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Three decades of studies have shown that inhibition of the sub-
stantia nigra pars reticulata (SNpr) attenuates seizures, yet the
circuits mediating this effect remain obscure. SNpr projects to
the deep and intermediate layers of the superior colliculus (DLSC)
and the pedunculopontine nucleus (PPN), but the contributions of
these projections are unknown. To address this gap, we optoge-
netically silenced cell bodies within SNpr, nigrotectal terminals
within DLSC, and nigrotegmental terminals within PPN. Inhibition
of cell bodies in SNpr suppressed generalized seizures evoked by
pentylenetetrazole (PTZ), partial seizures evoked from the fore-
brain, absence seizures evoked by gamma-butyrolactone (GBL),
and audiogenic seizures in genetically epilepsy-prone rats. Strik-
ingly, these effects were fully recapitulated by silencing nigrotec-
tal projections. By contrast, silencing nigrotegmental terminals
reduced only absence seizures and exacerbated seizures evoked
by PTZ. These data underscore the broad-spectrum anticonvulsant
efficacy of this circuit, and demonstrate that specific efferent pro-
jection pathways differentially control different seizure types.
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Brain circuits that exert endogenous seizure-suppressive ef-
fects have been a topic of investigation for over 30 y. One

group of circuits has received particular attention in this regard:
the basal ganglia. While most commonly considered in the
context of posture, movement control, and movement disorders,
discrete nodes of the basal ganglia can also be harnessed to
control seizures in a broad-spectrum, multipotent manner. For
example, inhibition of the substantia nigra pars reticulata (SNpr)
exerts profound antiseizure effects in models of generalized
(both convulsive and absence) and partial seizures (1–10), and a
failure of GABA release in SNpr is associated with seizure sus-
ceptibility in genetically epilepsy-prone rats (GEPRs) (11).
Despite decades of study, the circuit mechanisms by which

SNpr suppresses seizure activity have remained unclear. The
SNpr is a GABAergic projection nucleus with several major
output pathways; thus, inhibition of SNpr leads to disinhibition
of multiple target structures. These output targets include the
thalamus, the deep and intermediate layers of the superior col-
liculus (DLSC), and the pedunculopontine nucleus (PPN) (12–
15). Prior studies using conventional lesion, microinjection, and
electrical recording methods have suggested a role for each of
these target regions in nigra-evoked seizure control (16–18).
However, prenigral hemitransections which sever rostral-going
projections from SNpr to the forebrain do not impair the anti-
convulsant effect of SNpr inhibition. Therefore, we focused on
2 caudal projections: the nigrotectal pathway, terminating in
DLSC, and the nigrotegmental pathway, terminating in PPN.
With conventional microinjection or lesion approaches, it was

impossible to selectively manipulate these highly collateralized
projection pathways; pharmacological methods would inhibit or
disinhibit all of the output pathways of SNpr simultaneously.
Optogenetic approaches to silencing have enabled this dissection.

Here, we sought to address 2 unresolved questions. First, to what
extent does selective silencing of the nigrotectal as compared to the
nigrotegmental pathway recapitulate the effect of silencing SNpr?
Second, are the seizure-suppressive effects of SNpr silencing me-
diated by divergent pathways depending on the seizure type?
We optogenetically silenced either SNpr, nigrotectal, or nigro-

tegmental projections in 4 models of experimental epilepsy in rats:
the gamma-butyrolactone model of absence (thalamocortical)
seizures, pentylenetetrazole (PTZ)-evoked forebrain tonic-clonic
seizures, piriform cortex-evoked limbic seizures, and brainstem
tonic-clonic seizures in the GEPRs. The human epilepsies are
diverse and present with a variety of seizure types; these models
were selected to each reflect a different type of seizure seen in the
epilepsies, providing a measure of whether our manipulations are
seizure type-specific or more generally effective against seizures
writ large. Optogenetic inhibition of SNpr suppressed seizures in
all models, and, strikingly, these effects were completely re-
capitulated by selective silencing of the nigrotectal projection. By
contrast, inhibition of nigrotegmental projections was effective
only against absence seizures and, conversely, exacerbated seizures
evoked by PTZ.

Results
We microinjected rAAV8-CAG-ArchT-GFP coding for the in-
hibitory opsin, ArchT, into SNpr of wild-type Sprague–Dawley
(SD) rats. To verify optogenetic silencing, we performed multiunit
recordings in anesthetized rats. Neurons in SNpr displayed tonic
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baseline firing, which was suppressed by light delivery (Fig. 1A).
Optogenetic silencing of nigrotectal terminals disinhibited neu-
rons in DLSC, resulting in burst firing during light delivery (Fig.
1B). In both cases, moving the optrode 1.5 mm dorsal from the site
of virus injection eliminated optogenetic modulation of neuronal
activity. This is in keeping with the modeled decay in power with
increasing distance from the tip of the fiber (19, 20), which sug-
gests that we were inhibiting neurons and terminals within a cone
of tissue extending ∼1 mm radially from the tip and ∼1 to 1.5 mm
below the fiber tip. With our fiber placed 0.2 mm dorsal to SNpr at
its approximate midpoint in the rostrocaudal and mediolateral
planes, we were thus positioned to deliver light to approximately
half of the structure. The light delivery parameters we employed
for DLSC mirror those we had previously used for optogenetic
activation experiments (21). While we did not record from DLSC
while inhibiting cell bodies in SNpr, our data inhibiting nigrotectal
terminals within DLSC are in keeping with the well-described
functional architecture of nigrotectal pathways, best described in
the context of saccadic eye movements (22–24), i.e., suppression of
activity in SNpr disinhibits DLSC.
For these and all other experiments, we verified viral expres-

sion by immunofluorescence. Fiber optic placement was verified
by damage associated with the fiber optic (Fig. 1 C–G). For
experiments using transgenic (GAD-Cre) rats, we verified the
selectivity of the Cre-driver line by immunofluorescence (Fig. 1H).
We counted 58 fields through SNpr (range, 4 to 10 per rat) of 7
GAD-Cre rats injected with AAV-Cre-GFP and found an 83.5%
colocalization between anti-GAD67 immunofluorescence and
GFP positivity. In GAD-Cre rats, we observed minimal retrograde
uptake of the virus (i.e., cell bodies were not seen in the striatum).
In wild-type rats, we observed both terminals in the striatum
(consistent with viral infection of adjacent substantia nigra pars
compacta dopamine neurons) and some labeled somata, indicating
retrograde uptake of the virus after injection into SNpr.

Inhibition of SNpr or Nigrotectal Projections Suppresses PTZ-Evoked
Seizures.We next examined the ability of optogenetic silencing of
SNpr cell bodies to attenuate seizures. We first turned to sei-
zures evoked by systemic injection of PTZ. PTZ is a model of
generalized seizures with multifocal onset and evokes both
forebrain (clonic) and hindbrain (tonic) activity similar to that
seen in human secondarily generalized seizures. PTZ adminis-
tration, in the absence of light delivery, triggered behavioral and
electrographic seizures in rats characterized by bilateral forelimb
clonus followed by rearing. When the same rats were tested with
unmodulated 532-nm light delivery, the median seizure score was
significantly decreased, and was primarily characterized by bi-
lateral forelimb clonus (Wilcoxon sign-rank test, P = 0.047; Fig.
2A). We next examined a reduced light delivery paradigm at 100 Hz
(50% duty cycle); as with unmodulated light delivery, 100 Hz
light significantly attenuated the severity of PTZ-evoked seizures
(Wilcoxon sign-rank test, P = 0.0024; Fig. 2A).
The latency to first myoclonic jerk did not vary as a function of

treatment for either unmodulated light (paired t test, t = 0.8347,
P = 0.4281; Fig. 2B) or 100-Hz light delivery (paired t test, t =
0.3282, P = 0.7489; Fig. 2B). In available, artifact-free electro-
graphic recordings, the durations of fast ictal activity were 111.7 s
without light delivery and 64.04 s with light delivery. Duration
decreased in 4 of 4 animals, but did not reach the level of sta-
tistical significance (paired t test, t = 1.979, df = 4, P = 0.1189; SI
Appendix, Fig. S1A).
To control for off-target effects of light delivery (e.g., heating

artifacts), we tested rats injected with a control vector (rAAV-
CAG-GFP). Light delivery in these rats had no effect on seizure
severity (P = 0.1094, Wilcoxon test; Fig. 2C), latency to first
myoclonic jerk (paired t test, t = 1.829, P = 0.0947; Fig. 2D), or
duration of electrographic activity (paired t test, t = 0.06432, df = 4,
P = 0.9512; SI Appendix, Fig. S1B), thus confirming the specificity

of our manipulation (Fig. 2 A and B). The suppression in seizure
activity observed in active-vector SD rats was evident both be-
haviorally (Fig. 2A) and electrographically (Fig. 2G vs. Fig. 2H). In
the absence of light delivery, PTZ administration resulted in high-
amplitude, fast ictal discharges on the cortical EEG (Fig. 2G); by
contrast, in the presence of light delivery, this activity was reduced
to short bursts (Fig. 2H).
From a clinical neurostimulation standpoint, reduced duty cycle

offers advantages such as prolonged battery life. Moreover, re-
duced total integrated light delivered minimizes concerns re-
garding heating and tissue damage with optogenetics. To
determine if a strategy that used minimal light delivery would also
be effective, we injected wild-type SD rats with a step-waveform
inhibitory channelrhodopsin (rAAVDJ-hSyn-SwiChR-eYFP) into
SNpr. This opsin is an anion-conducting variant of channelrho-
dopsin with slow off-rate kinetics, allowing brief pulses of blue
light to trigger sustained neuronal hyperpolarization (25). We
applied 0.2 Hz light stimulation, and, as with our other experi-
ments, detected a significant decrease in seizure severity without
alterations in latency to first myoclonic jerk compared within
subject to no-light-delivery sessions (SI Appendix, Fig. S2).
The substantia nigra contains both GABAergic neurons in SNpr

and dopaminergic neurons in the SNpc. However, the nigrotectal
and nigrotegmental pathways are comprised exclusively of
GABAergic neurons; thus, terminal-restricted illumination would
impact only GABAergic projections. To confirm that our effects
were due to selective silencing of SNpr GABAergic neurons, and
because our CAG promoter did not confer selectivity to one
population or the other, we next turned to a transgenic rat strategy.
We injected GAD-Cre transgenic Long–Evans (LE) rats with

rAAV8-FLEX-ArchT-tdTomato to selectively express ArchT in
GABA neurons of SNpr. When challenged with PTZ in the
absence of light delivery, rats displayed a median seizure score of
3.5, which was significantly reduced by the 100-Hz light delivery
(P = 0.0078, Wilcoxon paired sign-rank test; Fig. 2E). The du-
ration of electrographic fast ictal activity was significantly de-
creased following light delivery as compared to the no-light
session (paired t test, t = 4.418, df = 6, P = 0.0045; SI Appendix,
Fig. S1C). As with the other conditions, light delivery did not
affect latency to first myoclonic jerk (paired t test, t = 0.9545, P =
0.3678; Fig. 2F). These results mirror our findings in the wild-
type rats using the CAG promoter and confirm that selective
silencing of GABAergic neurons within SNpr is sufficient to
attenuate seizure activity. This is consistent with prior sugges-
tions that SNpr, and not the adjacent SNpc dopamine neurons,
are required for anticonvulsant effects (26).
We have previously shown that optogenetic activation of

DLSC is potently anticonvulsant (21). Because inhibition of
SNpr disinhibits DLSC, we hypothesized that DLSC would be a
prime candidate for mediating the anticonvulsant effects of
nigral inhibition. To test this hypothesis, we injected wild-type
SD and GAD-Cre LE rats with AAV encoding ArchT in SNpr,
and placed fiber optics in the nigrotectal terminal fields within
DLSC. Following PTZ administration and in the absence of light
delivery, wild-type rats displayed a median seizure score of 5,
corresponding to bilateral forelimb clonus, rearing, and loss of
balance; the severity of seizures was significantly attenuated by
unmodulated light delivery (Wilcoxon test, P = 0.0039; Fig. 2I).
Similarly, 100-Hz light delivery to DLSC significantly suppressed
seizure activity (Wilcoxon test, P = 0.0039; Fig. 2I). Neither
unmodulated nor 100-Hz light delivery affected the latency to
first myoclonic jerk (paired t test, t = 0.6661, P = 0.5221; t =
0.8549, P = 0.4148, respectively; Fig. 2J). In 4 rats, we quantified
the duration of fast ictal electrographic discharge. In all 4, the
discharge duration was numerically decreased, and, in 3 of the 4,
it was nearly abolished. However, due to the limited sample size,
this analysis did not reach the level of statistical significance
(paired t test, t = 1.84, df = 3, P = 0.1630; SI Appendix, Fig. S1D).
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Fig. 1. Electrophysiological and histological verification of opsins in the SNpr and its tectal and tegmental terminals. (A) Unit activity within SNpr. Green bars
indicate optogenetic inhibition, which decreased in unit activity. (B) Unit activity within DLSC. Green bars indicate optogenetic inhibition of the nigrotectal
terminals, which increased activity within DLSC. (C) Coronal section through SNpr and DLSC. Red indicates tdTomato fluorescence from the virus. Box indicates
expanded view showing terminals in DLSC in D. (E) Coronal section through PPN. Box indicates expanded view showing terminals in F. (G) Parasagittal
montage showing expression of GFP reporter in a GAD-Cre rat. Dense fluorescence is evident in SNpr, with fibers extending to known projections sites (DLSC,
PPN, thalamus). Dotted lines outline structures of interest. (H) GFP+ cells (Left), anti-GAD immunofluorescence (Middle), and overlay (Right) showing that the
majority of GFP+ cells colocalize with GAD. Solid arrowhead indicates a GAD−/GFP+ cell, open arrowheads indicate representative GAD+/GFP+ cells. PAG,
periaqueductal gray; MG, medial geniculate nucleus; cp, cerebral peduncle; IC, inferior colliculus; Sup. SC, superficial layers of SC; s.c.p., superior cerebellar
peduncle; PPN, pedunculopontine nucleus; Thal, thalamus. (Scale bars: C, E, and G, 1 mm; F and D, 330 μm; H, 25 μm.)
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Seizure-suppressive effects were absent in rats injected with a
control (rAAV8-CAG-GFP) virus and subjected to light delivery
into DLSC (Wilcoxon sign-rank test, P = 0.6445; Fig. 2K). There
were also no effects on latency to myoclonic jerk (paired t test,
t = 0.6042, df = 11, P = 0.5580; Fig. 2L) or electrographic seizure
duration (paired t test, t = 0.6334, df = 5, P = 0.5543; SI Ap-
pendix, Fig. S1E). We again confirmed the selectivity of this
manipulation in GAD-Cre rats. In the absence of light delivery,

PTZ triggered seizures with a median score of 4.5; the severity of
the seizures was significantly reduced by 100-Hz light delivery
(Wilcoxon sign-rank test, P = 0.0078; Fig. 2M). The duration of
fast ictal electrographic discharge was significantly decreased fol-
lowing light delivery in the GAD-Cre rats (paired t test, t = 7.314,
df = 3, P = 0.0053; SI Appendix, Fig. S1F). Latency to first myo-
clonic jerk did not differ as a function of treatment (paired t test,
t = 0.6481, P = 0.5376; Fig. 2N). As with silencing of cell bodies in

Fig. 2. Optogenetic silencing of SNpr or nigrotectal terminals reduces PTZ seizures, while optogenetic silencing of nigrotegmental terminals worsens PTZ seizures.
Optogenetic silencing of cell bodies within SNpr, with either unmodulated or 100-Hz light delivery, reduces the severity of PTZ-evoked seizures (A) without
impacting latency (B). In opsin-negative rats, light delivery was without effect (C and D). Optogenetic inhibition of GABAergic neurons in SNpr suppressed seizure
severity (E) without affecting latency (F). Representative electrographic responses from a rat without (G) and with (H) optogenetic inhibition of SNpr. Red boxes
indicate expanded view in W and X. (I) Optogenetic silencing of nigrotectal terminals reduced seizure severity, but not (J) latency to seizure. Light delivery to
nigrotectal terminals was without effect in opsin-negative rats (K and L). Inhibition of GABAergic nigrotectal terminals reduced seizure severity (M) without
affecting latency (N). Antiseizure effects obtained by silencing nigrotectal projections were evident both behaviorally and electrographically (O, without opto-
genetic silencing; P, with optogenetic silencing). Optogenetic silencing of nigrotegmental terminals increased seizure severity (Q) without effect on latency (R). In
opsin-negative rats, light delivery was without effect on seizure severity (S), latency (T), or electrographic activity (U and V). (W and X) Expanded view of the
segments indicated by the red boxes in G and H, respectively. Bars indicate means, with individual animal data indicated by circles and lines (*P < 0.05, **P < 0.01).
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SNpr, silencing of nigrotectal terminals was associated with a
suppression of both behavioral seizures (Fig. 2 I and M) and
electrographic seizures (Fig. 2 O and P). A representative elec-
trographic recording from a wild-type rat expressing ArchT shows
the baseline response to PTZ, with multiple high-amplitude, fast
ictal discharges (Fig. 2O). In the same subject, light delivery to
nigrotectal terminals, present throughout the observation period,
reduced electrographic discharges evoked by PTZ (Fig. 2P).
The other major caudal GABAergic projection from SNpr

terminates in the pedunculopontine nucleus (PPN). Prior studies
have reported that pharmacological activation of PPN can atten-
uate seizures (16, 18, 27). As with DLSC, silencing SNpr is
expected to disinhibit PPN. Thus, to determine if the projection
from SNpr to PPN was sufficient to prevent PTZ-evoked seizures,
we injected wild-type (SD) rats with rAAV8-CAG-ArchT-GFP
into SNpr and placed a fiber optic in the nigrotegmental termi-
nal fields in PPN. Based on prior studies using unmodulated and
100-Hz light delivery, we focused on the use of 100-Hz light de-
livery for this experiment. PTZ, in the absence of light delivery,
produced clonus equivalent to that which we observed in the other
PTZ-treated groups, with a median score of 3.5. When the same
rats were tested with 100-Hz delivery of 532-nm light, seizure se-
verity score was significantly increased (Wilcoxon paired sign-rank
test, P = 0.0312; Fig. 2Q), without a change in latency to the first
myoclonic jerk (paired t test, t = 1.704, P = 0.1392; Fig. 2R). The
duration of electrographic ictal activity did not differ between light
and no-light delivery conditions. Of the 5 animals, 2 showed an
increase in discharge duration, 2 were unchanged, and 1 decreased
(paired t test, t = 0.2850, P = 0.7898; SI Appendix, Fig. S1C). Light
delivery was without effect in animals injected with control virus
(rAAV8-CAG-GFP) and tested with 100 Hz light (Wilcoxon
paired sign-rank, P = 0.75; Fig. 2S). Light delivery was without
effect on latency to seizure onset (paired t test, t = 0.4758, P =
0.6543; Fig. 2T) or electrographic seizure duration (paired t test,
t = 0.02516, df = 6, P = 0.9807; SI Appendix, Fig. S1H) in control
animals. Thus, inhibition of the nigrotegmental projections from
SNpr to PPN exacerbated seizures evoked by PTZ, a profile
markedly different from that observed with silencing of either cell
bodies within SNpr or nigrotectal terminals in DLSC.
We interpret, with caution, the duration of electrographic ac-

tivity after PTZ administration for the following reasons: 1) PTZ
produces multiple forms of electrographic discharge, ranging from
spike-and-wave to fast ictal responses; 2) a shorter duration of
electrographic activity, when coupled with a severe behavioral
seizure (tonic seizure) may be explained by postictal depression;
and 3) conversely, brief electrographic seizures associated with less
severe behavioral seizure (myoclonic jerk, clonic seizure) may sum
over a session to produce larger electrographic burden as com-
pared to more severe behavioral seizures. However, in sum, the
behavioral and electrographic data produce a consistent profile in
the PTZ model: inhibition of SNpr or its projections to DLSC, but
not to PPN, suppresses seizure activity.

Inhibition of SNpr or Nigrotectal Projections Suppresses Area
Tempestas-Evoked Seizures. We next sought to determine if the
same profile of anticonvulsant effects would be evident in a model
of temporal lobe seizures evoked from area tempestas (AT), an
ictogenic trigger zone located in the anterior piriform cortex (28,
29). Picomole administration of GABA-A receptor antagonist
(bicuculline methiodide) into AT triggers recurrent clonic seizures
over ∼1 h. Therefore, we examined both the severity and the
number of seizures. As with PTZ, rats were tested within-subject
in a counterbalanced manner in the absence of light delivery or
with either unmodulated or 100-Hz delivery of 532-nm light.
We placed a cannula in AT, injected rAAV8-CAG-ArchT-

GFP in SNpr, and implanted fiber optics above SNpr in wild-type
rats. In the absence of light delivery, infusion of bicuculline into
AT triggered multiple seizures over the course of a 1-h obser-

vation period. The median severity of these seizures was a score
of 4, corresponding to bilateral forelimb clonus and rearing.
Unmodulated light delivery significantly reduced behavioral
seizure severity to a median seizure score of 0.5, which correlates
to facial/jaw clonus (Wilcoxon sign-rank test, P = 0.0010; Fig.
3A). Similarly, 100-Hz light delivery significantly reduced the
behavioral seizure severity from a median score of 4 to a median
score of 1 (corresponding to myoclonic jerks; Wilcoxon sign-rank
test, P = 0.002; Fig. 3A). Concurrent with a reduction in the
severity of seizures, we found that optogenetic silencing with
either unmodulated light (Wilcoxon sign-rank, P = 0.0039) or
100-Hz light delivery (Wilcoxon sign-rank, P = 0.0211) signifi-
cantly reduced the number of seizure episodes observed during
the observation period (Fig. 3B). The anticonvulsant effect of
this manipulation was evident both behaviorally and electro-
graphically. Electrographic seizure activity was abolished in all
animals analyzed (SI Appendix, Fig. S3A). Under baseline con-
ditions, multiple high-amplitude, fast ictal events were observed
on the cortical EEG (Fig. 3E); in the presence of light delivery,
this was completely abolished, with only isolated interictal spikes
observed (Fig. 3F).
These seizure-suppressive effects of light delivery were not seen

in animals injected with control virus (rAAV8-CAG-GFP) and
tested with 100-Hz light delivery (Wilcoxon paired sign-rank test,
P = 0.50; Fig. 3 C and D). Light delivery also had no effect on the
number of episodes observed during the observation period
(Wilcoxon paired sign-rank test, P > 0.99; Fig. 3D). In control
animals, the total electrographic ictal duration did not differ with
light as compared to no light delivery (SI Appendix, Fig. S3B).
To determine if nigrotectal projections also restrained seizures

evoked from the piriform cortex, we injected rAAV8-CAG-
ArchT-GFP in SNpr and implanted fiber optics in DLSC of wild-
type SD rats. In the absence of light delivery, bicuculline injection
into AT evoked seizures characterized by bilateral forelimb clonus
and rearing (median score, 4). Delivery of either unmodulated or
100-Hz modulated 532-nm light significantly reduced seizure
severity (Wilcoxon sign-rank test, P = 0.0039 and P = 0.0312,
respectively; Fig. 3G) and electrographic seizure activity (Fig.
3 K and L). Consistent with the anticonvulsant effect, the num-
ber of behavioral seizures observed during the 1-h observation
window was reduced by both light delivery paradigms (P = 0.0078
and P = 0.0312 for unmodulated and 100-Hz light delivery, re-
spectively; Fig. 3H). In the absence of light delivery, there was an
average of 120 s of fast ictal electrographic activity. Light de-
livery abolished fast ictal activity in all animals analyzed, but did
not reach the level of statistical significance (paired t test, t =
2.429, P = 0.0934; SI Appendix, Fig. S3C). This effect mirrored
that observed with silencing cell bodies within SNpr, suggesting
that silencing the projections from SNpr to DLSC is sufficient to
account for the antiseizure effects of SNpr inhibition in this
model. In animals injected with control virus (rAAV8-CAG-
GFP), neither seizure severity (Wilcoxon paired sign-rank test,
P > 0.99; Fig. 3I), number of seizures (Wilcoxon paired sign-rank
test, P = 0.50; Fig. 3J), nor electrographic seizure duration dif-
fered (paired t test, t = 1.673, df = 4, P = 0.1696; SI Appendix,
Fig. S3D) as a function of light delivery (100 Hz).
We next injected rAAV8-CAG-ArchT-GFP in SNpr, and

placed fiber optics in PPN of wild-type SD rats. In the absence of
light delivery, rats displayed seizures characterized by forelimb
clonus and rearing. Unlike the anticonvulsant effect we observed
following selective silencing of cell bodies in SNpr or nigrotectal
projections, inhibition of nigrotegmental projections did not af-
fect behavioral seizure severity (Wilcoxon paired sign-rank test,
P = 0.50; Fig. 3M), number of seizure episodes (Wilcoxon paired
sign-rank test, P = 0.6875; Fig. 3N), or the pattern of electrographic
activity (Fig. 3 O and P). Similarly, the duration of ictal activity also
did not differ between light and no-light delivery conditions (paired
t test, t = 0.8053, P = 0.4658; SI Appendix, Fig. S3E).
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Inhibition of SNpr or Nigrotectal Projections Suppresses Seizures
in Genetically Epilepsy-Prone Rats. The GEPR-3s are a well-
established model of genetic reflex epilepsy (30, 31). Seizures in
these rats are triggered by acoustic stimulation and consist of
wild running developing into bouncing generalized tonic-clonic
seizures (clonus) and tonic extension of both forelimbs and
hindlimbs (tonus). The networks mediating these audiogenic
seizures (AGSs) are localized to the brainstem and reflect the

networks mediating tonic components of generalized tonic-
clonic seizures.
We injected GEPR-3s with rAAV8-CAG-ArchT-GFP in SNpr

and implanted fiber optics in either SNpr, DLSC, or PPN. In the
absence of light delivery, GEPR-3s displayed wild running seizures
and clonus. Inhibition of cell bodies within SNpr with 100-Hz light
delivery significantly reduced the severity of AGSs (Wilcoxon test,
P = 0.0312; Fig. 4A), as well as the duration of AGSs (Wilcoxon

Fig. 3. Optogenetic silencing of SNpr or nigrotectal terminals, but not nigrotegmental terminals, suppresses area tempestas-evoked seizures. (A) Optogenetic
inhibition of cell bodies within SNpr reduced the severity of seizures evoked by bicuculline injection. (B) The number of seizures were also reduced by optogenetic
inhibition of SNpr. (C and D) These effects were not seen in opsin-negative rats. (E and F) Electrographic trace without and with light delivery to SNpr. (G)
Optogenetic inhibition of nigrotectal terminals reduced behavioral seizure severity and (H) numbers of seizures. In opsin-negative rats, light delivery was without
effect on (I) seizure severity or (J) latency. (K and L) Optogenetic inhibition of SNpr attenuates electrographic seizures (K, no light delivery vs. L, optogenetic in-
hibition); red box indicates expanded view inQ. (M andN) Optogenetic inhibition of nigrotegmental projections does not protect against AT-evoked behavioral or
(O and P) electrographic (O, no light vs. P, optogenetic inhibition) seizures. (Q) Expanded view of the discharge indicated in K showing high-amplitude repetitive
spike and poly-spike and wave discharge. Bars indicate means, with individual animal data indicated by circles and lines (*P < 0.05, **P < 0.01, and ***P < 0.001).
BIC = microinfusion of bicuculline methiodide.
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sign-rank test, P = 0.0156; Fig. 4B). Moreover, the latency to
seizure onset was significantly increased by this treatment (Wilcoxon
sign-rank test, P = 0.0469; Fig. 4C). We detected a similar profile
of anticonvulsant action when we stimulated the nigrotectal
terminals in DLSC: seizure score (Wilcoxon sign-rank test, P =
0.01256; Fig. 4D) and seizure duration (Wilcoxon test, P =
0.0068; Fig. 4E) were significantly decreased. Latency to seizure
onset, while numerically higher with light delivery, did not reach
the level of statistical significance (Wilcoxon sign-rank, P =
0.0859; Fig. 4F). Thus, as with the other models, silencing
nigrotectal projections protected against seizures in a manner
similar to that observed with silencing cell bodies within SNpr. In
contrast to the seizure-suppressive effect of nigrotectal inhibi-
tion, optogenetic silencing of the nigrotegmental pathway was
without effect on AGSs in the GEPR-3s. Light delivery did not
modulate AGS severity (Wilcoxon paired sign-rank test, P =
0.50; Fig. 4G), duration (Wilcoxon test, P = 0.50; Fig. 4H), or
latency (Wilcoxon sign-rank, P = 0.7344; Fig. 4I). Due to the lim-
ited availability of this strain, we were unable to evaluate the effects
of light delivery in opsin-negative animals, but, given the consistent
lack of effect in opsin-negative animals in the other models (as
described here earlier and later), we are confident in the specificity
of our manipulation.

Inhibition of SNpr, Nigrotectal, or Nigrotegmental Projections
Suppresses Absence-Like Seizures. Having found that inhibition
of SNpr was effective against seizures evoked in both limbic
forebrain networks and hindbrain networks, we next sought to
determine the effect of SNpr and its targets against seizures
evoked in a thalamocortical network. For this purpose, we se-
lected the gamma-butyrolactone (GBL) model of absence sei-
zures. GBL is a prodrug for gamma-hydroxybutyrate and produces
reliable discharges in mice, rats, monkeys, and humans (32–34).
Seizures in this model rely on the canonical corticothalamocortical
circuit that underlies absence seizures in humans. As in human
absence epilepsy, the primary feature of GBL-induced seizures is
repetitive spike-and-wave discharges (SWDs).
We injected rAAV8-CAG-ArchT-GFP into SNpr of wild-type

SD rats or AAV8-FLEX-ArchT-tdTomato or AAV8-FLEX-
ArchT-GFP into SNpr of GAD-Cre transgenic rats. We placed
fibers in SNpr, the nigrotectal terminal fields within DLSC, or the
nigrotegmental terminal fields within PPN.
After injection of GBL, SWDs emerge within minutes; these

discharges display a high-amplitude, crescendo-decrescendo pat-
tern (Fig. 5V). In the absence of light delivery, SD rats expressing
ArchT in SNpr displayed SWDs for an average of 27.2% of the
20-min observation period. Both unmodulated and 100-Hz light
delivery to cell bodies in SNpr significantly reduced the seizure
burden (ANOVA, F2.205,9.639 = 18.84, P = 0.0012; Fig. 5A). With
unmodulated light delivery, rats displayed SWDs for an average of
5.6% of the session (P = 0.0027; Holm–Sidak corrected). When
tested with 100-Hz light delivery, rats displayed SWDs for an av-
erage of 8.0% of the session (P = 0.0032, Holm–Sidak corrected).
Paralleling the reduction in total duration of SWDs, we also

observed a reduction in the number of SWDs (Friedman test,
X2 = 14, P = 0.0002; Fig. 5B). In the absence of light stimulation,
rats displayed an average of 74.3 SWDs per session; the number
of SWDs per session was reduced by either unmodulated (20.4
SWDs; P = 0.0008, Dunn’s test) or 100-Hz light delivery (29.4
SWDs; Holm–Sidak corrected P = 0.0094, Dunn’s test). In ani-
mals injected with control virus (rAAV8-CAG-GFP), there was
no difference in total duration of SWDs (paired t test, t = 0.8032,
P = 0.4669; Fig. 5C) or the number of SWDs per session
(Wilcoxon paired sign-rank test, P = 0.3125; Fig. 5D) as a function
of light delivery.
As with the PTZ model, we sought to determine if a step-

function opsin approach would be effective against GBL-evoked
seizures (SI Appendix, Fig. S4). We found a significant decrease
in the percentage of the session displaying SWDs (paired t test,
t = 2.8, df = 8, P = 0.0231) and the total number of SWDs
(Wilcoxon sign-rank test, P = 0.0039).
To determine if the same effects would be seen when selec-

tively targeting GABA neurons, we injected AAV8-FLEX-ArchT-
tdTomato into SNpr of GAD-Cre rats. In the absence of light
delivery, rats displayed SWDs for 21.7% of the session (Fig. 5E).
This was significantly reduced by 100-Hz light delivery (11.1% of
the session; paired t test, t = 4.692, P = 0.0022; Fig. 5E). Under
baseline conditions, rats had an average of 54.6 SWDs, which was
reduced to 31.0 SWDs following 100-Hz light delivery (Wilcoxon
paired sign-rank test, P = 0.0234; Fig. 5F). Representative EEG
traces from a Sprague–Dawley rat are shown in Fig. 5G, and
representative traces from a GAD-Cre rat are shown in Fig. 5H. In
both cases, the number of SWDs was reduced. Interestingly, the
effect of stimulation, while significant and present in every animal
tested, was less robust in the GAD-Cre rats. This may be due to
the genetic background of this strain; the GAD-Cre transgenic line
was developed on a Long–Evans background, and Long–Evans
rats display a heightened propensity for GBL-evoked SWDs as
well as spontaneous SWDs (32, 35).
We next examined the ability of selective silencing of nigro-

tectal projections to reduce SWDs. In the absence of light de-
livery, GBL treatment resulted in an average of 18.1% of the

Fig. 4. Optogenetic silencing of SNpr or nigrotectal terminals, but not
nigrotegmental terminals, suppresses seizures in GEPR-3 rats. Optogenetic
inhibition of cell bodies within SNpr reduces AGS (A) severity, (B) duration,
and (C) latency to AGS onset. Similarly, optogenetic inhibition of nigrotectal
terminals reduces AGS (D) severity, (E) duration, and (F) latency to AGS
onset. Optogenetic inhibition of nigrotegmental projections was without
effect on AGS (G) severity, (H) duration, or (I) latency. Bars indicate means,
with individual animal data indicated by circles and lines (*P < 0.05).

27090 | www.pnas.org/cgi/doi/10.1073/pnas.1908176117 Wicker et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908176117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1908176117


session spent displaying SWDs. Light delivery significantly reduced
the percentage of the session displaying SWDs (ANOVA, F1.66,8.3 =
6.185, P = 0.0261). This effect was present for both unmodulated
light delivery to DLSC (7.8% of the session; P = 0.0399, Holm–

Sidak; Fig. 5I) as well as 100-Hz light delivery to DLSC (3.2%; P =
0.0399, Holm–Sidak corrected; Fig. 5I). Consistent with the re-
duction in the percentage of the session displaying SWDs, we also
detected a significant difference in the number of SWDs following

Fig. 5. Optogenetic silencing of SNpr, nigrotectal, or nigrotegmental terminals attenuates spike-and-wave discharge evoked by GBL. Optogenetic silencing of cell
bodies in SNpr significantly reduces (A) the percentage of the session showing SWD and (B) the number of SWDs. In opsin-negative rats, light delivery to SNpr was
without effect on (C) percentage of session displaying SWD or (D) number of SWDs. (E) Selective optogenetic silencing of GABAergic neurons in SNpr reduces the
percentage of session showing SWD and (F) number of SWDs. (G) Representative EEG from a rat injected with AAV-CAG-ArchT-GFP in SNpr. Top (black) trace shows
GBL-evoked seizures with no light delivery, middle trace shows unmodulated light delivery, and bottom trace shows 100-Hz light delivery with GBL. Optogenetic
manipulations suppressed high-amplitude discharges. (H) Representative EEG from a GAD-Cre rat injected with AAV-FLEX-ArchT-tdTomato. Top (black) trace shows
GBL-evoked seizures with no light delivery; bottom trace shows a reduction in high-amplitude discharges when the rat received 100-Hz light delivery. Optogenetic
silencing of nigrotectal terminals suppresses (I) percentage of session displaying SWD and (J) number of SWDs. In opsin-negative rats, light delivery to DLSC was without
effect on (K) percentage of session displaying SWD or (L) number of SWDs per session. Selective optogenetic silencing of GABAergic terminals reduced (M) percentage
of session displaying SWD and (N) number of SWDs. (O) Representative EEG from a rat injected with AAV-CAG-ArchT-GFP in SNpr with light delivered to DLSC. Top
(black) trace, GBL-evoked seizures with no light delivery; middle trace, unmodulated light delivery with GBL; and bottom trace, 100-Hz light delivery. Red box
indicates the section expanded in V. (P) Representative EEG from a GAD-Cre rat injected with AAV-FLEX-ArchT-tdTomato. Top (black) trace, GBL-evoked seizures
with no light delivery; bottom trace, 100-Hz light delivery. Optogenetic silencing of nigrotegmental terminals reduced (Q) percentage of session displaying SWD
and (R) number of SWDs. In opsin-negative rats, light delivery to PPN was without effect on (S) percentage of session displaying SWD or (T) number of SWDs. (U)
Electrographic suppression of SWDs by inhibition of nigrotegmental terminals. (V) Expanded view from O showing repeated spike-and-wave discharge with the
typical crescendo-decrescendo pattern observed for absence-like seizures in rodents. Red box indicates a single discharge shown with an expanded timescale
above V. For A–T, bars indicate means, with individual animal data indicated by circles and lines (̂ P = 0.0625, *P < 0.05, **P < 0.01, and ***P < 0.001).
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inhibition of the nigrotectal projections (Friedman test, X2 =
9.478, P = 0.0054; Fig. 5J). This reached the level of statistical
significance for both unmodulated (P = 0.0283, Dunn’s test) and
100-Hz light delivery (P = 0.0122, Dunn’s test). In animals injected
with control virus (rAAV8-CAG-GFP) and tested with 100-Hz
light delivery, there was no difference in percent duration of
SWDs (paired t test, t = 0.5092, P = 0.6323; Fig. 5K) or the
number of SWDs per session (Wilcoxon paired sign-rank test, P =
0.6875; Fig. 5L).
We again verified our findings in GAD-Cre transgenic rats. In

the absence of light delivery, rats displayed an average of 18.3% of
the session with SWD, which was significantly reduced to 12.4%
during 100-Hz light stimulation trials (paired t test, t = 3.112, P =
0.0170; Fig. 5M). This was associated with a nonsignificant trend
toward a decrease in the number of SWDs (55.6 vs. 40.8; Wilcoxon
test, P = 0.0625, Fig. 5N); the number of discharges was numeri-
cally decreased in 7 of 8 of the rats tested. Representative elec-
trographic traces from a wild-type (SD rat) and a GAD-Cre
transgenic animal are shown in Fig. 5 O and P, respectively.
Finally, we evaluated the impact of selective silencing of

nigrotegmental projections on GBL-evoked SWDs. Whereas si-
lencing of nigrotegmental projections exacerbated seizures in the
PTZ model, it had no effect on seizures in the AT and GEPR
models, and significantly attenuated GBL-evoked SWDs. This
was evident in both the percentage of time within the session the
rats displayed SWDs between conditions (paired t test, t = 4.1,
df = 6, P = 0.0063; 16.3% vs. 3.1% for no light and 100-Hz light
delivery, respectively; Fig. 5Q) and the number of SWDs (Wilcoxon
test, P = 0.0156; Fig. 5R). These effects were not seen in animals
injected with control virus (rAAV8-CAG-GFP) tested with 100-Hz
light delivery. In these animals, neither the percent duration
of SWDs (paired t test, t = 0.1510, P = 0.8859; Fig. 5S) nor the
number of SWDs per session (Wilcoxon paired sign-rank test,
P = 0.6875; Fig. 5T) differed as a function of light delivery.
Representative electrographic traces from a Sprague–Dawley rat
with nigrotegmental targeting are shown in Fig. 5U.

Discussion
Here we report that optogenetic inhibition of SNpr exerts potent
control over seizure activity in 4 animal models of seizures, in-
cluding 1) the PTZ model of secondarily generalized convulsive
seizures, 2) the AT model of complex partial seizures evoked in
the forebrain, 3) brainstem generalized tonic-clonic seizures in
the GEPR-3 (a model of inherited epilepsy), and 4) the GBL
model of absence (thalamocortical) seizures. The efficacy of this
manipulation across diverse seizure types underscores the power
of this approach; nigral inhibition exerts broad-spectrum anti-
seizure action. This finding may have a significant translational
implication for individuals with unknown or multifocal sites of
seizure onset or multiple seizure types; inhibiting SNpr may be a
particularly attractive approach for seizure suppression.
While the efficacy of inhibition of SNpr against seizures has

been known since the 1980s, the circuit-level mechanisms have
remained poorly defined. Here we show, strikingly, that the full
spectrum of antiseizure effects achieved by silencing cell bodies
in SNpr can be recapitulated by selective inhibition of projec-
tions from SNpr to the deep and intermediate layers of the su-
perior colliculus (DLSC). By contrast, selective inhibition of
projections from SNpr to the pedunculopontine nucleus (PPN)
produced mixed results: absence seizures were reduced by this
treatment, PTZ-evoked seizures were exacerbated by this treat-
ment, and seizures evoked from AT or AGSs in GEPR-3 rats
were unaffected by this treatment.
Our present findings on the effects of inhibition of SNpr using

optogenetic manipulations reinforce the findings of many prior
studies that used focal pharmacological manipulations across a
wide number of seizure models (1, 5, 7, 8, 10, 17, 18, 36, 37). Our
findings differ from a prior report in the Wistar Audiogenic Rat

(WAR) model, in which pharmacological inhibition of SNpr
failed to suppress AGS (38), but are consistent with the effects of
pharmacological inhibition of SNpr in GEPR-9 rats (39).
Moreover, by selectively targeting GABA neurons within SNpr,
we avoided issues associated with drug diffusion and potential
impacts on the adjacent SNpc that limited the interpretation of
some of the prior microinjection experiments. The major gap
that we sought to address, however, was the role of nigral output
pathways. The SNpr has several major targets, including thala-
mus, PPN, and DLSC. Of these targets, DLSC has been exam-
ined most thoroughly for its effects on seizure control.
Transient disinhibition of DLSC induced by physiological

pausing of nigral firing is vital for the control of immediate re-
actions to unexpected stimuli, including control of gaze and eye
movements; this disinhibition can trigger cortical and autonomic
arousal (40) in concert with orienting to appetitive stimuli and
escape from aversive stimuli (41, 42). Neurons of SNpr are
GABAergic; therefore, SNpr, which displays high basal firing
rates, tonically inhibits DLSC (23). Inhibition of SNpr thus has
the net effect of activating DLSC.
Because SNpr inhibition disinhibits DLSC, one might expect

that activation of DLSC would exert anticonvulsant effects. This
is precisely the pattern that has been previously been found by
several groups (43–46). Pharmacological stimulation of DLSC
(either by infusion of GABA-A receptor antagonists such as
bicuculline methiodide or picrotoxin) or by direct infusion of
glutamate has been shown to yield anticonvulsant effects against
maximal electroshock seizures (MES), seizures evoked from AT,
and thalamocortical (absence-like) seizures (17, 18, 43, 45, 47,
48). Moreover, we have shown that optogenetic activation of
DLSC reduces seizures in the PTZ, AT, GBL, and GEPR-3
models (21). In addition to these studies, which suggest that
activation of DLSC is sufficient to suppress seizures, it has been
shown that lesions to DLSC abolish the antiseizure effect of nigral
inhibition in the MES seizure model (17) and in an absence sei-
zure model (2), suggesting that DLSC is necessary for nigral-
mediated seizure control. Thus, our findings are consistent with
prior findings but, notably, show that activation of this pathway
was sufficient to fully recapitulate the effects evoked from SNpr.
The other major output target of SNpr is PPN, a heterogenous

structure located in the ventrolateral pons, comprised of gluta-
matergic, GABAergic, and a high density of cholinergic neurons
(49). The PPN receives input both from SNpr and from DLSC,
and has extensive ascending projections back to the basal gan-
glia, to the thalamus, and to forebrain cholinergic cell groups in
nucleus basalis (50–53). The PPN also sends projections to other
brainstem targets within the pontine reticular formation in-
cluding the nucleus reticularis pontis oralis (54), which has been
associated with the control of tonic seizures (55). Stimulation of
PPN triggers cortical desynchronization (56–59). Moreover, ac-
tivity in PPN is suppressed during seizures, and this suppression
has been hypothesized to contribute to the loss of consciousness
seen in temporal lobe seizures (60, 61).
Pharmacological activation of PPN yields anticonvulsant ef-

fects against MES-induced seizures (62), against thalamocortical
absence-like seizures (63), and against PTZ-evoked seizures (64).
Inhibition of PPN, by contrast, produces mixed results, with one
study reporting a worsening of PTZ-evoked seizures (64) and
another reporting a suppression of seizures evoked by systemic
administration of pilocarpine (27). Moreover, Garant and Gale
found that pharmacological inhibition of PPN failed to disrupt the
anticonvulsant effects of SNpr inhibition against MES-induced
seizures (17). One possible explanation for the divergent find-
ings across these prior studies was methodological variability (i.e.,
precise coordinates, volumes, and concentrations of drugs). An-
other explanation is that PPN is differentially involved in the
regulation of different seizure types. Consistent with the latter
hypothesis, we found that, while inhibition of nigrotegmental
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terminals suppressed absence seizures, it also exacerbated PTZ-
evoked seizures, and was without effect against seizures triggered
from AT and AGSs in GEPR-3s. Given that we used identical
methodology to target inputs to PPN across these models, we
favor the hypothesis that PPN may be a viable target for some
but not all seizure types. It is thus clear that this structure cannot
and does not account for the seizure-suppressive effects of nigral
inhibition. These data also suggest that, given the heterogeneity
of cell types within PPN and the diversity of synaptic inputs to
PPN, a careful dissection of this region in the context of seizure
control would be merited.
While there have been several reports regarding the topography

of nigral-mediated anticonvulsant effects in rodents, we targeted a
region that has proved consistently effective across studies (i.e.,
the anterior SNpr, at a level in which the region sometimes de-
scribed as the “pars lateralis” is present) (18, 65). Moreover, this
region robustly projects to the deep and intermediate layers of the
SC (18). Within the rat SNpr, there is a high degree of collater-
alization of nigral output pathways (i.e., single neurons project to
DLSC and to PPN); by contrast, there is a much greater degree of
segregation of outputs in the primate SNpr (12, 66). The degree to
which regional topography might hold true in the primate brain is
uncertain, as, in primates, cells that project to each of the major
nigral target regions are dispersed throughout SNpr. Deep brain
stimulation in SNpr and the adjacent STN has shown clinical
promise for the treatment of epilepsy (67); however, the feasibility
of silencing the entire SNpr in a human (either using electrical or
optogenetic DBS) is questionable. For these reasons, projection-
specific targeting of terminal fields may represent a more refined
and translatable approach for neurostimulation.
The SNpr, DLSC, and PPN are not part of canonical seizure

initiation pathways (but see refs. 68 and 69). Rather, SNpr and
its targets potential remote “choke points” for seizure activity.
While we have demonstrated a clear seizure type-specific archi-
tecture, the mechanisms by which focal manipulations in these
regions translate to antiseizure effects remain partially obscure.
Activation of DLSC or PPN both potently trigger cortical
desynchronization (70, 71), a state that is not conducive to the
synchronous activity seen during seizures. Collicular efferent tar-
gets (72, 73), project rostrally (e.g., to hypothalamus and thala-
mus), caudally (to brainstem motor nuclei), and ventrally (to the
reticular formation, including PPN). Similarly, PPN has both as-
cending and descending projections (74). A final layer of com-
plexity is that DLSC and PPN are reciprocally connected. The
target regions of both collicular and PPN projections are well-
suited, through both monosynaptic and polysynaptic relays, to
alter activity in key ictogenic areas. Further dissection of these
pathways is expected to elucidate further the mechanisms medi-
ating seizure control via the SN-DLSC-PPN network.
In sum, our data provide clear evidence for the suggestion

made by Depaulis et al. (75) that “different outputs are involved
according to the type of seizures under consideration.” Put an-
other way, not all output pathways from SNpr are equal with re-
spect to seizure control. We aimed to clarify a long-standing

question in the field: what role do these individual output pathways
play in the control of seizures? The divergent effects of optogenetic
silencing of nigrotectal, as compared to nigrotegmental, terminals
highlight a dominant role for the projection from SNpr to DLSC
in the control of a wide range of seizure types.

Methods
Experimental Model and Subject Details. Animals and surgery. Adult male rats
were used for the present experiments. Details regarding the strains, hus-
bandry, and surgery are provided in SI Appendix, SI Methods.
Electroencephalography. EEG recordings were performed in awake, un-
restrained rats as we have previously described (32). Additional details are
provided in SI Appendix, SI Methods. Animal procedures were conducted
under a protocol approved by the Georgetown University Animal Care and
Use Committee.
Multiunit recording. Information about multiunit recording is provided in SI
Appendix, SI Methods.
Optogenetic stimulation. Optogenetic stimulation was performed in a within-
subject manner; details of stimulation are provided in SI Appendix, SI Methods.
Pentylenetetrazole (PTZ) seizures. For PTZ seizure experiments, 59 SD rats and 15
GAD-Cre LE rats were used, of which 3 rats were excluded for poor virus
expression and 2 were excluded for not reaching behavioral criteria. All rats
received baseline seizure testing as well as at least one experimental test
session unmodulated or with 100-Hz stimulation. The seizure rating scale for
PTZ is described in SI Appendix, SI Methods.

Electrographic fast ictal discharge was scored by a treatment-blind, ex-
perienced observer (P.A.F.). Activity was considered fast ictal when it was of
large amplitude (>5× the baseline signal) with an abrupt onset of repetitive
spike, polyspike, or spike-and-wave discharge. Only bursts lasting at least 5 s
were included in this analysis.
Piriform cortex (area tempestas) seizures. Thirty-four SD rats were used for
piriform cortex seizure experiments. Bicuculline methiodide was infused into
AT to elicit a seizure as described in SI Appendix, SI Methods. Seven SD rats
were used for EEG confirmation of seizure activity. Electrographic seizure
burden was scored as described for the PTZ model.
Audiogenic seizure (AGS) testing. Twenty-one GEPR-3s were used for AGS
testing. Four weeks after surgery, GEPR-3s were tested for AGSs (SI Appendix,
SI Methods includes testing details and seizure rating scale).
Gamma-butyrolactone (GBL) seizures. Details of GBL seizures are provided in SI
Appendix, SI Methods. Forty-four SD rats were used for these experiments,
of which 5 rats were excluded for poor GBL response and 3 rats were ex-
cluded for poor EEG quality. Twelve GAD-Cre LE rats were also used in this
experiment, of which 2 rats were excluded for poor viral expression.
Histology. Information about histology is provided in SI Appendix, SI Methods.
Statistics and data analysis. Information about statistics and data analysis is
provided in SI Appendix, SI Methods.

Data Availability. Data are available upon request to the corresponding
author.
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