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Abstract
The marine flavobacterium Krokinobactereikastus light-driven sodium pump (KR2) generates an outward sodium ion current 
under 530 nm light stimulation, representing a promising optogenetic tool for seizure control. However, the specifics of KR2 
application to suppress epileptic activity have not yet been addressed. In the present study, we investigated the possibility of 
KR2 photostimulation to suppress epileptiform activity in mouse brain slices using the 4-aminopyrindine (4-AP) model. We 
injected the adeno-associated viral vector (AAV-PHP.eB-hSyn-KR2-YFP) containing the KR2 sodium pump gene enhanced 
with appropriate trafficking tags. KR2 expression was observed in the lateral entorhinal cortex and CA1 hippocampus. Using 
whole-cell patch clamp in mouse brain slices, we show that KR2, when stimulated with LED light, induces a substantial 
hyperpolarization of entorhinal neurons. However, continuous photostimulation of KR2 does not interrupt ictal discharges 
in mouse entorhinal cortex slices induced by a solution containing 4-AP. KR2-induced hyperpolarization strongly activates 
neuronal HCN channels. Consequently, turning off photostimulation resulted in HCN channel-mediated rebound depolari-
zation accompanied by a transient increase in spontaneous network activity. Using low-frequency pulsed photostimulation, 
we induced the generation of short HCN channel-mediated discharges that occurred in response to the light stimulus being 
turned off; these discharges reliably interrupt ictal activity. Thus, low-frequency pulsed photostimulation of KR2 can be 
considered as a potential tool for controlling epileptic seizures.
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Introduction

Up to 30% of patients with epilepsy are resistant to existing 
pharmacological treatments [1]. In addition, side effects of 
existing antiepileptic drugs include cognitive impairment, 
depression, and anxiety [2, 3]. This calls for the develop-
ment of alternative approaches to the treatment of epilepsy. 
One such potential alternative is optogenetic stimulation, 
in which light-driven membrane proteins (opsins) are 
expressed by viral vectors in target neurons and activated 
by a specific wavelength of light [4–7]. The ability to control 
the activity of specific cell types may provide a more precise 
and efficient way to disrupt epileptic activity than classical 
pharmacological interventions [8].

The recently discovered novel microbial rhodopsin from 
the marine flavobacterium Krokinobactereikastus (KR2) 
is the first known light-driven sodium pump [9]. Several 
homologous members of this microbial rhodopsin class have 
subsequently been identified in other bacteria [10–12]. KR2 
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is of particular interest as a potential next-generation optoge-
netic tool because, when activated by green light (530 nm), it 
pumps out sodium ions, leading to a substantial hyperpolari-
zation of neurons and a consequent decrease in their activity. 
For example, in a culture of rat cortical neurons, activation 
of the KR2 photocurrent led to a strong suppression of fir-
ing and hyperpolarization of the cell membrane [13, 14]. 
Exposure of transgenic Caenorhabditis elegans expressing 
KR2 to green light in vivo suppressed the locomotion of the 
worm [13]. Another advantage of KR2 as a potential new-
generation optogenetic silencer of neuronal activity is its 
presumed lack of significant effect on cellular pH balance 
[9], which is a documented problem for other light-driven 
sodium opsins [15–17].

Thus, the use of a new light-driven sodium pump seems 
to be a very promising approach to suppress epileptic activ-
ity. However, to date, there are no studies on the effect of 
KR2 on epileptic activity or on the neurons in brain regions 
involved in its generation. Therefore, we expressed KR2 in 
the mouse entorhinal cortex and hippocampus, the brain 
regions responsible for the generation of abnormal activity 
in temporal epilepsy [18]. In the present study, we provide 
an electrophysiological description of KR2 photocurrent 
properties and their effects on neuronal membrane voltage 
in mouse brain slices. We also describe the HCN channel-
mediated rebound depolarization and propose a KR2 pho-
tostimulation protocol that effectively terminates ictal-like 
activity in the 4-aminopyridine (4-AP) model of epileptic 
seizures.

Methods

Animals

Experiments were performed in the C57BL/J mouse strain 
(n = 8, aged 4–6 months, Rappolovo Animal Facility, Rus-
sia). Only male animals were used in the experiments. All 
animal procedures complied with the European Community 
Council Directive 86/609/EEC and were approved by the 
Animal Care and Use Committee of the Sechenov Institute 
of Evolutionary Physiology and Biochemistry of the Russian 
Academy of Sciences (Protocol № 1–7 / 2022 of the meeting 
№ 1 of January 27, 2022).

Adeno‑Associated Virus (AAV) Production

For virus production, we used the KR2 gene in a construct 
with an N-terminal C2C1 tag (C2C1), Kir2.1 membrane 
trafficking signal (TS) and ER export signal (ES). The gene 
(C2C1_KR2_TS_EYFP_ES) was cloned into the pAAV 
backbone behind the human synapsin promoter (hSyn) using 
BamHI and EcoRI digestion sites. The synapsin promoter 

is neuron specific [19, 20], allowing KR2 to be expressed 
exclusively in neurons. AAVs were generated by transfecting 
HEK-293 T cells with polyethyleneimine (25,000 MW, Poly-
sciences, USA). The transfection involved triple transfec-
tion of HEK-293 T cells with the pHelper plasmid (TaKaRa/
Clontech), a plasmid providing the viral capsid AAV-PHP.
eB (Addgene plasmid #103005), and a plasmid containing 
the KR2 gene. After 72 h, viral particles were harvested 
from the medium, and after 120 h, they were harvested 
from both the medium and the cells. Viral particles from 
the medium were precipitated with 40% polyethylene gly-
col 8000 (Acros Organics, Germany) in 500 mM NaCl for 
2 h at 4 °C. The precipitated particles were then combined 
with cell pellets for further processing after centrifugation 
at 4000 × g for 30 min. The cell pellets were resuspended in 
a solution of 500 mM NaCl, 40 mM Tris, 2.5 mM MgCl2 
(pH 8), and 100 U/ml salt-activated nuclease (Arcticzymes, 
USA) and incubated at 37 °C for 30 min. The cell lysates 
were then clarified by centrifugation at 2000 × g for 10 min 
and subjected to purification using iodixanol (Optiprep, 
Axis Shield, Norway) step gradients (15, 25, 40, and 60%) 
at 320,006 × g for 2.25 h. Viruses were concentrated using 
Amicon filters (EMD, UFC910024) and formulated in sterile 
phosphate-buffered saline (PBS) supplemented with 0.001% 
Pluronic F-68 (Gibco, Germany). Viral stocks were stored 
at − 80 °C until the day of the experiment. The AAV produc-
tion protocol is the same as previously described [21].

Stereotaxic Virus Injection

Mice were anesthetized with a mixture of zoletil-100 (20 mg/
kg; Virbac, France) and xylazine (15 mg/kg; Interchemie, 
Netherlands) and placed in a stereotaxic apparatus (SM-
15 Narishige, Tokyo, Japan). AAV-PHP.eB-hSyn-KR2-
YFP vector was injected into the lateral entorhinal cortex 
(2 µL at a rate of 0.1 µL/min). Injection coordinates were 
as follows: − 4.5 mm anteroposterior, 4 mm mediolateral, 
and − 3.5 mm dorsoventral to the bregma [22]. AAV was 
injected into the right and left hemispheres in random 
order. After all surgical procedures, mice were transferred 
to heated cages for 24 h and then returned to their home 
cages. Experiments were conducted 1 month after injection.

Acute Slice Preparation

Mice were anesthetized with isoflurane (Karizoo, Spain) and 
decapitated, the brain was rapidly removed, and horizontal 
hippocampal-entorhinal brain slices (350 µm) were cut with-
out any tilting angle with a vibratome HM 650 V (Microm, 
Walldorf, Germany) in ice-cold N-methyl-D-glucamine 
(NMDG) solution aerated with carbogen (95% O2 and 5% 
CO2). Composition of the NMDG solution (in mM): 110 
NMDG, 2.5 KCl, 1.2 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 25 
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NaHCO3, 25 dextrose, pH was adjusted to 7.3–7.4 with 1 M 
HCl. After cutting, the slices were placed in artificial cer-
ebrospinal fluid (ACSF) (in mM: 126 NaCl, 2.5 KCl, 1.25 
NaH2PO4, 1 MgSO4, 2 CaCl2, 24 NaHCO3, 10 dextrose). 
Slices were incubated at 35 °C for 10 min and then at room 
temperature for 1 h. Microphotographs were taken at × 50 
and × 400 magnification using a Leica AF 7000 fluorescence 
microscope (Leica Microsystems, Wetzlar, Germany).

4‑AP Model of Epileptic Seizures

To facilitate the generation of ictal-like activity in the 
entorhinal cortex and reduce interictal activity generated 
by hippocampal CA3 neurons [23, 24], Schafer’s collater-
als were incised between hippocampal areas CA3 and CA2. 
The mouse brain slice was then perfused with the proepi-
leptic solution (in mM): 125 NaCl, 3.5 KCl, 1.25 NaH2PO4, 
0.25 MgSO4, 2 CaCl2, 24 NaHCO3, 13 D-glucose, and 0.1 
4-AP. This resulted in the stable generation of ictal-like dis-
charges in the entorhinal cortex. The characteristics of indi-
vidual ictal discharges in the comparable model have been 
described in detail in our previous works [25–27]. Stable 
ictal activity was recorded for at least 15 min prior to KR2 
photostimulation.

Electrophysiological Recordings

After incubation, individual slices were placed in the experi-
mental chamber. The recordings were performed at 30 °C in 
ACSF. The flow rate in the perfusion chamber was 5–6 ml/
min. Both whole-cell patch-clamp and extracellular field 
potential recordings were performed.

For the whole-cell patch-clamp recordings, neurons from 
the entorhinal cortex were visualized using a Nikon Eclipse 
FN1 microscope (Nikon; Tokyo, Japan) equipped with dif-
ferential interference contrast optics, a Grasshopper3 video 
camera (FLIR Systems; Wilsonville, OR, USA), an opti-
cal filter set for fluorescence imaging (the YFP MXR00107 
filter cube, Semrock, West Henrietta, NY, USA), and BLS-
LCS-0505–03-22 and BLS-LCS-0530–03-22 high-power 
LED collimator sources with 135 and 200 mW maximum 
output power (Mightex Systems, North York, ON, Canada). 
KR2 expression was observed in all types of neurons [20], 
but in this study we focused on researching the effects of 
KR2 photostimulation on excitatory cells only. Principal 
neurons were identified based on their triangular soma and 
regular firing pattern. Patch electrodes (3–4 MΩ) were made 
from borosilicate glass capillaries (World Precision Instru-
ments, Sarasota, FL, USA) using a P-1000 micropipette 
puller (Sutter Instrument, Novato, CA, USA). The elec-
trodes were filled with a potassium gluconate-based solution 
(in mM): 135 K-gluconate, 10 NaCl, 5 EGTA, 10 HEPES, 
4 ATP-Mg, and 0.3 GTP. The osmolarity of the pipette 

solutions was adjusted to 290–300 mOsm and the pH to 
7.25. Whole-cell recordings were performed with a HEKA 
EPC-10 amplifier (HEKA, Harvard Bioscience, Inc., Hol-
liston, MA, USA) using PatchMaster 1.2 software (HEKA). 
Data were filtered at 10  kHz and sampled at 33  kHz. 
Access resistance was less than 20 MΩ and remained sta-
ble throughout the experiments (increase ≤ 20%) in all cells 
included in the analysis.

Extracellular field excitatory postsynaptic potentials 
(fPSPs) were recorded in the deep layers of the mouse 
entorhinal cortex using glass microelectrodes (0.2–1.0 MΩ) 
filled with ACSF. The fPSPs were amplified using a Model 
1800 amplifier (A-M Systems, Carlsborg, WA, USA), digi-
tized using an ADC/DAC NI USB-6211 (National Instru-
ments, Austin, TX, USA), and stored on a computer using 
WinWCP v5 software (University of Strathclyde, Glasgow, 
UK). Data were bandpass filtered between 2.9 and 10 kHz 
and digitized at 25 kHz.

Photostimulation

KR2 was excited with light of 530 nm wavelength. Both 
continuous photostimulation of 0.5–10 s duration and inter-
mittent photostimulation at the frequencies of 0.2–2 Hz 
were applied. The voltage-clamp mode was used to record 
the KR2 photocurrents in pyramidal neurons. The steady-
state photocurrent was measured during the last 100 ms of 
a 1000 ms photostimulation. The zero-current-clamp mode 
was used to record the deviations in membrane voltage, 
induced by photostimulation. Both the whole-cell patch-
clamp and fPSC recordings were used to assess the effects 
of photostimulation on epileptiform activity.

Analysis of Electrophysiological Recordings

Recordings were analyzed using the Clampfit 10.4 pro-
gram (Axon Instruments, San Jose, CA, USA) and custom 
software written in Wolfram Mathematica v12 (Wolfram 
Research, Champaign, IL, USA). The decay time constants 
for each KR2 photocurrent were assessed by fitting the cur-
rent decay phase (from 90% of its peak amplitude) with a 
double exponential function:

where τ1 and τ2 are the slow and fast time constants, respec-
tively, the a1 and a2 are the amplitudes of the slow-decay-
ing and fast-decaying components, and c is the constant 
coefficient.

The weighted decay time constant ( �w , ms) was calculated 
as follows:

(1)f (t) = a
1
e−t∕�1 + a

2
e−t∕�2 + c
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Rebound potential area was calculated as the 10 s integral 
of the time–voltage plot following the photostimulation turn 
off, with the baseline membrane potential adjusted to the 
value observed before the photostimulation.

The membrane potential noise ratio was calculated as the 
ratio of the standard deviations of two membrane potential 
recording fragments of equal length (4–5 s), obtained before 
and after the photostimulation.

Registration of Extracellular Potassium 
Concentration

To assess changes in an extracellular potassium concentra-
tion, a potassium-selective electrode (tip filled with potas-
sium ionophore I—cocktail A, Sigma-Aldrich, St. Louis, 
MO, USA, the remaining volume filled with 100 mM KCl) 
was placed in the extracellular space next to the patch-elec-
trode. Changes in electrode voltage were recorded using 
a HEKA 10 USB patch-clamp amplifier in current-clamp 
mode. The extracellular potassium concentration ([K+

o]) at 
a given time (t) was calculated from the electrode voltage 
(V(t)) as follows:

where S = 0.044 mV−1 is the scaling factor, which was esti-
mated by applying solutions with different [K+

o] at the tips 
of ionophore-filled electrodes using a fast application system 
(HSSE-2/3, ALA Scientific Instruments Inc., Farmingdale, 
NY, USA).

Statistical Analysis

Sigmaplot 15 (Systat Software Inc., San Jose, CA, USA) 
was used for statistical data analysis. Dixon’s Q test (at 95% 
confidence level) was used to reject outliers. The normal-
ity of the sample data was assessed using the Kolmogo-
rov–Smirnov test. As the data were not normally distributed, 
statistical significance was assessed using Kruskal–Wallis 
one-way analysis or Friedman RM analysis. Results were 
considered significant at p < 0.05. Dunn’s post hoc test was 
used for multiple comparisons with the control group. All 
data are expressed as mean ± SEM; “n” refers to the number 
of neurons.

Drugs

The HCN channel blocker ZD7288 (25 μM) and the voltage-
gated sodium channel blocker tetrodotoxin (TTX, 0.5 μM) 
were purchased from Alomone Labs (Jerusalem, Israel). All 
the other chemicals were purchased from Sigma-Aldrich.

(2)�w =
a
1
�
1
+ a

2
�
2

a
1
+ a

2

(3)
[

K+
o

]

(t) = 2.5eSV(t)

Results

KR2 Photocurrents Induce Hyperpolarization 
of the Principal Neurons of the Mouse Entorhinal 
Cortex

The entorhinal cortex and hippocampus are responsible 
for the generation of ictal activity in temporal lobe epi-
lepsy [28, 29]. To achieve KR2 expression in these areas, 
we injected the viral vector into the lateral entorhinal 
cortex. One month later, the horizontal slices were cut. 
Strong KR2 expression was observed in the entorhinal 
cortex and hippocampal CA1 field (Fig. 1A, B). We per-
formed the whole-cell patch-clamp recordings from the 
pyramidal neurons of the deep lateral entorhinal cortex, 
which showed strong YFP fluorescence. Photostimulation 
of KR2-expressing pyramidal neurons produced a sharp 
current peak followed by a smaller steady-state current 
(Fig. 1C, D). We first examined the dependence of the 
KR2 peak and steady-state photocurrents on light radi-
ant flux. Both currents increased with light intensity; 
the peak current reached its maximum amplitude when 
the light intensity was 3 times higher than that for the 
steady-state currents (156 ± 17 mW vs. 47 ± 13 mW, 
n = 8). When stimulated with a saturating light intensity, 
the peak-to-steady-state ratio of KR2 photocurrents was 
3.0 ± 0.2 (n = 8), and the current decayed with a weighted 
time constant of 10 ± 3 ms (at − 60 mV). In all subsequent 
experiments, the KR2 photocurrent was induced by light 
of saturating intensity. Next, we examined how the KR2 
photocurrent affected the membrane potential of pyrami-
dal neurons (Fig. 1E). KR2 photostimulation induced an 
electrogenic hyperpolarization with a peak amplitude of 
24 ± 4 mV (n = 13) and the steady-state amplitude of about 
19 ± 3 mV (n = 13). We hypothesized that that such signifi-
cant hyperpolarization is capable of terminating ictal-like 
activity. We tested this hypothesis using the 4-AP model 
of epileptiform activity in vitro.

Continuous KR2 Photostimulation Fails to Terminate 
the Ictal Discharges in the Slice

After replacing ACSF with a proepileptic solution, stable 
ictal activity developed in the mouse entorhinal cortex 
(Fig. 2A). We turned on photostimulation to hyperpolar-
ize entorhinal cortex neurons at the time moment preceded 
the emergence of ictal discharges predicted from visual 
observations of spontaneous activity patterns. However, in 
the presence of prolonged photostimulation of KR2, ictal 
discharges still emerged in 5 out of 5 recordings (Fig. 2C). 
Interestingly, the amplitude of hyperpolarization induced 
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by KR2 activation at the onset of the ictal discharge did 
not exceed − 10 mV. This can be attributed to the GABA-
mediated spontaneous activity, which is always present 
before the ictal discharges and should decrease the input 

resistance, resulting in the smaller responses to KR2 acti-
vation [30]. A significant increase of the membrane con-
ductance was also observed during the late clonic stage 
of an ictal discharge [25], which might also lead to the 

Fig. 1   The KR2 expression in the entorhinal cortex and the properties 
of KR2-photocurrents. A An example of KR2-expression in a mouse 
brain slice. A YFP fluorescent label marks the KR2-expressing neu-
rons, magnifications are × 50 and × 400 accordingly. B The scheme 
shows the horizontal brain slice with the YFP fluorescence (green 
area) and the location of a patch electrode. EC—the entorhinal cor-
tex, PC—perirhinal cortex, DG—dentate gyrus, CA1 and CA3—the 
hippocampal areas. C A representative recording of the photocurrent 

induced in the entorhinal pyramidal neuron by the photostimulation 
(the holding voltage was − 70  mV). The framed inset represents the 
extended current peak, with the decay phase being fitted with the 
biexponential function. D The dependence of the peak- and steady-
state currents on the light intensity (Vhold =  − 70 mV). E The repre-
sentative recording of the membrane potential of the pyramidal neu-
ron during the KR2 photostimulation
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shunting of KR2 response. This result indicates that con-
tinuous KR2 photostimulation is unable to prevent the ictal 
discharges in the 4-AP model.

KR2‑Photocurrent‑Induced Hyperpolarization 
Causes the Rebound Depolarization

As the continuous photostimulation failed to prevent ictal 
activity, we attempted to develop an alternative protocol, 
which utilizes the intermittent photostimulation of KR2. We 
have previously reported that low-frequency optogenetic 
stimulation of principal neurons of the mouse entorhinal 
cortex prevents ictal activity in the 4-AP model of epilepsy 

in vitro [31]. In contrast, low-frequency hyperpolarization of 
pyramidal neurons using archaerhodopsin photostimulation 
did not affect ictal activity [31]. Therefore, intermittent KR2 
photic stimulation was expected to be ineffective. However, a 
significant rebound depolarization of pyramidal neurons was 
observed in response to turning off KR2 photostimulation 
(Fig. 3A–D). The magnitude of the rebound depolarization 
increased with the duration of photostimulation (Fig. 3B). 
We hypothesized that this transient depolarization could 
be used for indirect stimulation of entorhinal neurons and 
investigated its underlying mechanisms by assessing the con-
tributions of hyperpolarization-activated currents, transient 
increase of network activity and change of ionic gradients.

Fig. 2   The effect of KR2 photostimulation on the ictal activity in a 
mouse brain slice. A A representative recording of the membrane 
voltage of the entorhinal cortex pyramidal neuron during perfusion 
with 4-AP-containing solution. Stable generation of ictal-like dis-

charges is observed. B A representative ictal-like discharge. C The 
recording from the same neuron as in B. Prolonged activation of the 
KR2 photocurrent fails to terminate the ictal-like discharge
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Fig. 3   KR2 photostimulation-mediated hyperpolarization causes 
the rebound potential. A Representative examples of the membrane 
potential and extracellular potassium ion concentration responses to 
KR2 photostimulation of different durations. Note a rebound poten-
tial at the time the photostimulation was turned off. B The depend-
ence of the rebound amplitude on the duration of photostimulation in 
control conditions (n = 15, χ2

4 = 37, p < 0.001; Friedman RM analy-
sis, Dunn’s post hoc). C The membrane potential responses to pho-
tostimulation in the control conditions (ctrl), in the presence of the 
HCN channel blocker ZD7288, 25  μM (ZD), and in the presence 
of ZD7288 and TTX, 0.5  μM (TTX + ZD). D Expanded fragments 
from C with the rebound depolarizations. A spontaneous response is 
highlighted in a black frame. Note that the rebound depolarization is 
blocked by ZD7288, while the spontaneous activity is abolished in 

the presence of TTX. E The area of the rebound potential after 10 s 
photostimulation in control conditions (n = 15) and in the presence 
of ZD7288 (n = 8) and TTX + ZD7288 (n = 7) (H2 = 12.9, p = 0.002; 
Kruskal–Wallis one-way analysis, Dunn’s post hoc). F The ratios of 
the standard deviations of the membrane voltage potentials for the 
three groups (H2 = 7.6, p = 0.022; Kruskal–Wallis one-way analy-
sis, Dunn’s post hoc). G Reduction of the extracellular potassium 
concentration in response to photostimulation of different durations 
(n = 14, χ2

4 = 54, p < 0.001; Friedman RM analysis, Dunn’s post hoc). 
*p < 0.05, **p < 0.01, ***p < 0.001. H A representative recording 
of the membrane voltage during the perfusion of the slice with the 
proepileptic solution. Note that the bursts of neuronal firing appear at 
the time the photostimulation is turned off
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HCN channels are known to mediate rebound depolariza-
tion [32]. Therefore, we tested whether these channels are 
involved by applying their antagonist (ZD7288, 25 μM). 
Application of ZD7288 almost completely abolished the 
rebound depolarization after 10  s of photostimulation 
(Fig. 3C–E).

In response to turning off the light stimulation, we 
observed a transient increase in network activity, manifested 
by an increased magnitude of membrane voltage fluctuations 
(Fig. 3D, black trace). To investigate whether this increase 
in network activity was mediated by HCN channel activity 
or by the transient neuronal silencing caused by KR2 activa-
tion, we measured the standard deviation of the membrane 
potential before and after light stimulation and calculated the 
noise ratio as described in the “Methods” section (Fig. 3F). 
Under control conditions, the noise ratio was greater than 
1 in most of the recordings. Application of ZD7288 did 
not affect the median value of the noise ratio, whereas co-
application of ZD7288 and the voltage-gated sodium chan-
nel blocker tetrodotoxin (TTX) significantly reduced the 
noise ratio due to inhibition of network activity in the brain 
slice (Fig. 3F). The results obtained suggest that silencing 
of the network by the KR2 photocurrent is followed by a 
transient increase in network activity, which contributes to 
the observed rebound depolarization.

Because KR2 pumps sodium ions out of the cell, its activ-
ity could cause a decrease in the intracellular concentration 
of sodium ions, leading to inhibition of Na–K ATPase activ-
ity [33]. Such a decrease could lead to a transient increase 
in the extracellular K+ concentration during photostimula-
tion, which could also explain the rebound depolarization. 
We examined this hypothesis by measuring the extracellular 
potassium ion concentration using an ion-selective electrode 
in conjunction with patch-clamp recording (Fig. 3A, red 
line). Our results revealed a minor decline in the extracel-
lular potassium concentration during the photostimulation 
period (Fig. 3G). Also, no transient increase in extracellular 
K+ concentration was observed during and after photostimu-
lation. Because small changes of the extracellular potassium 
concentration can be attributed to the decrease in driving 
force for these ions, we concluded that the KR2 photocur-
rent does not affect the activity of the Na–K ATPase in our 
preparation.

The above-mentioned observations indicate that the 
rebound depolarization in response to KR2 photostimula-
tion is predominantly mediated by HCN channel activity and 
to a lesser extent by a short-term increase in spontaneous 
network activity. Therefore, we next investigated whether 
this rebound depolarization can lead to epileptic events. 
We applied 2 s photostimulation at 0.25 Hz while the slice 
was perfused with 4-AP-containing proepileptic solution 
and recorded the membrane voltage of entorhinal neurons 
(Fig. 3H). Short (0.5–1 s) epileptiform bursts that occur at 

turning off light stimulation were observed in 5 out of 5 
recorded neurons (Fig. 3F). The short discharges observed 
in our current preparation were comparable to those induced 
by ChR2 photostimulation described in our previous study 
[31]. We hypothesized that these HCN channel-mediated 
rebound bursts of network activity can be used to control 
spontaneous epileptiform activity.

Optogenetic Control of Epileptiform Activity 
in Mouse Brain Slice

Next, we attempted to achieve reliable elimination of ictal 
activity in the slice by applying intermittent photostimula-
tion (Fig. 4). We developed the protocol of KR2 photostimu-
lation, which promotes the elimination of ictal activity in the 
slice and uses the HCN channel-mediated rebound depo-
larization to induce firing of principal neurons. To adjust 
the parameters of KR2 photic stimulation, we used field 
potential recordings, which allows long-term registrations 
of epileptiform activity.

Intermittent light stimulation at 0.33 Hz with a stimulus 
duration of 800 ms reliably interrupted ictal discharges in 
5 out of 6 slices (Fig. 4). Each time the light stimulus was 
turned off, a brief epileptiform discharge occurred in the 
slices. The ictal activity resumed after the end of photo-
stimulation (Fig. 4).

Next, we investigated what exactly underlies the anti-ictal 
effect: rhythmic hyperpolarization of neurons or rebound 
depolarization causing rhythmic activation of the neuronal 
network. The blocker of HCN channels suppressed the 
rebound spikes, thus restoring ictal activity (Fig. 4). Thus, 
the results obtained show that HCN-mediated rebound fir-
ing, and not KR2-induced hyperpolarization, is responsi-
ble for the disruption of ictal discharge generation in the 
entorhinal cortex.

Discussion

In the present study, we investigated the effect of KR2 pho-
tostimulation on entorhinal cortex neurons in mouse brain 
slices. To the best of our knowledge, it is the first application 
of the KR2 sodium pump to influence epileptiform activity. 
In our 4-AP model of epilepsy, continuous photoactivation 
of KR2 did not suppress ictal activity; however, using low-
frequency regime of stimulation, we were able to replace the 
ictal discharge generation with the short bursts.

In our experiments, the kinetics and magnitude of photo-
current and its dependence on light intensity were compara-
ble to those observed in other studies [14, 34]. We detected 
two effects of light stimulation on neuronal populations 
expressing KR2. The first effect is an acute hyperpolariza-
tion induced by an outward sodium photocurrent. Similar 



4699Molecular Neurobiology (2024) 61:4691–4704	

1 3

to KR2, the chloride pump halorhodopsin and the proton 
pump archaerhodopsin can induce significant hyperpolari-
zation of neurons [4, 31, 35, 36]. However, halorhodopsin 
activation may lead to an increase in intracellular chloride 
concentration [37] and consequent enhancement of epileptic 
activity [38], thus limiting usage of this optogenetic tool 
for prevention of epilepsy. Changes in cellular pH evoked 
by archaerhodopsin activation [39, 40] also affect epileptic 
activity [41]. Thus, KR2 pretends to be a better tool than the 

previous generation of neuronal silencers because it does not 
directly affect the neuronal chloride gradient and pumps pro-
tons with very low efficiency; instead, it functions primarily 
as a sodium ion pump under physiological conditions [9, 
42]. Therefore, a decrease in the intracellular concentration 
of sodium ions would be expected upon activation of KR2, 
leading to a downregulation of the Na–K ATPase activity. 
However, this effect did not manifest itself in our prepara-
tion. We observed only a slight decrease in the extracellular 

Fig. 4   An example of the epileptiform activity control by KR2 pho-
tostimulation. (1) A representative example of ictal activity in the 
mouse entorhinal cortex. (2) Photostimulation (0.33 Hz, 800 ms stim-
ulus duration) disrupts the generation of ictal discharges. (3) Applica-
tion of HCN channel blocker ZD7288 restores the ictal activity. The 

framed inset represents the protocol of KR2 photostimulation (bottom 
trace) and the extended fragments from the traces above. Note that 
the short epileptiform bursts emerge at the turning off photostimula-
tion
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potassium concentration during KR2 activation, which is 
contrary to what would be expected in the case of Na–K 
ATPase downregulation, and which can be attributed to the 
reduced driving force for the potassium ions during hyper-
polarization [43]. Since changes in potassium and chloride 
ion concentrations can trigger epileptic activity [44], the 
absence of significant changes in ion concentrations during 
KR2 activation is an important advantage when using KR2.

The second observed effect of KR2 activation on the 
membrane voltage was the rebound depolarization leading to 
the occurrence of discharges each time the stimulation ends. 
This rebound depolarization is mostly mediated by HCN 
channels and is comparable to that previously described in 
the entorhinal cortex [45, 46]. The rebound potential was 
completely abolished by co-application of the blockers of 
HCN and voltage-gated sodium channels, indicating that it 
is not mediated by the persistent changes in ionic gradients, 
induced by KR2 activation. Thus, we underline that in our 
preparation, all ionic gradients potentially perturbed by KR2 
activation rapidly recover, which may be considered as an 
additional advantage of using KR2 as a neuronal silencer.

Prevention of epileptic activity by selective optogenetic 
stimulation of specific cell types in the epileptogenic foci 
is considered to be a promising approach for the treatment 
of pharmacoresistant forms of epilepsy [47]. However, the 
exact treatment protocols have not yet been established. In 
our preparation, the prolonged hyperpolarization induced 
by KR2 photocurrent was unable to prevent the ictal dis-
charges in slices. We hypothesize that the activity of neu-
rons with weak or no KR2 expression (presumably, from 
the medial cortical areas that did not express KR2 in our 
preparation) may induce ictal-like activity that spreads to the 
lateral entorhinal cortex despite its continuous photostimu-
lation. We have previously reported that ictal-like events 
can originate in either medial or lateral cortical regions in 
the slice and propagate from one cortical region to another, 
suggesting that even just a fraction of neurons is able to 
sustain ictal activity [48]. Another potential reason for the 
inability to prevent the ictal discharges in the brain slice is 
the non-specific expression of KR2 in all neuronal types. 
Selective inhibition of glutamatergic neurons is predicted to 
be significantly more effective [35, 49]. However, targeted 
inhibition of GABAergic neurons within an appropriate time 
frame may also be an effective approach [50].

Previously published results suggest that the effect of 
optogenetic intervention on epileptiform activity may vary 
depending on experimental preparations. Activation of 
halorhodopsin in the principal neurons of the hippocampus 
inhibits “stimulation train-induced bursting” [35] and alters, 
but not abolishes, the dynamics of epileptiform activity in 
a lithium-pilocarpine model of epilepsy [51]. In an in vivo 
kainite model, direct inhibition of hippocampal pyramidal 
neurons expressing halorhodopsin was able to terminate 

more than half of the seizures [42]. Previous studies have 
also attempted to inhibit the activity of principal neurons 
using optogenetic stimulation of parvalbumin (PV) and 
somatostatin (SOM) interneurons [52, 53]. Channelrho-
dopsin-2-mediating activation of PV cells reduces seizures 
in a kainate model of epilepsy in vivo [53]. Similar results 
were achieved using the light-activated chloride channels 
expressed in the dentate gyrus in vivo [54]. However, in 
the CA3 hippocampus, 5 s-photoactivation of GABAergic 
interneurons in a 4-AP model in vitro induces only a tran-
sient pause in burst generation, whereas a longer period of 
enhanced interneuronal activity cannot further delay the 
generation of epileptiform bursts [55]. In addition, switch-
ing on light stimulation produced a burst-like discharge in 
this model. In another study, photodepolarization of PV 
interneurons changed its effect from anti-ictal to proictal 
within a few seconds [38, 52]. In another preparation, selec-
tive activation of entorhinal PV and SOM interneurons not 
only failed to stop seizure-like events in entorhinal cortex 
slices, but also directly triggered them [56]. The ambiguity 
of these results may be caused by changes in the chloride ion 
gradient during interneuronal firing, which in turn change 
the role of interneurons. Such transition is unlikely to occur 
in our preparation, as the sodium pump is expressed in both 
principal cells and interneurons [57, 58].

Taken together, these findings suggest that the results 
of optogenetic inhibition of epileptic networks are highly 
dependent on the model of seizures used and the location 
and direction of the optogenetic intervention [59]. In the 
current study, an in vitro 4-AP model was used, in which 
ictal activity originate in the entorhinal cortex [23]. Effec-
tive inhibition of epileptiform activity in the cortex may 
therefore require a more precise optogenetic intervention 
that takes into account its laminar organization or its con-
nections with other brain regions.

Suppression of abnormally synchronized activity by low-
frequency stimulation is a promising approach to reduce the 
severity of epilepsy. Since sustained KR2 activation failed to 
suppress ictal-like activity in our preparation, we attempted 
to use HCN channel-mediated rebound firing to induce 
low-frequency excitation of entorhinal cortex neurons. In 
contrast to continuous stimulation, intermittent stimulation 
by brief light pulses was able to disrupt ictal-like activity. 
Several previous studies have already demonstrated the 
anti-ictal effect of the low-frequency electric [24, 60] or 
optogenetic activation of the entorhinal neurons in in vitro 
models [61]. In kindling models of temporal lobe epilepsy, 
application of 1 Hz LFS to the hippocampus has been shown 
to prevent seizure development and subsequent epileptiza-
tion [62–66]. Prolonged LFS induces synaptic depression, 
which decreases the excitability of pyramidal neurons and 
associated networks [62, 66]. However, unlike optogenetic 
stimulation, electrical stimulation has a non-specific effect 
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on brain tissue, causing a variety of serious side effects [67, 
68] and even causing seizures in some patients [69].

Our previous results demonstrate that low-frequency acti-
vation of entorhinal principal neurons by ChR2 disrupts the 
ictal activity in the brain slice, while their low-frequency 
hyperpolarization by archaerhodopsin is inefficient [31]. 
Comparable bursts of neuronal firing were also observed in 
response to archaerhodopsin stimulation switch-off, but only 
within a narrow time window during the late phase of the 
seizure-like event. A more pronounced effect of intermittent 
hyperpolarization in the present study may be attributed to 
a greater activation of HCN channels by the stronger photo-
currents and longer light pulses.

The implemented KR2 photostimulation protocol, which 
utilizes the HCN channel-mediated rebound firing, could 
be an alternative to direct optogenetic activation of these 
neurons or non-selective electrical stimulation. The imple-
mented approach combines the transient silencing of neu-
ronal activity with the phase-resetting effect of periodic 
stimulation. We have previously hypothesized that intermit-
tent ChR2 photostimulation disrupts ictal-like activity in the 
entorhinal cortex by upregulating the Na–K ATPase due to 
the accumulation of sodium ions inside the cell [31]. The 
Na–K ATPase activation reduces the network activity due 
to electrogenic effect and promotes the efficient removal of 
extracellular potassium ions, thus diminishing the positive 
feedback in ictal discharge generation mechanism, according 
to our Epileptor-2 model [70]. As shown previously [71], 
transient activation of HCN channels by hyperpolarization 
also upregulates Na–K ATPase in neurons due to co-local-
ization of these proteins in a single Na+ microdomain. In 
our case, the sodium accumulation and consequent Na–K 
ATPase activation is caused by the sodium flux through 
HCN channels as well as by opening of glutamatergic and 
voltage-gated sodium channels during the short discharges 
evoked by light. The KR2-driven hyperpolarization results 
in silencing and thus synchronization of neurons, which are 
then readily spiking in response to HCN-mediated depolar-
izing sag potential. We hypothesize that the resulting sodium 
accumulation and pump activation prevents ictal discharges 
in our preparation. Thus, the implemented indirect stimula-
tion of pyramidal neurons may be a more efficient way to 
disrupt the network synchronization process because it pro-
motes Na–K ATPase activity to a greater extent than direct 
stimulation.

The proposed approach relies heavily on HCN channels 
to effectively interrupt ictal activity. However, it may be 
somewhat problematic in chronic epilepsy, as many reports 
indicate that HCN channel expression can be downregulated 
[72–74]. It is also unclear whether the rearranged network in 
the epileptic brain [23] allows the implemented approach to 
be effective. Further studies using chronic epilepsy models 
are needed to address these potential issues.

We conclude that low-frequency photostimulation of the 
KR2 sodium pump may be an effective protocol for reducing 
seizure severity. This approach may be effective not only in 
controlling epileptic activity, but also in other cases asso-
ciated with spreading depolarizations in the brain such as 
stroke [75], migraine [76], and traumatic brain injury [77].
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