an NIUSB-6221-BNC digitizer (National Instru-
ments) sampledat 500 Hzand analyzed inreal time using a PC running
acustom MATLAB seizure detection algorithm as previously described.
Animals were also connected to afiber-coupled diode laser (Shanghai
Laser & Optics Century) with473 nm wavelength to activate the GTaCR2
opsin. Optical patch cords (Thorlabs, Doric Lenses) directed the laser
light to the mouse through an optical commutator (Doric Lenses),
andwere terminatedinal.25 mm ferrule, whichwas connected to the
implanted optical fiber with a ceramic split sleeve (Precision Fibre
Products). Laser power at the source was 0.5 mW.

Continuous LFP monitoring established the presence of spon-
taneous recurrent seizures in individual animals, at which time an
experimenter used custom MATLAB software toidentify features of the
early ictal electrographic signal to be used in triggering the real-time
closed-loop seizure detection software. For semiautomatic analysis
of spike clusters (that is, seizures) as previously described*?, the
custom MATLAB program used different detection criteria provided
by the experimenter for LFP spikes (including filtering, amplitude
threshold, width and template matching), LFP spike clusters (includ-
inginterspikeinterval andinterclusterinterval) and artifact rejection
(including different filters and signal features), which were combined
using Boolean logic. The experimenter verified and, if necessary, cor-
rected all processed files on their detection accuracy of seizure starts
and ends. Spike clusters with aninterspike interval of less than1swere
included as seizures. Seizure duration values used for analysis were
taken from time of trigger for the closed-loop detector to the end of
theseizure. Seizures were not considered ended until the spiking rate
fellbelow one spike every 2 s. The experimenter was blinded to whether
amouse was in the experimental or control group when selecting the
inclusion and exclusion criteriaand adjusting thresholds to optimally
detect seizures.

Mouse perfusion, histology and imaging

After all data were collected for each mouse, the animals were eutha-
nized by being deeply anesthetized with amixture of ketamine and xyla-
zine (80-100 mg kg ketamine, 5-10 mg kg™ xylazine; intraperitoneal)
and transcardially perfused with 10 mlof 0.9% sodium chloride solution
followed by 10 mlof cold 4% paraformaldehyde dissolved in phosphate
buffer solution. The excised brains were held in a4% paraformaldehyde
solution for atleast 24 hbefore being sectioned into 60 pm slices using
avibratome (LeicaVT1200S, LeicaBiosystems). Forimmunostaining,
thesliceswereincubated in blocking buffer containing 1% bovine serum
albuminand 0.5% Triton-Xin tris-buffered saline (TBS) for 1 hat room
temperature, then incubated with rabbit anti-PCP4 antibody (1:200;
Sigma HPA005792) in TBS containing 1% bovine serum albumin and
0.5% Triton-X overnight at 4 °C. The slices were subsequently washed
in TBS (4 x 10 min) before being incubated in anti-rabbit secondary
antibodies conjugated to Alexa Fluor 647 (1:1,000; Thermo Fisher
Scientific A-21245) for 2 h at room temperature. Afterward, the slices
were washed in TBS (4 x 10 min) before being mounted on glassslides
and covered with a coverslip using Vectashield Antifade Mounting
Medium (Vector Laboratories). Imaging was performed on a Zeiss LSM
800 confocal microscope using a x10 or x20 objective, and a z-stack
of 5-7 images was taken.

Patient selection

Patients 1-4 were considered clinically to have TLE of uncertain lateral-
ity and precise anatomical origin, and patient 5 was believed to have
an occipital focal cortical dysplasia with subsequent involvement of
her mesial temporal lobe. Per routine clinical protocolsin our institu-
tion, these patients underwent bilateral sEEG recordings after giv-
ing informed patient consent. Access to the resulting data followed
research procedures approved by the Stanford institutional review

board (IRB 70482). Of note, many of the patients also belonged to a
cohortthatunderwent sampling of thalamic targets, as detailed in our
previous study®. Patient 6 underwent placement of sEEG electrodes
as part of routine clinical care owing to seizure recurrence after LITT
amygdalohippocampectomy; thus, an electrode was placed in his
residual posterior hippocampus as part of normal seizure evaluation.
Before the sEEG recordings, all patients completed a comprehensive
set of evaluations, including detailed clinical history, neurological
examination, neuropsychological assessment, structural magnetic
resonance imaging (MRI) and scalp EEG monitoring. Patients com-
pleted additional imaging and neurophysiological studies as needed
for presurgical planning, including functional MRI for language map-
ping, fluorodeoxyglucose positron emissiontomography (PET) study
and high-density electrical source imaging. The sex and gender of
human research participants were based on self-reporting. Sex and
gender were not considered in the study design. Due to the low number
of participants, gender-based analysis was not performed.

Electrode trajectory planning

Theapproximate locations and number of electrodes, along with their
trajectories, were planned in a multidisciplinary surgical epilepsy
conference with a detailed review of presurgical data leading to the
clinical hypotheses of most likely seizure onset zones. High-resolution
T1, and T1 post-contrast imaging, were used for planning. To sample
the posterior hippocampal tail containing the FC, the usual posterior
hippocampal target was adjusted further posterior-medially, with the
electrode entry point in the inferior temporal gyrus and optimized
for a safe, subventricular trajectory. We used only reduced-diameter
(0.86 mm) electrodes (Ad-Tech Medical) to help ensure minimal dis-
ruption to tissue.

Intraoperative workflow

Patients1-6 were brought to the operating room where general endotra-
cheal anesthesia was induced. Five bone fiducials were placed. A volu-
metricintraoperative O-arm (Medtronic) computed tomography (CT)
scanwas obtained with thefiducials. Theimage dataset was then merged
with the preoperative CT and T, pre- and post-contrast MRI scans. The
patient was placed in a Leksell head holder and positioned supine. The
ROSArobot (Zimmer Biomet) was then attached to the Leksell adapter
and registered to the patient’s head using the bone fiducials. Registra-
tionwas accepted once <0.5 mm accuracy was achieved. The head was
then prepped in the usual fashion. For each percutaneous trajectory,
the ROSA robot was positioned coaxially. A small vertical stab incision
was madewithanumber15blade. A2.4 mmdrillbitwasthenintroduced
through the ROSA drill guide, and the drill guide lowered coaxially all
the way down to the scalp. Once through the inner table of the skull, a
bolt (bone anchor) was placed. A reduced-diameter (0.8 mm) obturat-
ing stylet was passed slowly to create the trajectory. Once the stylet
was passed todepth and thenremoved, areduced-diameter (0.86 mm)
electrode was passed totarget depth, the inner stylet was removed and
the electrode was tightened into the bolt cap.

Co-localization of electrodes

Athin-cut CT scan of the head was obtained after electrode implanta-
tion to confirm the absence of intracranial hemorrhage. In addition,
the CT images were co-registered to MRI data for verification of the
trajectory. The electrode coordinates in the native anatomical space
were carefully inspected for every single electrode contact and manu-
ally labeled by a neurologist and anatomist based on the individual
brain’s morphology and landmarks.

Intracranial recording and identification of ictal patterns

Signals were collected from multiple-contact depth electrodes with
acenter-to-center contact spacing of 3 mm. A continuous EEG signal
was acquired with a digital Nihon Kohden EEG machine at asampling
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rate of 1,000 Hz, in combination with continuous video recording.
High-frequency filter, time constant and voltage sensitivity settings
were adjusted to optimize visual detection of high-frequency oscilla-
tions (typically at 300 Hz high-frequency filter, 0.001 s time constant,
10 pV sensitivity). A sEEG bipolar montage including all channels was
used for signal detection. Channels with excessive artifacts obscuring
EEG signals were excluded from the analysis. All seizures captured were
reviewed for onset zones, which were determined by visual analysis by
the primary inpatient epilepsy team. Ictal onset signals identified by
the epileptologists were inclusive of various morphologies, such as
pathologic high-frequency oscillations, evolving fast activity, rhythmic
spikes or rhythmic spike-waves. To examine the relationship between
seizure activity inthe FC and thatin the anterior hippocampus, an epi-
leptologist read all files (blinded to whether each LFP trace was from
the FC or anotherregion), and when clear ictal patterns were separated
by 50 ms or more, adifferential onset was described.

Fiber-opticinsertion for LITT

Patient 6 underwent endotracheal general anesthesiain the MRI suite
andwasplacedinasupine position withabump and head rotation, with
his left ear superior. His head was secured to the table of the interven-
tional MR scanner by four skull pins, and the exposed temporal region
was clipped, prepped and draped, with the top of his pinnabent inferi-
orly to expose a low temporal entry site, where a sterile self-adhesive
fiducial grid (Clearpoint Neuro) was placed.

Targeting trajectories were planned using a Clearpoint Neuro
workstation, and the grid was punctured with a trocar to mark the
entry site. The grid was removed, a scalpel was used to make a stab
incision and the Clearpoint frame base was affixed to the skull via
self-tapping screws. A series of planning scans were obtained to align
the frame along the correct trajectory. An MRI-compatible hand drill
was then used to make a burr hole through the stab incision, and a
ceramic rod was partially inserted to confirm the correct trajectory.
Next, a Visualase cooling cannula (with stiffening stylet) was inserted
through a reducing cannula, its placement confirmed with imaging.
The stylet was removed and the optical fiber was inserted. The laser
fiber and cooling lines were connected to the Visualase workstation,
and temperature safety limits were set relative to the thermometric
monitoring image, in the inferior lateral thalamus (particularly the
lateral geniculate nucleus), basal ganglia and lateral mesencephalon,
to automatically terminate laser deliveryif these structures exceeded
45 °C. The initial lesion was made in the hippocampal tail remnant
during real-time MRIthermometry. The laser fiber was then retracted
inapproximately 1 cmincrements, and several overlapping focal abla-
tions formed a tubular ablation zone encompassing the hippocampal
tail remnant and FC.

Data analysis, software and code

Software used for data acquisition included Zen Blue (Zeiss LSM 800
confocal microscope image acquisition), Matlab R2019b (LFP record-
ing, 2p imaging) and Nihon Kohden Neuroworkbench Version 08-11
(patient EEG). Data analysis was performed using the following soft-
ware: Matlab R2019b, Pycharm Community Edition 2018.2.5, Image)
1.53, Graphpad Prism 9, OriginPro 2021b, Python 3.9.7, Pandas 1.3.4,
Scipy 1.7.1, Statsmodels 0.13.2, Pingouin 0.5.2 and Seaborn 0.12.1.

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

Data availability
Preclinical datasets have been deposited in the Zenodo database:
https://doi.org/10.5281/zenodo.10617130 (ref. 26).

Code availability
The analysis code for preclinical data has been deposited in the Zenodo
database: https://doi.org/10.5281/zenod0.10617130 (ref. 26).
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Extended DataFig.1|FClocationin mouse brain. Coronal, sagittal, and axial images of mouse FC (blue) based on Allen Mouse Common Coordinate Framework?”.
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Extended Data Fig. 2| FC neurons are highly active during seizure in amouse
model of chronic temporal lobe epilepsy. a, Schematic showing the injection of
kainic acid into the hippocampus of wild-type mice to generate chronic epilepsy,
followed by viral injection 2-4 wks later to induce expression of the scFLARE tool
and mCherry reporter in the hippocampus. Mice then underwent insertion of
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ahippocampal wire electrode to detect seizures and an optical fiber. Light was
delivered through the optical fiber when the electrode detected a seizure. b, In
epileptic mice, scFLARE-mCherry labeled PCP4+ FC neurons. Representative
image from 3 mice, 3-5 sections per mouse. Of note, there is not significant cell
death of the PCP4+ neuron population within the FC in this model.
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amygdalar kainic acid mouse model of temporal lobe epilepsy. a, Schematic
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of kainicacid into the amygdala, along with insertion of a hippocampal wire
electrode to detect seizures and an optical fiber. Light was delivered through the
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optical fiber when the electrode detected a seizure. b, In seizing mice, scFLARE-
eGFP labeled PCP4+ FC neurons. Representative image from 3 mice, 3 sections
per mouse. ¢, In non-seizing mice (injected with saline rather than kainic acid),
scFLARE-eGFP had neglible labeling of PCP4+ FC neurons. Representative image
from 2 mice, 3 sections per mouse.
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Extended Data Fig. 4 | Calcium sensor expressionin FC. a, Coronal section image through GRIN lens of individual cells. Representative image from 3 mice.
fluorescence image of Cre-dependent jGCaMP8f expressed in the FC of PCP4-Cre ¢, Post-hocimage (coronal section) shows the characteristic granule cell-like
mice, with outlined tract of GRIN lens aiming at FC of hippocampus ipsilateral morphology and elongated processes of FC neurons (same mouse as panels a
to kainic acid injection. b, 2-photon microscope (average intensity projection) and b). Representative image from 3 mice, 3-5 sections per mouse.
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test comparing distributions: P < 0.0001. e-h, Cumulative distribution curves
and histograms for each of four individual mice demonstrating similar seizure
duration after trigger when light is delivered (blue) compared to whenitis

not (gray) for PCP4-Cre control mice expressing mCherry in the FC. Numbers

of seizures detected for each animal, listed as # of seizures with light on/ # of
seizures with light off, are as follows: e. Control mouse 1: 230/238. Mann-Whitney
test comparing distributions: P = 0.12. f. Control mouse 2:188/183. Mann-Whitney
test comparing distributions: P = 0.39.g. Control mouse 3:151/172. Mann-
Whitney test comparing distributions: P = 0.65. h. Control mouse 4:217/258.
Mann-Whitney test comparing distributions: P = 0.40.
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and spectrogram from11.5 s to 12.5 s for patient 2. ¢, LFP tracing and spectrogram
from 3 sto4 s for patient 6. Time-frequency plots were obtained via convolution
with aMorlet wavelet function. An amplitude of the wavelet transform was then
obtained viaits absolute value, and displayed on a logarithmic scale (color map).

Extended Data Fig. 6 | High frequency oscillations (HFOs) in FC. Excerpts of FC
LFP tracings presented in Figs. 3 and 5, with shorter time scale (see x-axis). Below
each LFP tracing are corresponding spectrograms, with black arrows indicating
HFOs. a, LFP tracing and spectrogram from O s to 1.5 s for patient 1. b, LFP tracing
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Extended DataFig. 7 | Prior LITT amygdalohippocampectomy for patient demonstrating large rim-enhancing lesion that encompasses amygdala and
whose seizures recurred (Patient 6). a, b, Intraoperative in-line slices of T1 hippocampal head and body. d, e, Follow-up T1 MRI demonstrating cavity where
MRIdemonstrating optical fiber inserted in along long axis of hippocampus mesial temporal structures were successfully ablated, aside from the posterior-
and amygdala of patient 6. ¢, T1 post-contrast MRIimmediately after ablation, medial remnant of the hippocampal tail including the FC.
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Left hemisphere Right hemisphere
Extended Data Fig. 8| EEG sampling trajectories for Patient 6 after both hemispheres, not restricted to mesial temporal structures. Contacts of the
amygdalohippocampectomy. a, Reconstruction of sEEG electrode positions posterior hippocampal and temporal electrodes are red, with the FC contact
based on post-operative CT and T1 MRI, with blue arrow pointing to contactin highlighted in blue and the temporal pole electrode highlighted in orange. Blue

FC.Electrode in temporal pole also visible in sagittal scan, noted by orange arrow.  arrow points to left FC, orange arrow points to left temporal pole.
b, Diagram of sEEG electrode positions demonstrating wide sampling across
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Recruitment Patient 1-4 were considered clinically to have TLE of uncertain laterality and precise anatomical origin, while patient 5 was
believed to have an occipital focal cortical dysplasia with subsequent involvement of her mesial temporal lobe. These were
consecutive patients over 4 months undergoing sEEG who 1) met that clinical criteria and 2) had a safe trajectory for
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In contrast, patient 6 was initially among those more straightforward cases, undergoing his first laser
amygdalohippocampectomy prior to any sEEG due to identification as a “skip candidate" from non-invasive studies alone.
After seizure recurrence, however, an sEEG electrode was placed in the FC in the remnant hippocampal tail as part of normal
clinical care, and the FC was found to be his primary seizure source. Since we only have sEEG recordings from after the initial
amygdalohippocampectomy, one should extrapolate that result with care to mTLE patients without a prior intervention.

Per routine clinical protocols in our institution, and research procedures and consents approved by the Stanford institutional

review board (IRB #70482), these patients underwent bilateral stereo-EEG (sEEG) recordings and their data made available
for research purposes.

Ethics oversight Approval for the collection of patient data was provided by the institutional review board at Stanford University (IRB approval
number 70482).
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secondary antibodies are captured in the column, and the highly specific secondaries flow through. The benefits of this extra step are
apparent in multiplexing/multicolor-staining experiments (e.g., flow cytometry) where there is potential cross-reactivity with other
primary antibodies or in tissue/cell fluorescent staining experiments where there are may be the presence of endogenous
immunoglobulins.

Selected references: 1) Xiaowei Sun et al. The endoribonuclease Arlr is required to maintain lipid homeostasis by downregulating
lipolytic genes during aging. Nature Communications, 14 (1), 6254. 2) Margarete M Karg et al. Microglia preserve visual function loss
in the aging retina by supporting retinal pigment epithelial health. Immunity & Ageing : |1 & A, 20 (1), 53. 3) Michelle Carmen Jentzsch
et al. A New Preclinical Model of Retinitis Pigmentosa Due to Pde6g Deficiency. Ophthalmol Sci, 3 (4), 100332.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6 mice (Jackson Labs Strain #664 for Stanford, 12-20 week old) or PCP4-Cre mice (strain #RBRC05662, gift from T. Takemori
and A. Ishige [RIKEN, Japan], 12-24 week old).

Wild animals Study did not involve wild animals.

Reporting on sex While both male and female mice were used in this study, separating data generated from male and female mice would have made

sample sizes too small to draw any meaningful insights or conclusions.

Field-collected samples  Study did not involve samples collected from the field.
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Ethics oversight All experimental protocols were approved by the Administrative Panel on Laboratory Animal Care of Stanford University (Protocol
#30183).




Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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