
RESEARCH ARTICLE Open Access

Long-term in vivo application of a
potassium channel-based optogenetic
silencer in the healthy and epileptic mouse
hippocampus
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Abstract

Background: Optogenetic tools allow precise manipulation of neuronal activity via genetically encoded light-
sensitive proteins. Currently available optogenetic inhibitors are not suitable for prolonged use due to short-lasting
photocurrents, tissue heating, and unintended changes in ion distributions, which may interfere with normal
neuron physiology. To overcome these limitations, a novel potassium channel-based optogenetic silencer, named
PACK, was recently developed. The PACK tool has two components: a photoactivated adenylyl cyclase from
Beggiatoa (bPAC) and a cAMP-dependent potassium channel, SthK, which carries a large, long-lasting potassium
current in mammalian cells. Previously, it has been shown that activating the PACK silencer with short light pulses
led to a significant reduction of neuronal firing in various in vitro and acute in vivo settings. Here, we examined the
viability of performing long-term studies in vivo by looking at the inhibitory action and side effects of PACK and its
components in healthy and epileptic adult male mice.

Results: We targeted hippocampal cornu ammonis (CA1) pyramidal cells using a viral vector and enabled
illumination of these neurons via an implanted optic fiber. Local field potential (LFP) recordings from CA1 of freely
moving mice revealed significantly reduced neuronal activity during 50-min intermittent (0.1 Hz) illumination,
especially in the gamma frequency range. Adversely, PACK expression in healthy mice induced chronic astrogliosis,
dispersion of pyramidal cells, and generalized seizures. These side effects were independent of the light application
and were also present in mice expressing bPAC without the potassium channel. Light activation of bPAC alone
increased neuronal activity, presumably via enhanced cAMP signaling. Furthermore, we applied bPAC and PACK in
the contralateral hippocampus of chronically epileptic mice following a unilateral injection of intrahippocampal
kainate. Unexpectedly, the expression of bPAC in the contralateral CA1 area was sufficient to prevent the spread of
spontaneous epileptiform activity from the seizure focus to the contralateral hippocampus.

Conclusion: Our study highlights the PACK tool as a potent optogenetic inhibitor in vivo. However, further
refinement of its light-sensitive domain is required to avoid unexpected physiological changes.
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Background
Cell type-specific inhibition techniques are required in
neuroscience to investigate the contribution of neuronal
populations in physiological and pathophysiological pro-
cesses. Optogenetic silencing takes advantage of genetic-
ally encoded light-sensitive proteins, allowing to “switch
off” neurons of interest with high temporal and spatial
precision. Currently available optogenetic inhibitors such
as inward-directed chloride pumps (e.g., halorhodopsins)
and outward-directed proton pumps (e.g., archaerhodop-
sins) have several limitations. Namely, they require con-
tinuous high-intensity illumination, which can have
unexpected excitatory outcomes due to tissue heating, ab-
normal ion distributions, and strong rebound responses
[1, 2]. Even brief activation of halorhodopsin can change
the intracellular chloride concentration, cause a positive
shift in γ-aminobutyric acid A (GABAA) receptor reversal
potential, and decrease the action potential threshold,
leading to elevated network excitability [3–5].
Using potassium (K+) current as the hyperpolarizing

factor would be a better approach since the resting state
of neurons is based on K+ conductance and is thus more
physiological than pumping chloride or protons against
their electrochemical gradients. Several synthetic light-
activated K+ channels have been engineered which, how-
ever, pose shortcomings such as the requirement of a
chemical cofactor [6, 7], utilizing UV light [8], or very
low photocurrents in mammalian cells [9]. A newly de-
veloped K+ channel-based optogenetic silencer could po-
tentially overcome these limitations [10, 11]. The two-
component silencer, named PACK, comprises a soluble
photoactivated adenylyl cyclase from the Beggiatoa bac-
terium (bPAC [12]) and a cyclic nucleotide-gated potas-
sium channel from Spirochaeta thermophila (SthK [13];).
The blue light receptor in bPAC activates the cyclase do-
main thus increasing cytosolic cyclic adenosine mono-
phosphate (cAMP), which subsequently opens the co-
expressed SthK channels. Benefits of the PACK silencer
include robust expression in mammalian cells, signal
amplification, and large long-lasting K+ currents. Previ-
ously, PACK has been shown to reliably inhibit neuronal
firing in cell cultures, acute slice preparations, and anes-
thetized mice [11]. However, a long-term application in
awake mice has so far not been tested. A prolonged pre-
cise inhibition technique would be valuable for investi-
gating the contribution of specific cell populations in
pathologies such as epilepsy.
Mesial temporal lobe epilepsy (MTLE), the most

common type of acquired focal epilepsy in adults, is
characterized by spontaneous hippocampal seizures,
which are often pharmacoresistant [14, 15]. MTLE is
usually described as a unilateral disease since the
seizures arise in one hemisphere, ipsilateral to the
pathological abnormality. However, in some patients

and MTLE mouse models, epileptic activity propa-
gates to the contralateral hippocampus [16–20]. To
scrutinize the performance of PACK and investigate
the contribution of the contralateral hippocampus in
MTLE, we applied PACK-mediated inhibition in the
well-established intrahippocampal kainate (ihpKA)
mouse model. This model recapitulates the major
pathological features of human MTLE, such as uni-
lateral hippocampal sclerosis with cell loss and glio-
sis accompanied by subclinical spontaneous seizures
[21–23]. Contralateral CA1 cells in the ihpKA mouse
model exhibit elevated activity-related cytoskeleton
(Arc) gene expression during the chronic phase of
epilepsy [24], suggesting that these cells are involved
in the contralateral epileptiform activity.
Here, we aimed to validate the inhibitory action of the

PACK silencer in principal neurons of hippocampal CA1
in freely moving mice. We investigated the long-term
histological and electrophysiological effects of the PACK
construct and its components, the viral vector with a
fluorescent marker (mCherry) and the adenylyl cyclase
bPAC, in vivo. We present evidence that PACK activa-
tion persistently reduces neuronal activity during illu-
mination with a frequency as low as 0.1 Hz.
Furthermore, we applied the PACK silencer in chronic-
ally epileptic mice, where PACK expression in CA1,
contralateral to the seizure focus, prevented seizure
spread between hemispheres.

Results
Light-activated PACK reduces the activity of pyramidal
cells in vivo
To verify the inhibitory action of the PACK silencer in
awake mice, we targeted hippocampal principal cells by
locally injecting AAV9.CaMKIIα.PACK-mCherry into
the CA1 area of the dorsal hippocampus (Fig. 1A) and
enabled illumination onto these neurons via an im-
planted optic fiber (Fig. 1B). To test whether applying
short light pulses (10 ms) at low frequencies in vivo re-
sults in sustained inhibition of PACK-expressing CA1
neurons as previously demonstrated in vitro [11], we
shined blue light at 0.05 Hz and 0.1 Hz for 1 h. The light
ON phase was enclosed by a pre- and post-recording, 1
h each (Fig. 1C). Following the recording phase, histo-
logical analysis revealed that the expression of PACK-
mCherry was restricted to pyramidal neurons in CA1
with labeling in cell bodies and dendrites (Fig. 1D). For
LFP analysis, we only included mice, which had the optic
fiber and recording electrode positioned in CA1
(Additional file 1: Fig. S1, n = 6).
First, we recorded 3-h reference LFPs in each mouse

(Fig. 1E) to control for the change in LFP characteristics
occurring without blue light application. Quantification
of the LFP signal by determination of the line length, a
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measure for LFP magnitude (see the “Methods” section),
revealed a decrease during the reference recordings in
PACK mice (first hour set to zero; second hour −7.98 ±
1.71 mV/s, one-sample t-test: t = 11.40, n = 6, p <
0.0001, α = 0.025; third hour −10.54 ± 4.21mV/s, one-
sample t-test: t = 6.313, n = 6, p = 0.0017, α = 0.025; Fig.
1F). Next, we activated PACK with intermittent light ap-
plication. During 0.05-Hz illumination, LFP magnitude
was reduced directly after light pulses, followed by pe-
riods of recovery (Fig. 1G). The mean line length signifi-
cantly decreased during 0.05-Hz illumination (50 min)
compared to the pre-recording (−10.33 ± 1.41 mV/s,
one-sample t-test: t = 7.34, n = 6, p = 0.0007, α = 0.025;

Fig. 1H). Illumination with 0.1 Hz provided a stable re-
duction of the LFP magnitude (Fig. 1I) with a strong de-
crease in the line length during the light ON phase
(−20.30 ± 1.73 mV/s, one-sample t-test: t = 11.75, n = 6,
p < 0.0001, α = 0.025; Fig. 1J). Since there was a drop of
line length already in recordings without light applica-
tion, we compared the change of line length from the
first to the second hour in the reference recordings to
the sessions with 0.05-Hz and 0.1-Hz illumination, re-
vealing a significant difference (reference −7.98 ± 0.70
mV/s, 0.05 Hz −10.33 ± 1.41 mV/s, 0.1 Hz −20.30 ± 1.73
mV/s, RM ANOVA: F = 24.35, n = 6, p = 0.0019). The
reduction of line length was notably higher in the 0.1-Hz

Fig. 1 PACK-mediated optogenetic inhibition of CA1 principal cells in vivo. A–D Experimental design with a timeline. A We targeted PACK
(bPAC+Sthk) to excitatory neurons by injecting the AAV9.CaMKIIα vector into the CA1 region of the hippocampus. B After implantations of wire
electrodes and an optic fiber into CA1, C we recorded LFPs in freely moving mice for 3 h a day. Reference (ref.) recordings were without
illumination, whereas the “0.05 Hz/0.1 Hz recordings” included 1-h pre-recording, light ON phase with 0.05-Hz or 0.1-Hz illumination, and a post-
recording. Each recording type was repeated twice and the mean of the two sessions is presented for each animal. D PACK-mCherry expression
and electrode/optic fiber positions in CA1 were confirmed by histology at the end of the experiment. E, G, I Representative LFP snippets from
the first, second, and third hour of each recording type. E In ref. recordings, LFP magnitude decreased over time, F confirmed by the significant
drop of mean line length (in black) in the second and third recording hour. G Applying 10-ms blue light pulses (~ 80mW/mm2, 460 nm) at 0.05
Hz resulted in an intermittent reduction of LFP magnitude. H Mean line length was significantly reduced during 0.05-Hz light application and in
the post-recording. I Applying light pulses at 0.1 Hz resulted in a stable reduction of LFP magnitude, J which is reflected in a robust reduction of
line length during 0.1-Hz illumination. One-sample t-test (n = 6 mice, average of 2 recordings, gray lines), *p < 0.05, **p < 0.01, ***p < 0.001.
Mean presented in black with SEM as error bars
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recordings than in the respective reference recordings
(Tukey’s multiple comparison test: p = 0.003), whereas
in the sessions with 0.05 Hz, it was similar to the
reference recordings (Tukey’s multiple comparison test:
p = 0.09).
To test the reliability of the PACK-mediated inhib-

ition, we further analyzed the responses to light pulses
applied at 0.05 Hz and 0.1 Hz. We extracted 2-s LFP
snippets before and after each light pulse (Fig. 2A), plot-
ted their overlay (Fig. 2B, D), and calculated the mean of
the “before pulse” and “after pulse” line lengths for each
recording session (Fig. 2C, E). We also extracted 2-s LFP
snippets at corresponding time points from respective
pre-recordings (“pre”) to serve as a baseline. In the 0.05-
Hz session, reduction of LFP magnitude was reliable and
reversible since there was a reduction after each light
pulse, followed by a complete recovery during the 20-s
interval between subsequent pulses (Fig. 2B). The mean
“after pulse” line length was significantly smaller than
“pre” and “before pulse” line length in 0.05-Hz sessions
(“pre” 48.67 ± 3.88 mV/s, “before pulse” 48.38 ± 4.40
mV/s, “after pulse” 32.39 ± 2.74 mV/s, RM ANOVA: F =
28.65, n = 6, p = 0.0005, Tukey’s multiple comparison
test: p < 0.01; Fig. 2C). Shining 10-ms light pulses every
10 s provided a persistent reduction in LFP amplitude
(Fig. 2D). In the 0.1-Hz sessions, the line length was
lower during the whole light ON period, including “after
pulse” and “before pulse” snippets, suggesting a constant
inhibitory effect (“pre” 49.97 ± 4.30 mV/s, “before pulse”
36.89 ± 5.16 mV/s, “after pulse” 29.31 ± 3.10 mV/s, RM
ANOVA: F = 61.23, n = 6, p < 0.0001, Tukey’s multiple
comparison test: “pre” vs. “before pulse” p = 0.0009,
“pre” vs. “after pulse” p = 0.002, “before pulse” vs. “after
pulse” p = 0.04; Fig. 2E). In summary, applying blue light
at 0.1 Hz onto PACK-expressing CA1 neurons in vivo
resulted in a sustained reduction of the net neuronal
activity.
Next, we examined how light-induced PACK activa-

tion in principal cells alters oscillatory activity in
CA1. The most dominant oscillations measured in the
hippocampus of freely behaving rodents are theta (4–
10 Hz), beta (12–30 Hz), and gamma (30–120 Hz)
waves [25–27]. The theta and gamma peaks are
prominent in the spectrogram snippets (Fig. 3A) and
in the mean power spectral density (PSD) plot (PSD
averaged across recordings; Fig. 3B) of the reference
recordings acquired from PACK mice. We quantified
the oscillatory power by taking the area under the
curve (AUC) of the PSD plot in the respective fre-
quency range. Similarly to the line length, the power
of theta, beta, and gamma oscillations decreased sig-
nificantly within the 3-h reference recordings (two-
way RM ANOVA, Dunnett’s multiple comparison test,
n = 6, Additional file 2: Table S1; Fig. 3E).

Applying light pulses at 0.1 Hz transiently altered the
spectral power (Fig. 3C). The mean PSD during the 50-
min 0.1-Hz light ON phase was visibly reduced com-
pared to pre- and post-recordings, especially in frequen-
cies above ~ 10 Hz (Fig. 3D). Quantification of the
power change revealed a significant drop of beta and
gamma power during 0.1-Hz illumination (two-way RM
ANOVA, Dunnett’s multiple comparison test, n = 6,
Additional file 2: Table S1, Fig. 3F). However, only the
reduction of gamma power was significantly stronger
during 0.1-Hz illumination than the decline in respective
reference recordings (multiple paired t-test, gamma: t =
3.94, n = 6, p = 0.01, α = 0.0125; Fig. 3G). These data in-
dicate that PACK-mediated inhibition of CA1 neurons
in vivo alters mainly the power of gamma oscillations.

Light-dependent hyperactivity in bPAC-expressing mice
Activation of the PACK silencer includes cAMP produc-
tion by soluble bPAC, which then opens the co-
expressed SthK potassium channels in the cell mem-
brane. The second messenger molecule, cAMP, is an im-
portant component of intracellular signaling, regulating
the plasticity and excitability of neurons [28–31]. There-
fore, it is crucial to investigate whether activation of
bPAC alone affects network excitability.
To this end, we targeted bPAC with the AAV9.CaMKIIα

viral vector to CA1 neurons and repeated the experiments
like with PACK mice (Fig. 4A–D). During the reference
recordings, the mean line length dropped similarly as in
PACK mice (first hour set to zero, second hour −8.45 ±
0.90mV/s, one-sample t-test: t = 9.43, n = 6, p < 0.0001,
α = 0.025; third hour, −10.40 ± 4.49mV/s, one-sample
t-test: t = 8.02, n = 6, p < 0.0001, α = 0.025; Additional file
1: Fig. S3A). The changes in spectral activity included a re-
duction in gamma power, whereas other oscillations were
not consistently altered during the reference recordings
(Additional file 2: Table S2, Additional file 1: Fig. S3B-C).
In the reference recordings from control mice injected with
AAV9.CaMKIIα.mCherry (mCherry mice), a slight de-
crease in line length and a significant reduction of gamma
power were also evident (Additional file 1: Fig. S2E-I).
Therefore, the run-down of LFP signal in reference record-
ings can be attributed to habituation-reduction in arousal
and exploratory behavior [32, 33].
Surprisingly, light activation of bPAC at 0.1 Hz led to

sustained neuronal hyperactivity that was clearly visible in
LFP snippets (Fig. 4E) as well as in corresponding spectro-
grams (Fig. 4G). The line length significantly increased
during 0.1-Hz illumination (10.08 ± 2.46, one-sample
t-test: t = 4.09, n = 6, p = 0.009, α = 0.025; Fig. 4F). In the
post-recording, LFP magnitude dropped again, suggesting
that the neuronal hyperactivity was reversible and related
to light-induced elevation of cAMP levels (line length
−8.86 ± 2.80mV/s, one-way t-test: t = 3.16, n = 12,
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Fig. 2 PACK-mediated inhibition in vivo is reliable and reversible. A Analysis of responses to 10-ms blue light pulses during the first 50 min of the
light ON phase. 2-s long LFP snippets before and after each light pulse were extracted and overlaid with a color-coding from gray to black (first
to last LFP snippet). To enable comparison to baseline, 2-s snippets at corresponding time points were extracted from pre-recordings. B, D
Representative plots of overlaid LFP snippets from a pre-recording and light ON recording with B 0.05-Hz and D 0.1-Hz illumination. C, E Line
lengths (mV/s) were calculated for each 2-s LFP snippet and the mean “pre,” “before pulse,” and “after pulse” line length per mouse is presented.
The mean “after pulse” line length was significantly smaller than “pre” and “before pulse” line length in both illumination modes, indicating a
reliable reduction of neuronal activity. C Baseline (“pre”) and “before pulse” line lengths were similar in 0.05-Hz sessions, demonstrating recovery
from inhibition before the next pulse was applied. E LFP line length was reduced throughout the 0.1-Hz light ON period (in blue), including
before and after pulse phases, suggesting the inhibition was stable. RM ANOVA and Tukey’s multiple comparison test (n = 6 mice, average of 2
recordings, gray lines), *p < 0.05, **p < 0.01, ***p < 0.001. Mean presented in black with SEM as error bars
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p = 0.0091, α = 0.025; Fig. 4F). Mainly beta and gamma os-
cillations were amplified by bPAC activation, although
due to high variability, there were no significant differ-
ences between the pre-recording and the light ON phase
(Additional file 2: Table S2, Fig. 4H, I). The elevation in
neuronal activity was not induced by blue light per se
since mice injected with AAV9.CaMKIIα.mCherry did not
show any changes in the LFP signal during illumination
(Additional file 1: Fig. S2J-N). In summary, light-induced
activation of bPAC transiently elevates neuronal activity in
the hippocampal CA1.

Spontaneous generalized seizures arising in PACK- and
bPAC-expressing mice
In healthy control mice, which received intrahippocam-
pal saline and recording electrodes, epileptiform activity
is normally absent in the LFP [34]. Unexpectedly, in the
majority of the PACK (5 out of 6) and all of the bPAC
mice (n = 6), hypersynchronous activity, spreading

across both hemispheres, arose at least once during LFP
recordings (Fig. 5A, B, E). Most of these electrographic
generalized seizures were accompanied by behavioral
correlates such as freezing, nodding, forelimb clonus, or
rearing according to the Racine scale [35].
The occurrence of generalized seizures in baseline re-

cordings (“ref” and “pre”) indicates seizure initiation in-
dependent from light-induced PACK (Fig. 5C) and
bPAC (Fig. 5D) activation. Illumination of bPAC-
expressing neurons increased the median of average
seizure count in 3 h compared to post-recordings (“pre”
0.09 [0, 0.48], “light ON” 1.13 [0.45, 3.94], “post” 0 [0,
0.86], Friedman test: Fr = 6.38, n = 6, p = 0.041, Dunn’s
post hoc: p = 0.042; Fig. 5D). The median number of
generalized seizures in all recordings was the highest in
bPAC mice (3.50 [1.00, 9.75]; Fig. 5E). Most PACK mice
experienced one generalized seizure throughout all the
recordings (in total 9–28 h) (1.00 [0.75, 2.75], n = 6),
whereas mCherry (n = 4) and “no virus” (n = 7) control

Fig. 3 Spectral analysis reveals reduced power of gamma oscillations during light activation of PACK. A Representative spectrogram snippets
from a ref. recording show baseline activity; blue colors reflect low power and red colors reflect high power of the corresponding frequencies. B
Mean power spectral density (PSD) during the first (light gray), second (dark gray), and third (black) recording hour. C Light pulses applied at 0.1
Hz transiently decreased the spectral power. D The mean PSDs pre- (light gray), light ON (blue), and post-recordings (black). E–G The oscillatory
power was calculated by taking the AUC of the PSD plot in each frequency range: delta (1–4 Hz), theta (4–12 Hz), beta (12–30 Hz), and gamma
(30–120 Hz). During the Eref. recordings, the power of theta, beta, and gamma oscillations declined significantly. F During 0.1-Hz illumination, the
power of beta and gamma oscillations also decreased notably. Two-way RM ANOVA, Dunnett’s multiple comparison test (n = 6 mice, average of
two recordings, gray lines). G Power change from the first to the second hour in ref. versus 0.1-Hz recordings revealed that only gamma power
was further reduced by the light-induced PACK activation. Multiple paired t-tests with an adjusted significance level (α = 0.0125). Mean presented
in black with SEM as error bars
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mice had no generalized seizures (Fig. 5E). These results
suggest that the dark activity of bPAC is responsible for
spontaneous generalized seizures arising in mice that ex-
press PACK or bPAC in CA1 pyramidal cells.

Histological abnormalities in PACK- and bPAC-expressing CA1
An optogenetic tool suitable for long-term in vivo exper-
iments should preserve the normal physiology and hist-
ology in the target area. For histological analysis, PACK,
bPAC, and mCherry mice were perfused after the last
LFP recording, 30–35 days after the intrahippocampal
virus and saline injections. Coronal sections were immu-
nolabeled with antibodies against neuronal nuclei
(NeuN) and glial fibrillary acidic protein (GFAP) to in-
vestigate the histology of neurons and astrocytes,
respectively.
To our surprise, we found notable widening of the

pyramidal cell layer in PACK-expressing CA1 (Fig. 6A).
The mean width of the pyramidal cell layer in PACK-
expressing right CA1 was significantly higher than in
the left side (right CA1 71.66 ± 2.01 μm, left CA1 60.68

± 0.54 μm, paired t-test: t = 5.25, n = 8, p = 0.0012, Fig.
6B). The pyramidal cell layer was also significantly
wider in bPAC-expressing CA1 compared to its contra-
lateral counterpart (right CA1 84.73 ± 2.23 μm, left
CA1 65.27 ± 0.94 μm, paired t-test: t = 8.42, n = 6, p =
0.0004; Fig. 6C). Mice, which received the same viral
vector, carrying just the reporter mCherry, had similar
pyramidal cell layer widths in the left and right hippo-
campus (right CA1 70.96 ± 3.53 μm, left CA1 69.10 ±
3.17 μm, paired t-test: t = 0.95, n = 4, p = 0.41; Fig. 6D).
Cell dispersion, taken as the difference between right
and left CA1 width, was the highest in bPAC-
expressing CA1 (19.45 ± 2.31 μm), followed by
PACK-expressing CA1 (10.98 ± 1.84 μm), and lacking
in mCherry-expressing CA1 (1.86 ± 1.94 μm, one-way
ANOVA: F(3,18) = 12.51, p = 0.0006, Tukey’s mul-
tiple comparison test: PACK vs. bPAC p = 0.0302,
PACK vs. mCherry p = 0.040, bPAC vs. mCherry p =
0.0005; Fig. 6E). These findings led us to conclude
that bPAC, and not the viral vector itself, is inducing
the cell dispersion in the CA1 pyramidal cell layer.

Fig. 4 Light activation of bPAC reversibly increases neuronal activity in CA1. A Experimental design. We targeted bPAC-mCherry to excitatory
neurons in the CA1 area using the AAV9 vector. B Implantation, C recordings, and D histological analysis were performed like in PACK mice. Scale
bar: 200 μm. E Representative snippets of a 0.1-Hz recording show persistently increased LFP magnitude during the light ON phase in bPAC-
expressing CA1. F In the light ON phase, the mean line length was significantly increased compared to the baseline (pre) level. In the post-
recordings, the line length was reduced compared to the baseline. One-sample t-test (n = 6, average of two recordings, gray lines), **p < 0.01.
G The spectrograms, taken from the same time window as LFP snippets, demonstrate elevated spectral power. H The mean PSD during 0.1-Hz
illumination was increased at frequencies above ~ 10 Hz. I Theta (4–12 Hz), beta (12–30 Hz), and gamma (30–120 Hz) powers are slightly but not
significantly elevated during the light ON phase. Two-way RM ANOVA, Dunnett’s multiple comparison test, **p < 0.05. Mean presented in black
with SEM as error bars
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GFAP labeling in hippocampal sections shows sali-
ent chronic astrogliosis in the PACK-expressing CA1
area (Fig. 6F, F2). The comparison of GFAP labeling
in left and right hippocampi revealed strongly ele-
vated GFAP intensity in the PACK-expressing CA1
(right CA1 8.70 ± 0.46, left CA1 3.62 ± 0.41, paired
t-test: t = 13.54, n = 5, p = 0.0002; Fig. 6G). In bPAC
mice, we also found notable astrogliosis in the right
bPAC-expressing hippocampus (right CA1 11.62 ±
1.03, left CA1 3.73 ± 0.34, paired t-test: t = 6.01, n =
6, p = 0.0018, Fig. 6H). In mCherry mice, the GFAP
intensity was slightly but significantly elevated in the
right hippocampus (right CA1 3.98 ± 0.61, left CA1
3.15 ± 0.53, paired t-test: t = 4.12, n = 4, p = 0.026;
Fig. 6I). Thus, it could be that either the viral vector
or the presence of an electrode and an optic fiber
contributed to the glial scarring in the right hippo-
campus. There was no significant correlation between
the strength of mCherry expression and GFAP inten-
sity in PACK, bPAC, and mCherry mice (Pearson’s
correlation: r = 0.35, p = 0.2; Fig. 6J). However, the
three groups formed separate clusters with (1)
mCherry mice having medium mCherry expression
but the lowest GFAP intensity, (2) PACK mice having
the lowest mCherry expression but medium GFAP in-
tensity, and (3) bPAC mice having the strongest

mCherry expression and the highest GFAP intensity.
Taken together, it seems as if bPAC expression is the
main factor inducing chronic astrogliosis in PACK
and bPAC mice, while the viral vector and hippocam-
pal implantations might contribute additionally.

PACK/bPAC expression in the contralateral hippocampus
prevents seizure spread in chronically epileptic mice
To find out if the PACK silencer might be useful to
limit the spread of epileptiform activity, we targeted
PACK to the CA1 principal cells, contralateral to
ihpKA treatment. The ihpKA mouse model recapitu-
lates the main pathological features of MTLE, in-
cluding focal recurrent seizures associated with
hippocampal sclerosis [21]. Most ihpKA mice have
epileptiform activity that occurs in form of bursts
originating in the seizure focus and propagating into
the contralateral hippocampus [19, 20, 24]. These
epileptiform bursts are subclinical, in other words
electrographically measurable but without behavioral
convulsions [24, 34]. Unexpectedly, all our PACK-
injected ihpKA mice (n = 5) were free of contralat-
eral epileptiform bursts already in baseline record-
ings before light activation of PACK.
We detected the epileptiform bursts with high spike

load using a machine learning algorithm [36] and

Fig. 5 Spontaneous generalized seizures (GS) in PACK and bPAC mice during LFP recordings. A Representative spontaneous electrographic GS in
a PACK mouse. The hypersynchronous activity spread across both hemispheres and was followed by postictal depression. B Similar GS were
recorded in bPAC mice. C, D The number of GS was counted in all LFP recording types (baseline: “ref/pre,” “light ON,” “post”) of PACK and bPAC
mice, and the average number of GS in three hours is presented and compared with Friedman’s test followed by Dunn’s multiple comparisons.
The occurrence of GS in baseline recordings indicates seizure generalization independent from light-induced PACK/bPAC activation. E The total
count of GS in LFP recordings (9–28 h) was the highest in bPAC mice. Control mice that expressed either mCherry in CA1 or no virus experienced
no seizure-like activity during recordings. Kruskal-Wallis test with Dunn’s multiple comparisons, *p < 0.05, **p < 0.05. Median presented with IQR
as error bars. Individual data values are presented in Additional file 3
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quantified the burst ratio, the fraction of time spent in
bursts during the respective recording (Fig. 7). Although
the epileptiform bursts occurred frequently in the ipsilat-
eral hippocampus of PACK ihpKA mice (mean burst ratio
during “pre” 0.19 ± 0.03, “0.1 Hz” 0.18 ± 0.01, “post” 0.20
± 0.02, n = 5, Fig. 7E-F), the contralateral hippocampus
was devoid of epileptiform bursts (Fig. 7G). Similarly, in
bPAC ihpKA mice, epileptiform bursts were detected in
the ipsilateral (mean burst ratio during “pre” 0.11 ± 0.05,
“0.1 Hz” 0.07 ± 0.04, “post” 0.13 ± 0.07, n = 3; Fig. 7H-I)
but not the contralateral hippocampus (Fig. 7J). Neither
the light-induced activation of bPAC nor the whole PACK
construct had any effect on the burst ratios in the

ipsilateral or contralateral hippocampus (RM ANOVA, p
> 0.05, Fig. 7E–J).
We compared the burst ratios in ihpKA PACK and

bPAC mice to ihpKA “no virus” mice (n = 4) in a 3-h re-
cording 33–36 days after kainate to clarify whether the
lack of contralateral epileptiform bursts affects the seiz-
ure burden in the kainate-injected ipsilateral hippocam-
pus (Fig. 7K–M). There was no significant difference in
the ipsilateral burst ratios (PACK 0.19 ± 0.03, bPAC
0.11 ± 0.05, "no virus" 0.13 ± 0.03, one-way ANOVA: F
= 1.53, n = 3–5, p = 0.26; Fig. 7L), whereas the mean
contralateral burst ratio was evidently higher in “no
virus” mice than in PACK and bPAC mice (PACK 0.00

Fig. 6 Cell dispersion and astrogliosis in PACK- and bPAC-expressing CA1. A Representative image of a NeuN-labeled hippocampal section with PACK-
mCherry expression in the right CA1. The diameter of the CA1 pyramidal cell layer was measured at six positions (red lines and white arrows) in three
hippocampal sections per animal. B, C The mean width of the CA1 pyramidal cell layer in B PACK-expressing and C in bPAC-expressing hippocampus
was significantly increased compared to the contralateral saline-injected hippocampus (paired t-test). D In mCherry-expressing CA1, the pyramidal cell
layer width was similar as in the contralateral CA1. E The cell dispersion (right-left CA1 width) was the strongest in bPAC mice (one-way ANOVA,
Tukey’s post hoc). F In the representative image of a GFAP-stained section, GFAP labeling was visibly stronger in the PACK-expressing CA1. Mean gray
value of GFAP labeling and mCherry expression was measured in the right dorsal CA1 including str. oriens, str. pyramidale, and str. radiatum (white
dashed lines with arrows) in three sections per animal. GFAP intensity was measured at same positions in the left CA1 (white dashed lines). GFAP
labeling intensity was significantly higher in G PACK, H bPAC, and I mCherry-expressing CA1 compared to the left saline-injected side (paired t-test).
J There was no clear correlation between GFAP labeling intensity and mCherry intensity; however, PACK, bPAC, and mCherry mice formed three
separate clusters with mCherry mice having the lowest GFAP labeling. *p < 0.05, **p < 0.01, ***p < 0.001. Mean presented with SEM as error bars. Scale
bars: 200 μm. Individual data values are presented in Additional file 3
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± 0.00, bPAC 0.00 ± 0.00, "no virus" 0.12 ± 0.04, one-
way ANOVA: F = 6.26, n = 3–5, p = 0.017, Dunnett’s
multiple comparison test: PACK vs. "no virus" p = 0.018,
bPAC vs. "no virus" p = 0.036; Fig. 7M). These results
suggest that the dark activity of bPAC in CA1 pyramidal
neurons prevents the spread of epileptiform burst activ-
ity to the bPAC-expressing areas. The activity of CA1
pyramidal cells is thus critical for seizure propagation

into the contralateral hippocampus. Additionally, the ab-
sence of contralateral bursts does not affect the seizure
burden in the sclerotic hippocampus.

Discussion
The present study provides a detailed characterization of
a novel two-component potassium channel-based silen-
cer, PACK, and its long-term application in freely

Fig. 7 Chronically epileptic PACK and bPAC mice lack epileptiform bursts in the contralateral hippocampus. A Mice were injected with kainate in
the left hippocampus and AAV9 carrying PACK, bPAC, or no virus in the contralateral hippocampus. B Two weeks later, wire electrodes were
implanted into the kainate-injected ipsilateral hippocampus (HCi) and the virus-injected contralateral hippocampus (HCc). In PACK and bPAC
mice, an optic fiber was implanted at a 30° angle adjacent to the electrode in HCc. C Three-hour LFP recordings with and without optogenetic
manipulations were performed as previously in healthy PACK/bPAC mice. “No virus” mice were recorded only for 3-h reference recordings. D
Representative section of an ihpKA PACK mouse showing hippocampal sclerosis in HCi with cell loss in CA1, CA3, and hilus regions as well as
granule cell dispersion (GCD). PACK-mCherry was expressed in dorsal CA1 of HCc. Representative LFP snippets from E PACK-expressing, H bPAC-
expressing, and K “no virus” kainate-injected mice in the chronic phase of epilepsy. E–M Spontaneous epileptiform bursts (hypersynchronous
spiking activity, marked in green) were detected by an automated algorithm [36], and quantified as burst ratio, a fraction of recording spent in
bursts. Each recording type was repeated twice and the mean of burst ratio of the two is presented for each animal. E–G PACK (n = 5) and H–J
bPAC (n = 3) ihpKA mice had regularly occurring epileptiform bursts in HCi but no propagation to HCc during pre-recordings as well as during
and after illumination. K In contrast, ihpKA mice without virus expression (n = 5) frequently showed burst propagation to HCc. L The burst ratio
in HCi was similar in PACK, bPAC, and “no virus” mice, M whereas in HCc, the burst ratio was significantly above zero in “no virus” epileptic mice
(33–36 days after ihpKA, average burst ratio during a 3-h reference recording). One-way ANOVA with Dunnett’s multiple comparison test, *p <
0.05. Mean presented with SEM as error bars. Individual data values are presented in Additional file 3
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moving mice. We targeted the PACK construct to hip-
pocampal CA1 with an AAV9.CaMKIIα vector, resulting
in robust expression of PACK-mCherry in principal neu-
rons of this area. We report that PACK is a suitable si-
lencer to reduce the activity of hippocampal neurons
in vivo by applying short blue light pulses via an im-
planted optic fiber. Previously, it was demonstrated in
acute hippocampal slices that shining 5-ms blue light
pulses at 0.05 Hz onto PACK-expressing CA1 cells was
sufficient to abolish spiking elicited by current injections
[11]. In our freely moving mice, applying 10-ms light
pulses at 0.05 Hz provided an unstable lowering of the
LFP magnitude with periods of recovery. However, with
an increased illumination frequency of 0.1 Hz, neuronal
activity was persistently reduced throughout the 50-min
light ON phase. This is a significant improvement com-
pared to microbial chloride and proton pumps, which
require continuous illumination and already exhibit de-
clining photocurrent amplitudes within 1 min [1, 37].
Regarding oscillatory activity in CA1, light-induced

PACK activation in CA1 pyramidal cells mainly reduced
the power of gamma oscillations. Hippocampal gamma
rhythm depends on the firing of pyramidal cells and their
synchronized dendritic and perisomatic inhibitory input,
which originate from local somatostatin- and parvalbumin-
positive interneurons, respectively [38, 39]. Constant re-
duction of pyramidal cell activity consequently decreases
local interneuron activity [40], which would explain the
lower power of gamma oscillations during PACK-mediated
inhibition. PACK-mediated inhibition affected theta oscil-
lations to a much lesser extent, probably because theta
rhythm is predominantly driven by GABAergic and cholin-
ergic inputs from the medial septum while depending less
on local excitation and inhibition [41–43].
Using soluble bPAC as the light-sensitive domain in

the PACK tool is favorable to ensure high light sensitiv-
ity [10, 11]. However, this advantage seems to have come
with dark activity, which is probably the reason for the
side effects we observed in PACK- and bPAC-expressing
hippocampi in vivo. The harmful effects of chronic
bPAC expression in the hippocampal CA1 area included
pyramidal cell layer widening, chronic astrogliosis, and
spontaneous generalized seizures. Mice that received the
AAV9 vector carrying only mCherry under the CaMKIIα
promoter did not show these side effects, except for
astrogliosis, which could be due to implantation-related
scarring. Based on these findings, we conclude that the
viral vector and the fluorescent marker alone were not
detrimental. As bPAC mice tended to have higher ex-
pression of bPAC-mCherry, more prominent CA1 dis-
persion, stronger astrogliosis, and higher occurrence of
generalized seizures than PACK mice, chronic cAMP
elevation may be the underlying cause of these adverse
effects.

The second messenger molecule cAMP has several mo-
lecular targets in neurons, including protein kinase A
(PKA), exchange protein activated by cAMP (Epac), and
cAMP-gated ion channels. Through these pathways,
cAMP regulates fundamental physiological processes such
as growth, metabolism, migration, apoptosis, gene tran-
scription, neurotransmission, and plasticity (for review,
see [44–46]). Activation of cAMP-responsive element
binding protein (CREB)-mediated gene expression could
explain histological changes and seizure activity in bPAC
mice as the CREB-transcriptional pathway is involved in
acute and chronic phases of epilepsy [29, 47–49]. A study
utilizing transgenic mice with constitutively active CREB
showed that chronic elevation of CREB activity in hippo-
campal principal neurons led to increased excitability of
CA1 pyramidal neurons, significant loss of hippocampal
neurons, and sporadic epileptic seizures [50], resembling
what we observed in our bPAC mice.
Light activation of bPAC in vivo strongly increased the

LFP magnitude in the CA1 region with mainly augmenting
beta and gamma oscillations. The neuronal activity
dropped immediately after the illumination phase, suggest-
ing a temporary depolarizing effect via a cyclic nucleotide-
gated channel or induction of short-term potentiation.
Local cAMP elevation induces presynaptic potentiation by
promoting the accumulation of calcium channels close to
release sites, thus increasing the release probability [31, 51,
52]. Presynaptic elevation of cAMP via light activation of
synapse-targeted bPAC was sufficient to trigger potenti-
ation at the mossy fiber-CA3 synapse but not in the CA3-
CA1 synapse [53]. Although cAMP-mediated presynaptic
potentiation is not exhibited by all hippocampal synapses,
it is present in the CA1-subicular bursting neuron synapse
[54]. Therefore, temporarily increased transmission at the
CA1-subiculum synapses may have contributed to light-
induced hyperactivity in bPAC-expressing CA1 in vivo. Al-
ternatively, cAMP binding on hyperpolarization-activated
cyclic nucleotide-gated (HCN) cation channels might have
increased pyramidal cell excitability because (1) HCN
channels are abundantly expressed in hippocampal neu-
rons and (2) the inward currents through HCN channels
depolarize the membrane [55–57]. Furthermore, HCN
channels are thought to initiate rhythmic firing [57, 58],
which could theoretically explain elevated beta and gamma
oscillations during light-induced bPAC activation in vivo.
Future experiments with probes or tetrodes could poten-
tially clarify the mechanism of bPAC-mediated excitation
and PACK-mediated inhibition at a single-unit level.
In the last part of our study, we applied the PACK si-

lencer in chronically epileptic ihpKA mice, which usually
exhibit spontaneous seizures in both hippocampi [19, 20,
24]. We targeted PACK to the contralateral CA1 area
(opposite to kainate injection) to determine if we can
interfere with seizure spread between the two
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hippocampi. To our surprise, there was no propagation
of seizure activity from the kainate-injected hippocam-
pus to the PACK-expressing contralateral side, even be-
fore light activation of PACK. We saw the same in
bPAC mice, which were also lacking contralateral sei-
zures already in the baseline recordings. Surprisingly,
prolonged bPAC expression in CA1 pyramidal cells in-
duced generalized seizures in both saline- and kainate-
injected mice, whereas it prevented the spread of sub-
clinical seizures in kainate-injected mice. The role of
cAMP in epileptiform activity has also shown to be
contradictory in previous studies using cAMP analogs or
forskolin, an activator of adenylyl cyclase. For example,
in an in vitro study, forskolin increased the epileptiform
bursting activity induced by electrical stimulation of the
corpus callosum [59]. On the other hand, systemic injec-
tion of forskolin before seizure induction with pentyl-
enetetrazol prevented tonic seizures in mice [60].
Hypothetically, bPAC-dependent cAMP elevation and
subsequent HCN channel activation could explain con-
trasting findings regarding epileptogenicity, since HCN
channels have also been found to act pro- or anti-
epileptic [61–64]. Future work comparing gene expres-
sion and hippocampal slice electrophysiology in saline-
and kainate-treated mice with and without bPAC ex-
pression would be needed to address the mechanism of
this cell-specific cAMP-associated seizure induction and
prevention.
Our results suggest that the expression of bPAC af-

fects the physiology of hippocampal principal cells in the
absence of blue light. Functional dark activity of soluble
bPAC has also been reported by others, who utilized a
fluorescent PKA sensor to detect intracellular cAMP
levels in bPAC-expressing CA1 cells in hippocampal
slice cultures [65]. For reduced dark activity, the soluble
bPAC from the Beggiatoa bacterium could be replaced
by another photoactivated adenylyl cyclase (PAC). There
are several PACs available from other microorganisms,
which have lower light sensitivity but still provide suffi-
cient potassium current when coupled to SthK [11]. Al-
ternatively, a red-shifted bPAC with reduced dark
activity could be used [66]. Another approach would be
targeting a PAC to the cell membrane. For instance, a
recently developed membrane-anchored PAC has no de-
tectable dark activity in hippocampal neurons [65]. Simi-
larly, membrane-bound guanylyl cyclase rhodopsins,
which have mutated to be adenylyl cyclases, virtually
lack dark activity [67, 68]. In these approaches, the pos-
sibility of SthK channel activation by intrinsic cAMP re-
mains. Accordingly, expression of SthK without bPAC in
body wall muscle cells of C. elegans was already suffi-
cient to see a behavioral change resulting from muscle
hyperpolarization [68]. This problem could be overcome
by engineering SthK variants with mutations in the

cAMP binding site, resulting in a channel with reduced
cAMP affinity.

Conclusion
Taken together, we showed in awake mice that the po-
tassium channel-based optogenetic silencer PACK reli-
ably reduces hippocampal neuronal activity in a light-
dependent manner. In contrast to other optogenetic in-
hibitors, PACK requires only short light pulses at a low
frequency to achieve a prolonged reduction of neuronal
activity. A disadvantage of PACK is its light-active com-
ponent, bPAC, since it elicits side effects in vivo, which
are presumably related to its dark activity. In the mouse
model of MTLE, the light-independent effects of bPAC
prevented the spread of spontaneous epileptiform activ-
ity from the seizure focus to the contralateral bPAC-
expressing CA1 region. Our study underlines that the
PACK tool is a potent optogenetic inhibitor but refine-
ment of its light-sensitive domain is required to avoid
dark activity and related side effects.

Methods
Animals
Experiments were performed in adult 10- to 21-week-
old transgenic male mice (C57BL/6-Tg(Thy1-eGFP)-M-
Line, own breeding) [69]. For this study, 62 mice were
used, which were randomly allocated to one of the ex-
perimental groups (Table 1). Mice were kept in a 12-h
light/dark cycle at room temperature (RT) with food and
water ad libitum. All animal procedures were carried out
following the guidelines of the European Community’s
Council Directive of 22 September 2010 (2010/63/EU)
and were approved by the regional council (Regierung-
spräsidium Freiburg).

Stereotaxic intrahippocampal injections
Mice were stereotaxically injected with a recombinant
adeno-associated viral (AAV) construct into the right
hippocampus and either with saline or kainate into the
left hippocampus (see experimental groups in Table 1).
These injections were performed in one surgery under
deep anesthesia (ketamine hydrochloride 100 mg/kg,
xylazine 5 mg/kg, atropine 0.1 mg/kg body weight, i.p.)
[23, 70, 71] using Nanoject III (Drummond Scientific
Company, Broomall, Pennsylvania, USA). AAVs were
injected into the right dorsal stratum pyramidale of CA1
(stereotaxic coordinates relative to bregma: anteriopos-
terior [AP] = −2.0 mm, mediolateral [ML] = −1.3 mm
and relative to cortical surface: dorsoventral [DV] =
−1.15 mm). Each mouse received an injection of either
0.9% sterile saline or 15 mM kainate (50 nL, Tocris, Bris-
tol, UK) into the left stratum lacunosum-moleculare of
CA1 (AP = −2.0 mm, ML = + 1.5 mm, DV = −1.5 mm).
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For optogenetic inhibition of CA1 principal cells, the
injected AAV was carrying the PACK silencer with a red
fluorescent marker mCherry under the control of the
Ca2+/calmodulin-dependent kinase II alpha (CaMKIIα)
promoter (AAV9.CamKIIα:SthK-P2A-bPAC-mCherry
referred to as AAV9.CaMKIIα:PACK-mCherry). In order
to attribute the effects of AAV9.CaMKIIα:PACK-
mCherry to its components, we included three control
groups, in which mice received (1) a construct carrying
the adenylyl cyclase bPAC but lacking the SthK channel
(AAV9.CamKIIα:bPAC-mCherry), (2) a construct carry-
ing only mCherry (AAV9.CamKIIα:mCherry), or (3) no
virus (for sample sizes, see Table 1). The volume of the
injected virus was adjusted to achieve an optimal and
comparable expression pattern in CA1: (1) PACK—300
nL, (2) bPAC—250–300 nL, and (3) mCherry—300 nL
with 1:5 dilution. All viral constructs were obtained from
the Viral Core Facility, Charité – Universitätsmedizin
Berlin, Germany.
In those mice that received kainate, the occurrence of

a behavioral status epilepticus was verified by observa-
tion of mild convulsion, chewing, immobility, or rota-
tions, as described before [22, 72]. Fifteen mice died as a
consequence of status epilepticus and further two were
excluded due to extreme hippocampal atrophy (Table 1).

Electrode and optic fiber implantations
Implantations were performed 14–19 days after intrahip-
pocampal injections as described previously [24]. For
LFP analysis, we implanted a Teflon-coated platinum-
iridium wire electrode (125-μm diameter; World Preci-
sion Instruments, Sarasota, FL, USA) into each hippo-
campus: AAV-injected right CA1 (AP = − 2.0 mm, ML =
−1.4 mm, DV = − 1.1 mm) and saline/kainate-injected
left DG (AP = − 2.0 mm, ML = + 1.4 mm, DV = − 1.6
mm). An optic fiber (ferrule 1.25 mm, cannula 200-μm
diameters; Thorlabs Inc., Newton, NJ, USA) was im-
planted into the AAV-injected CA1, adjacent to the

electrode at a 30° angle (AP = − 2.0 mm, ML = − 2.4
mm, DV = − 1.0 mm). Two stainless steel screws (DIN
84; Schrauben-Jäger, Landsberg, Germany) were im-
planted above the frontal cortex to provide a reference
and ground. Electrodes and screws were soldered to a
micro-connector (BLR1-type) and fixed with dental ce-
ment (Paladur, Kulzer GmbH, Hanau, Germany). The
electrode and optic fiber positions were confirmed by
post hoc histology (Additional file 1: Fig. S1). Five mice
were excluded from LFP analysis due to electrode/optic
fiber locations in the cortex above CA1. Three mice died
following implantation procedures (Table 1).

Electrophysiological recordings and optogenetic
manipulations
Three-hour-long LFPs were acquired from freely moving
mice in the period of 19–40 days after intrahippocampal
injections. For LFP recordings, mice were connected to a
miniature preamplifier (MPA8i, Smart Ephys/Multi
Channel Systems, Reutlingen, Germany). Signals were
amplified 1000-fold, bandpass-filtered from 1Hz to 5
kHz and digitized with a sampling rate of 10 kHz
(Power1401 analog-to-digital converter, Spike2 software,
Cambridge Electronic Design, Cambridge, UK).
For each AAV9-injected mouse (with PACK, bPAC or

mCherry), we acquired reference LFPs before, in be-
tween, and after illumination experiments. LFPs with 1-
h illumination at 0.05 Hz or 0.1 Hz were recorded twice
per frequency on separate days. Each mouse represents a
biological replicate (n = 3–7 per group, Table 1) and the
number of recordings per mouse a technical replicate (n
= 2 per recording type). We used the biological replicate
as our sample size in statistical testing and presented the
average of the two sessions since there was no significant
difference between the recording replications (Additional
file 1: Fig. S4).
The sessions with illumination comprised 1-h pre-

recording, “light ON” phase during the second hour and

Table 1 Experimental groups and sample sizes. From the initial number of mice that entered the experiment (total injected), some
died owing to intrahippocampal kainate injections, anesthesia, or implantations. *Some mice were excluded from the LFP analysis
due to electrode/optic fiber positions not in CA1 (n = 4), due to lack of signal from the electrode (n = 1), or due to unusual
hippocampal atrophy (n = 2). **Two mice were excluded from histological analysis because of widespread PACK-mCherry expression
not only in CA1 but also in DG. ***Three mice were further excluded from the analysis of GFAP intensity because of incomparable
labeling intensity. The final sample sizes for LFP analysis and histological analysis are presented in the last two columns

Group Total injected Died due to surgery Excluded*/** LFP analysis Histological analysis

Saline + PACK 11 2 4*, 2** 6 8/5***

Saline + bPAC 8 1 1*,1** 6 6

Saline + mCherry 4 1 1* 3 4

Saline + no virus 9 2 0 7 –

Kainate + PACK 11 4 2* 5 –

Kainate + bPAC 9 6 0 3 –

Kainate + no virus 10 5 0 5 –
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post-recording during the third hour. During the “light
ON” phase, blue light pulses (460 nm, ~ 80mW/mm2,
10-ms pulse duration, blue LED from Prizmatix Ltd.
Givat-Shmuel, Israel) were applied every 10 or 20 s. To
hinder rebound excitation resulting from the illumin-
ation off-set [11, 73], each light pulse had a 5-ms ramp-
like termination (within pulse fade-off). Furthermore,
during the last 10 min of the “light ON” phase, 5-ms
light pulses were applied with gradually reducing inten-
sity (within recording fade-off). The light pulse duration
and frequencies were selected based on previous work
by Bernal Sierra et al., who demonstrated that shining 5-
ms light pulses with 0.05 Hz in hippocampal slices pro-
vided long-lasting stable inhibition of current-elicited
spiking in PACK-expressing CA1 pyramidal cells [11].
Kainate-injected mice, which were implanted with

intrahippocampal electrodes but did not receive a viral
vector or an optic fiber, served as epileptic “no virus”
controls. Three-hour recordings from these mice were
performed on day 35 or 36 after kainate injection.

Analysis of local field potentials
LFP data were visually inspected with Spike2 software
and analyzed in detail using Python 2.7. The line length,
a sum of distances between successive data points, was
selected as a measure of the LFP waveform dimensional-
ity since it is sensitive to variations in both amplitude
and frequency [74]. We calculated the line length of
downsampled data (500 Hz) by using the following equa-
tion, where L is the line length (mV/s), x is the data-
trace, k is one data point, and t is the recording duration
in seconds:

L ¼
PN

k¼1abs x k−1ð Þ−x kð Þ½ �
t

The line lengths were calculated for the first, second,
and third hour of each recording. In recordings with il-
lumination, the line length calculations and spectral ana-
lysis were done on LFP data recorded during the first 50
min; the last 10 min was omitted due to light intensity
fade-off. Furthermore, in recordings with illumination,
the line lengths shortly after the light pulses were com-
pared to the line lengths directly before the light pulses.
For this, 2-s snippets were extracted before and after
each light pulse during the first 50 min of the “light ON”
phase. In addition, 2-s snippets at corresponding time
points were extracted in pre-recordings. Subsequently,
the mean “pre,” “before pulse,” and “after pulse” line
lengths were calculated for each recording session (2 per
animal) and an average line length was presented for all
animals. Periods with electrographic generalized seizures
(GS), where hypersynchronous neuronal activity was
propagating across hemispheres followed by postictal

depression, were removed from analysis due to strongly
altered LFP characteristics.
The frequency compositions of the LFPs are presented

with PSDs and spectrograms generated by fast Fourier
transform (FFT) of LFP raw data (sampling rate 10 kHz).
The PSDs were estimated by applying Welch’s method
in Python 2.7 (scipy.signal.welch function), based on
time averaging over short periodograms (periodogram
length = 10x sampling rate). The oscillatory power was
calculated as the area under the PSD plot for the re-
spective frequency ranges: delta (1–4 Hz), theta (4–12
Hz), beta (12–30 Hz), and gamma (30–120 Hz). For
time-frequency representation of the LFP power in a
spectrogram, the Hanning window was applied and data
in the time domain (length of FFT = 10x sampling rate)
was broken up into overlapping (overlap = 0.25x sam-
pling rate) segments (segment length = 0.5x sampling
rate).

Analysis of epileptiform activity
Downsampled hippocampal LFPs recorded from epilep-
tic animals were analyzed in detail using a custom-made
semi-automated algorithm that detects and classifies epi-
leptiform activity [36]. In the ihpKA mouse model, epi-
leptiform activity occurs as single sharp wave
epileptiform spikes and as bursts, which are clusters of
many spikes [22]. The algorithm classifies the bursts ac-
cording to their spike load into low-load, medium-load,
and high-load bursts as described by Heining et al. [36].
To assess the effect of PACK-mediated inhibition on
seizure activity, we calculated the “burst ratio,” which is
the duration of high-load bursts per total recording time.
The automatic detection of high-load bursts was verified
by visual inspection of the LFP recordings. Sessions with
GS were removed from the analysis due to long-lasting
suppression of neuronal activity after such a seizure.

Perfusion and tissue preparation
After the last LFP recording (at day 30–40), the mice
were deeply anesthetized and transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde in
0.1M phosphate buffer (PB, pH 7.4). The brains were
dissected and post-fixated overnight in 4% paraformalde-
hyde, followed by sectioning (coronal plane, 50 μm) with
a vibratome (VT100S, Leica Biosystems, Wetzlar,
Germany). The slices were collected and stored in PB
for immunohistochemistry.

Immunohistochemistry
To determine optic fiber and electrode positions, to
visualize the hippocampal anatomy after AAV9 injec-
tions, and to validate hippocampal sclerosis in ihpKA
mice, we performed immunohistochemistry with
markers for neurons and astrocytes. For the
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immunofluorescence staining, free-floating sections were
pre-treated with 0.25% TritonX-100 and 10% normal
horse or goat serum (Vectorlabs, Burlingame, CA, USA)
diluted in PB for 1 h. Subsequently, slices were incubated
either with guinea-pig anti-NeuN (1:500; Synaptic Sys-
tems, Göttingen, Germany, 266004, RRID:AB_2713971)
or rabbit anti-GFAP (1:500, Dako, Glostrup, Denmark,
Z0334, RRID:AB_10013382) overnight at 4 °C. Sections
were rinsed and then incubated for 2.5 h in donkey anti-
guinea-pig or donkey anti-rabbit Cy5-conjugated sec-
ondary antibody (1:200, Jackson ImmunoResearch La-
boratories Inc., West Grove, PA, USA, anti-guinea-pig:
706-175-148, RRID:AB_2340462; anti-rabbit: 711-175-
152, RRID:AB_2340607), followed by extensive rinsing
in PB. The sections were mounted on glass slides and
coverslipped with Immu-MountTM mounting medium
(Thermo Shandon Ltd, Runcorn, UK).

Image acquisition and histological analysis
Tiled fluorescent images of the brain sections were taken
with an AxioImager 2 microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany) using a Plan-Apochromat 10x ob-
jective with numerical aperture 0.45 (Zeiss, Göttingen,
Germany). The exposure times (Cy5-labeled NeuN 5 s, Cy5-
labeled GFAP 3 s, mCherry 300ms) were kept constant for
each staining to allow for comparisons across animals.
To assess the effect of AAV9-mediated delivery of

PACK, bPAC, and/or mCherry and long-term expres-
sion of these proteins on hippocampal histology, we
measured the relative expression intensities of GFAP la-
beling in the mCherry-expressing dorsal CA1 at three
positions along the anteroposterior axis (−1.70 mm,
−1.94 mm, and −2.18 mm from bregma). The quantifica-
tion was performed in Fiji ImageJ by drawing a polygon-
shaped region of interest (ROI) around mCherry expres-
sion in CA1 (str. oriens to str. radiatum) and taking the
mean gray area of both mCherry and the GFAP labeling
within this ROI. Areas with glial scarring around the im-
plantations were excluded by adjusting the ROI. The
same measurement was done in the contralateral CA1
by drawing a similar ROI, which avoided implant-related
scars. For normalization, in each slice, the local back-
ground was measured in a small square (41457 μm2) in
the cortex and subtracted from the mean gray areas of
each ROI in CA1. Finally, mean expression intensities of
mCherry and GFAP in left (saline-injected) and right
(virus-injected) CA1 were presented for each animal.
Furthermore, we quantified the width of the pyramidal
cell layer in dorsal medial CA1 by measuring three per-
pendicular lines in the left and in the right CA1 of each
NeuN-labeled section (3 sections per mouse, AP −1.70
mm, −1.94 mm, −2.18 mm from bregma) and compared
the mean width of the left and right CA1 pyramidal cell
layer.

In ihpKA mice, the presence of hippocampal sclerosis
in the kainate-injected hippocampus was confirmed in
NeuN-labeled sections showing granule cell dispersion
and cell loss in CA1 and CA3 and in GFAP-labeled sec-
tions demonstrating astrogliosis.

Statistical analysis
Data were tested for statistical significance with GraphPad
Prism 8 software (GraphPad Software Inc.). To determine
how the line length and spectral power changed during the
second and third hour of LFP recordings, the baseline value
(in the first hour) was subtracted from the original values
and tested for significance using a one-sample t-test with a
Bonferroni correction of the significance level (α = 0.025 for
two comparisons). A paired t-test was used for comparing
two matched groups of parametric data (normally distrib-
uted with equal variance). Comparisons of more than two
parametric data sets were performed either with a one-way
ANOVA or with repeated-measures (RM) ANOVA, in case
of matched groups. If an ANOVA indicated that not all
group means were equal, Tukey’s multiple comparison test
was performed additionally. Friedman’s test (matched) or
Kruskal-Wallis test (non-matched) with Dunn’s post hoc
was applied for comparing three groups of non-parametric
data. For determining whether the power of oscillations in
different frequency bands changed significantly during the
3-h recordings, two-way RM ANOVA with matching was
performed, followed by Dunnett’s multiple comparison test.
Pearson’s correlation coefficient was used to measure the
strength of association between two variables. Significance
thresholds were set to *p < 0.05, **p < 0.01, and ***p < 0.001
(two-tailed p-values). For parametric data, mean and SEM
are given; for non-parametric data, median with interquartile
range (IQR) are reported.
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