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Abstract— The progress in optogenetics largely depends on the development of light-activated proteins as new molecular 
tools. Using cultured hippocampal neurons, we compared the properties of two light-activated cation channels – classical 
channelrhodopsin-2 from Chlamydomonas reinhardtii (CrChR2) and recently described channelrhodopsin isolated from the 
alga Platymonas subcordiformis (PsChR2). PsChR2 ensured generation of action potentials by neurons when activated by the 
pulsed light stimulation with the frequencies up to 40-50 Hz, while the upper limit for CrChR2 was 20-30 Hz. An important 
advantage of PsChR2 compared to classical channelrhodopsin CrChR2 is the blue shift of its excitation spectrum, which 
opens the possibility for its application in all-optical electrophysiology experiments that require the separation of the maxi-
ma of the spectra of channelrhodopsins used for the stimulation of neurons and the maxima of the excitation spectra of var-
ious red f luorescent probes. We compared the response (generation of action potentials) of neurons expressing CrChR2 and 
PsChR2 to light stimuli at 530 and 550 nm commonly used for the excitation of red f luorescent probes. The 530-nm light 
was significantly (3.7 times) less efficient in the activation of neurons expressing PsChR2 vs. CrChR2-expressing neurons. 
The light at 550 nm, even at the maximal used intensity, failed to stimulate neurons expressing either of the studied opsins. 
This indicates that the PsChR2 channelrhodopsin from the alga P. subcordiformis is a promising optogenetic tool, both in 
terms of its frequency characteristics and possibility of its application for neuronal stimulation with a short-wavelength (blue, 
470 nm) light accompanied by simultaneous recording of various physiological processes using f luorescent probes. 
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INTRODUCTION

Microbial rhodopsins (light-sensitive retinal-bind-
ing proteins) are the most versatile and widely used op-
togenetic tools [1]. When expressed exogenously in mam-
malian cells, they retain their activity as light-gated ion 
channels or pumps [2]. In particular, these proteins allow 
minimally invasive regulation of neuronal activity with a 

high temporal and spatial resolution both in  vitro [3,  4] 
and in vivo [5].

Channelrhodopsin-2 cloned from the unicellular 
alga Chlamydomonas reinhardtii (CrChR2) [2], is the 
most extensively used microbial rhodopsin in optoge-
netics. CrChR2 requires no additional components to 
function and has a relatively fast kinetics, high membrane 
affinity, and virtually no side effects. In many cases, how-
ever, this is not sufficient. The development of optoge-
netics has resulted in the creation of specialized mutants 
and different variants of channelrhodopsins [6,  7] with 
accelerated kinetics, reduced desensitization, and mod-
ified excitation spectra. Of particular interest are newly 
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discovered microbial opsins, which quite often are all but 
ready-made tools suitable for solving particular method-
ological challenges.

Recently, Govorunova et al. [8] described a new 
channelrhodopsin isolated from another chlorophyte 
alga, Platymonas subcordiformis (hereafter referred to as 
PsChR2). It differs from CrChR2 in two important pa-
rameters, namely, faster recovery of the peak photocur-
rent amplitude and a short-wavelength shift of the action 
spectrum relative to the spectrum of CrChR2 [8]. There-
fore, PsChR2 could be a potential optogenetic tool in the 
all-optical electrophysiology experiments, in which visi-
ble light is used for both stimulation of neurons and op-
tical recording with f luorescent probes [9]. An essential 
requirement for such experiments is that the excitation 
spectra of the opsin and the f luorescent probe either do 
not overlap or overlap only slightly so that the probe exci-
tation wavelength will not interfere with the physiological 
activity of the neuron.

Here, we studied the functional properties of 
PsChR2 expressed in the primary culture of hippocam-
pal neurons vs. the properties of CrChR2-expressing cells 
and found that PsChR2 provided significantly better re-
sponse frequency characteristics in the range of 20-50 Hz 
compared to CrChR2. The 530-nm light commonly used 
to excite f luorescent probes, activated both CrChR2-ex-
pressing and PsChR2-expressing neurons, while the lon-
ger-wavelength 550-nm light caused almost no response 
in the neurons expressing either of the studied opsins. 
These facts should be taken into account when planning 
optogenetic experiments.

MATERIALS AND METHODS

Adeno-associated serotype 2 viral vectors AAV2-
CAG-PsChR2-Venus (titer, 5.5×109 genomes/μl) and 
AAV2-CAG-CrChR2-Venus (7.2×109 genomes/μl) were 
synthesized at the Federal Center of Brain Research and 
Neurotechnologies of the Federal Medical Biological 
Agency of Russia.

Primary neuronal cultures were prepared by the stan-
dard technique [10] from the hippocampus of newborn 
ICR mice on postnatal days 0-2. The hippocampi were 
extracted in ice-cold Dulbecco’s Modified Eagle Medi-
um (DMEM; Thermo Fisher Scientific, USA) containing 
15 mM Hepes (Sigma-Aldrich, USA). The tissue was then 
minced, transferred to 0.08% (mass/vol) trypsin solution 
in DMEM, and digested for 15 min at 37°C. After centrif-
ugation, the trypsin-containing supernatant was replaced 
with the incubation medium (see below), and the cells 
were repetitively triturated. The produced cell suspension 
was plated onto 12-mm coverslips coated with poly-D-
lysine (Sigma-Aldrich). The neurons were cultured in a 
CO2 incubator in Neurobasal™-A medium supplemented 
with B27™ and GlutaMAX™ according to the manufac-

turer’s recommendations (Thermo Fisher Scientific) at 
37°C in 5% CO2 at a relative humidity of 95%.

Viral transduction of cell cultures was performed 
on days 5-6 in  vitro. The neurons were incubated with 
0.1% virus solution (vol/vol) in the incubation medium 
for 24 h. After 24 h, the incubation medium was replaced 
with the fresh medium.

Neuronal whole-cell recordings were performed on 
days 14-20 in  vitro at room temperature by the patch-
clamp method in the current- or voltage-clamp modes 
using a Multiclamp™ 700B amplifier and a CV-7B head-
stage (Molecular Devices, LLC, USA). The data were 
digitized with Axon™ Digidata® 1550A (Molecular 
Devices) at 10  kHz, filtered (Bessel filter with 10-kHz 
cutoff frequency), and recorded with the pCLAMP™ 
10 software (Molecular Devices).

The recording bath was mounted on a stage of 
an Olympus BX51WI epif luorescence microscope 
(Olympus Corporation, Japan) and filled with the glu-
cose-containing Hepes-buffered Hanks’ Balanced Salt 
Solution (10 mM glucose, 10 mM Hepes, 139 mM NaCl, 
5.3 mM KCl, 1.26 mM CaCl2•2H2O, 0.5 mM MgCl2•6H2O, 
4.16 mM NaHCO3, 0.34 mM Na2HPO4, 0.44 mM KH2PO4, 
0.4 mM MgSO4•7H2O, pH 7.4). Borosilicate patch pipettes 
were filled with the recording solution designed to mimic 
the intracellular ion content (140  mM potassium gluco-
nate, 10 mM Hepes, 5 mM KCl, 10 mM phosphocreatine, 
4 mM MgATP and 0.3 mM Na2GTP, pH 7.31). The resis-
tance of the patch pipettes was 4-7 MΩ.

Opsin-expressing pyramidal neurons were detected 
by the f luorescence of the Venus f luorescent protein. Light 
stimulation was provided with M470L2 (λmax, 470  nm), 
M530L3 (λmax, 530  nm) (Thorlabs, USA), and pE-100 
(λmax, 550 nm) (CoolLED, United Kingdom) light-emit-
ting diodes (LEDs) through the microscope objective.

The illumination intensity under the objective at var-
ious LED driving currents was measured with a PM16-130 
power meter (Thorlabs) and the data were used to plot 
the calibration curves that were then used to set the LED 
driver current in order to achieve the required light stim-
ulus power.

During the experiments, the incident light beam 
was centered on the neuronal soma. The diameter of 
the beam was set to the minimally possible (~100 μm), 
with the closed microscope field diaphragm, to reduce 
the off-target stimulation of the neighboring transfected 
neurons.

The data were analyzed with the pCLAMP™ 10 
package and Python software [11]. Neurons with the 
resting membrane potential above –40 mV and the cells 
unable to consistently generate action potentials upon 
injection of the depolarizing current were excluded from 
further analysis.

For statistical analysis, we used the Mann–Whit-
ney U  test, Welch’s t-test, and Student’s t-test (the last 
two, for normally distributed data). The Shapiro–Wilk 
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test was used to assess the normality of the distribution. 
The data are shown as mean +/– standard error of mean 
unless indicated otherwise.

RESULTS

High expression levels of the f luorescent proteins in 
neurons and in a small number of glial cells were achieved 
with both viral vectors. All identified f luorescent neurons 
depolarized in response to a 470-nm light stimulus. The 
absorption maximum of PsChR2 is 445 nm [8]. Howev-
er, we thought it was important to compare the responses 
of the two opsins to the 470-nm light stimulation, since 
this wavelength is typical for the default light sources of 
epif luorescence microscopes commonly used in electro-
physiological setups in optogenetic experiments in vitro.

In order to compensate for a possible variability in 
the opsin expression in different cells, the intensity of the 
light stimulus in the first series of experiments was adjust-
ed for each individual neuron as the maximum intensity 
that did not induce generation of action potentials.

In this series of experiments, the inward light-in-
duced current caused by the activation of channelrhodop-
sins was recorded in the voltage clamp mode. The average 
intensity of the light stimuli was 0.20 ± 0.16 μW/mm2 for 
PsChR2 (n = 19) and 0.25 ± 0.13 μW/mm2 for CrChR2 

(n  =  16) (p  =  0.34, Student’s t-test). A typical shape 
of the photocurrent induced by the light stimulation 
of channelrhodopsin-expressing neurons is shown in 
Fig. 1, a and b. The response included a fast peak com-
ponent and a slow stationary component. The maximal 
amplitudes of the stationary component measured upon 
continuous illumination were close in the two exper-
imental groups [320  ±  30  pA for PsChR2 (n  =  19) and 
300 ± 40 pA for CrChR2 (n = 16)], with no statistically 
significant difference between them (p = 0.73, Student’s 
t-test). At the same time, the peak response values were 
significantly higher in the CrChR2-expressing neurons 
compared to the PsChR2-expressing cells (620 ± 80 pA 
vs. 420 ± 40 pA, respectively; p < 0.05, Student’s t-test). 
Among other factors, this difference was due to the dif-
ferent ratios between the peak and stationary components 
for the two channelrhodopsins (Fig. 1, a and b). The con-
tribution of the stationary component to the overall re-
sponse was substantially and significantly higher in the 
PsChR2-expressing neurons than in the CrChR2-ex-
pressing neurons (75  ±  3% vs. 47  ±  3%, respectively; 
p < 0.001, Student’s t-test) (Fig. 1c). It should be noted 
that the mean resting membrane potentials did not dif-
fer between the two groups (–59 ± 7 mV for PsChR2 and 
–62 ± 8 mV for CrChR2; p = 0.34, Student’s t-test).

Pulsed light stimulation. Previously, it was shown 
that in channelrhodopsin-expressing human embryonic 

Fig. 1. Kinetics of the light-induced transmembrane currents in cultured hippocampal neurons expressing CrChR2 or PsChR2. a and b) Represen-
tative intracellular recordings of the photocurrents elicited by a 200-ms light stimulus at 470 nm (represented by horizontal blue bar) in channel-
rhodopsin-expressing neurons. Designations: s, stationary component of the response; p, peak component; t, overall response. c) Fraction of the 
stationary component in the total response (* p < 0.001, statistically significant difference; Student’s t-test).
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Fig. 2. Action potentials evoked in cultured CrChR2-expressing and PsChR2-expressing neurons by the stimulation with short (3-ms) light pulses 
(represented with blue vertical bars) delivered at different rates (20 to 50 Hz).

Fig. 3. The ratio of the number of action potentials elicited by the pulsed light stimulation to the total number of light stimuli. Shaded boxes with-
out whiskers, interquartile ranges; horizontal lines, medians; asterisks, statistically significant difference between the distributions according to 
the Mann–Whitney U test (* p < 0.05). When stimulated at 5 and 10 Hz, all neurons in both groups reached 100% successful response rate.
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kidney HEK293 cells stimulated with two successive light 
stimuli, the peak response evoked by the second stimu-
lus restored much better in the PsChR2-expressing cells 
than in the CrChR2-expressing cells across a wide range 
of stimulation frequencies [8]. In this regard, we decid-
ed to characterize the maximum frequencies of the ac-
tion potentials induced by the pulsed light stimulation 
of PsChR2-expressing and CrChR2-expressing cultured 
hippocampal neurons. The light intensity in these exper-
iments was set to be two times higher than the threshold 
value for the action potential generation (two rheobases).

In both experimental groups, neurons consistently 
generated action potentials when stimulated with short 
(3-ms) light pulses at a rate of 5-20 Hz (Fig. 2). The num-
ber of missed action potentials in the responses increased 
as the light pulse rate increased, but in the PsChR2-
expressing neurons, this effect was observed at higher 
pulse rates (Fig. 2). The frequency characteristics of the 
average response had an S-shape (Fig. 3). In the middle 
frequency range (20-40 Hz), the proportion of successful 
action potentials in the PsChR2-expressing neurons was 
significantly higher than in the CrChR2-expressing neu-
rons (p < 0.05; Mann–Whitney U test).

Responses evoked by green light stimulation. An im-
portant feature of PsChR2 is the shift of its excitation 
spectrum to the short-wavelength region relatively to 

the spectrum of CrChR2, which makes PsChR2 a more 
suitable candidate for the experiments using light of dif-
ferent wavelengths for the stimulation and recording of 
the neuronal activity. Therefore, we decided to test if the 
PsChR2-expressing and CrChR2-expressing neurons 
differ in their response to green (530 and 550 nm) light, 
which is commonly used for imaging of red f luorescent 
proteins, and which, to make the above experiments pos-
sible, should cause minimal (ideally, none) activation 
of channelrhodopsins. Similar to the previous series of 
experiments, the intensity of 470-nm light was adjusted 
individually for each neuron and set as the maximum 
intensity that did not evoke action potentials. The same 
intensity was then used for the stimulation at 530 and 
550 nm. The photocurrents elicited by 200-ms light f lash-
es were recorded in the voltage clamp mode.

We found that the 530/470 amplitude ratio in the 
PsChR2-expressing cells was 3.7 times lower than in the 
CrChR2-expressing neurons (0.10 ± 0.08 vs. 0.37 ± 0.04, 
respectively; p < 0.01; Welch’s t-test) (Fig. 4). In this se-
ries of experiments, the peak amplitude was not measured 
due to its almost complete absence upon the green light 
stimulation. The neuronal response induced by the 550-
nm light of the same intensity was extremely small in both 
groups (PsChR2, 0.006 ± 0.005; CrChR2, 0.014 ± 0.009; 
p  =  0.076; Welch’s t-test). Both results were consistent 

Fig. 4. Transmembrane currents induced in CrChR2-expressing and PsChR2-expressing cultured hippocampal neurons by 470-, 530-, and 550-nm 
light stimuli of equal intensity. a  and  b)  Representative intracellular recordings of the photocurrents in channelrhodopsin-expressing neurons 
evoked by a 200-ms light f lash (indicated with black bracket) at (1) 470, (2) 530, and (3) 550 nm. c) Ratios between the amplitudes of the stationary 
responses evoked by 530 and 550 nm stimuli and the stationary response evoked by a 470-nm stimulus; * p < 0.01, statistically significant differ-
ence, Welch’s t-test.
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with the previous measurements of the CrChR2 and 
PsChR2 action spectra in HEK293 cells [8]. It is import-
ant to note that at a sufficiently high 530-nm light inten-
sity (~4-5  μW/mm2), the generation of action potentials 
was still possible in both groups of neurons, while the 
550-nm light even at the maximum intensity available in 
our setup failed to produce the suprathreshold activation 
of neurons.

All-trans retinal application did not affect the ac-
tivity of channelrhodopsins. The original paper [8], in 
which the properties of PsChR2 were described for the 
first time, reported that culturing PsChR2-expressing 
neurons in the medium with an increased all-trans ret-
inal concentration led to a significant increase in the 
light-induced current amplitude. In addition to 0.5  μM 
retinyl acetate (default component of the standard cul-
ture medium), the authors supplemented the medi-
um with all-trans retinal to the final concentration of 
0.4 μM [8]. In this regard, we decided to check whether 
the light response of channelrhodopsin-expressing neu-
rons will be enhanced by adding retinal directly to the 
recording chamber during the electrophysiological exper-
iment, since microbial rhodopsins are known to quick-
ly capture and covalently bind retinal from the external 
medium [12].

The neuronal responses to the 200-ms light stimuli 
at 470 nm were recorded before the addition of 0.4 μM 
all-trans retinal, as well as 20  min after its addition. 
We found that the application of retinal did not signifi-
cantly affect the responses of neurons. If one takes the 
peak amplitude of the response to the 470-nm stimulus 
as one, then 20 min after all-trans retinal application, the 
peak response was 0.93 ± 0.05 in the CrChR2-expressing 
neurons and 0.87 ± 0.05 in the PsChR2-expressing cells. 
The slow stationary response component was 0.86 ± 0.06 
and 0.82 ± 0.06, respectively (all differences were statis-
tically insignificant, Student’s t-test).

DISCUSSION

PsChR2 is presumably one of at least three types of 
P.  subcordiformis phototaxis receptors. As shown previ-
ously, its primary structure and properties are similar to 
those of other channelrhodopsins from green algae  [8]. 
However, the above-described electrophysiological prop-
erties of PsChR2 distinguish it from others proteins. 
Therefore, we chose to study PsChR2 as a potential tool 
for optogenetic experiments. Despite the similarity to the 
classical channelrhodopsin CrChR2, PsChR2 consistent-
ly provided a higher action potential rate upon the pulsed 
light stimulation. One of the explanations for this feature 
might be the reduced desensitization of PsChR2 during 
illumination, which had been previously shown by Govo-
runova et al. [8] and was manifested in our experiments as 
a smaller fraction of the fast component in the overall re-

sponse to light. At the same time, it should be taken into 
account that cultured neurons are not completely mature, 
since their source is the brain of newborn animals, and for 
a number of reasons they never develop fully. As a result, 
it is difficult for them to generate action potentials at fre-
quencies above 50 Hz. Therefore, 20-50 Hz can be con-
sidered as their productive operating range, within which 
PsChR2 has a tangible advantage over CrChR2. Light ex-
citation of neurons at these frequencies is the key element 
in the experiments on the long-term synaptic plasticity 
induction, as well as in the studies on the features and 
mechanisms of information encoding and transmission 
between neurons.

Light illumination in our study was provided with 
a standard LED with 470-nm emission maximum and 
40-nm bandwidth, which is routinely used to activate 
CrChR2 in optogenetic experiments. At the same time, 
the maximum of the PsChR2 action spectrum measured 
in HEK293 cells was at ~445  nm [8]. This may explain 
the fact that the amplitude of the light-induced currents 
in the PsChR2-expressing neurons in our experiments 
was almost the same as in the CrChR2-expressing cells. 
It has been previously demonstrated that when stimulated 
at 440  nm, PsChR2 generated a greater photocurrent 
than CrChR2 stimulated with 470-nm light [8]. Yet we 
showed that successful activation of PsChR2 with a stan-
dard 470-nm LED still allowed to achieve the generation 
of action potentials with high frequencies.

As demonstrated previously in Xenopus laevis oo-
cytes, the channelopsin of C.  reinhardtii is more resis-
tant to degradation when bound to its all-trans retinal 
chromophore [13]. Prolonged incubation of cells in the 
medium with the elevated retinal content increased the 
f luorescence of the fused tag and the photocurrent ampli-
tude. It remained unknown whether this effect or similar 
effects of another mechanism would manifest themselves 
upon a shorter (tens of minutes) incubation. However, we 
did not detect any significant effect of retinal application 
on the activity of PsChR2 or CrChR2 expressed in cul-
tured hippocampal neurons.

One of the important features of the new PsChR2 
channelrhodopsin is the left (blue) shift of its action spec-
trum relatively to the spectrum of classical CrChR2. This 
offers opportunities for using PsChR2 in all-optical elec-
trophysiology experiments, in which the neuronal activ-
ity of a specimen is stimulated and monitored using the 
light at different wavelengths. Specifically, it is feasible to 
stimulate channelrhodopsin-expressing cultured neurons 
with 470-nm light and simultaneously detect the neu-
rotransmitter release from synaptic vesicles with pHluo-
rin-like red f luorescent probes. pHluorin is incorporated 
into synaptic vesicles and, upon vesicle release, changes 
its f luorescence intensity due to the pH difference be-
tween the contents of the vesicle and the extracellular 
medium  [14]. Another version of a possible all-optical 
electrophysiology experiment involves optogenetic stim-
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ulation of neurons and simultaneous imaging of the in-
tracellular calcium levels in the cell using red f luorescent 
calcium indicators, such as R-GECO. To verify if the 
studied channelrhodopsins can be used in such experi-
ments, we compared the responses of CrChR2-express-
ing and PsChR2-expressing neurons to illumination with 
530-nm and 550-nm LEDs most commonly used to ex-
cite red f luorescent proteins. The amplitude of the pho-
tocurrent induced in the PsChR2-expressing neurons at 
530 nm was significantly smaller than in the CrChR2-ex-
pressing cells. However, stimulation with the high-in-
tensity 530-nm light still elicited action potentials in the 
PsChR2-expressing neurons, though the action potential 
firing rate was predictably lower than in the CrChR2-
containing cells. In view of this, we studied the neuro-
nal response to the 550-nm light and found that the light 
of this wavelength, even at the maximum used intensity, 
failed to induce action potentials in the neurons express-
ing either of the studied opsins. Therefore, 550  nm is a 
preferable wavelength for the excitation of the mentioned 
red f luorescent probes.

CONCLUSIONS

Here we showed that the cationic channelrhodopsin 
from the unicellular alga P. subcordiformis is functionally 
superior to channelrhodopsin-2 from C. reinhardtii com-
monly used in optogenetics. First, PsChR2 guarantees 
higher light stimulation frequencies of neurons; second, 
it is more suitable for the experiments involving simul-
taneous light stimulation of transfected neurons and 
optical detection of their responses with red f luorescent 
probes. In this case, however, the f luorescence of the red 
probes should be excited at 550 nm.

Contributions. A. Y. Malyshev and M. A. Ostrovsky 
conceived and guided the experiments; G.  R. Smirnova 
and L. E. Petrovskaya carried out the molecular biology 
experiments; O. S. Idzhilova and D. A. Kolotova carried 
out the electrophysiological experiments; A. Y. Malyshev, 
O.  S. Idzhilova, and M.  A. Ostrovsky wrote and edited 
the manuscript.

Funding. This work was supported by a research grant 
from the Ministry of Science and Higher Education of 
the Russian Federation (agreement no. 075-15-2020-795, 
internal number 13.1902.21.0027).

Acknowledgments. The authors thank Dr. O. G. Shcher-
bakova for kindly providing the PsChR2 plasmid.

Ethics declarations. The authors declare no conflict 
of interest. All experimental procedures involving animals 
complied with the ethical standards of IHNA RAS and 
the approved legal acts of the Russian Federation and 
international organizations.

Open access. This article is licensed under a Creative 
Commons Attribution  4.0 International License, which 

permits use, sharing, adaptation, distribution, and repro-
duction in any medium or format, as long as you give ap-
propriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and in-
dicate if changes were made. The images or other third 
party material in this article are included in the article’s 
Creative Commons license, unless indicated otherwise in 
a credit line to the material. If material is not included in 
the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, 
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

 1. Montagni, E., Resta, F., Mascaro, A. L. A., and Pavone, F. S. 
(2019) Optogenetics in brain research: from a strategy to 
investigate physiological function to a therapeutic tool, 
Photonics, 6, 92, doi: 10.3390/photonics6030092.

 2. Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., 
et  al. (2003) Channelrhodopsin-2, a directly light-gated 
cation-selective membrane channel, Proc. Natl. Acad. Sci. 
USA, 100,13940-13945, doi: 10.1073/pnas.1936192100.

 3. Boyden, E., Zhang, F., Bamberg, E., Nagel, G., and Deisse-
roth,  K. (2005) Millisecond-timescale, genetically tar-
geted optical control of neural activity, Nat. Neurosci., 8, 
1263-1268, doi: 10.1038/nn1525.

 4. Govorunova, E., Sineshchekov, O., Janz, R., Liu, X., and 
Spudich,  J. (2015) Natural light-gated anion channels: a 
family of microbial rhodopsins for advanced optogenetics, 
Science, 349, 647-650, doi: 10.1126/science.aaa7484.

 5. Arenkiel, B., Peca, J., Davison, I., Feliciano, C., Deisse-
roth,  K., et  al. (2007) In  vivo light-induced activation 
of neural circuitry in transgenic mice expressing chan-
nelrhodopsin-2, Neuron, 54, 205-218, doi:  10.1016/
j.neuron.2007.03.005.

 6. Duan, X., Nagel, G., and Gao, S. (2019) Mutated chan-
nelrhodopsins with increased sodium and calcium perme-
ability, Appl. Sci., 9, 664, doi: 10.3390/app9040664.

 7. Wietek, J., and Prigge, M. (2016) Enhancing channel-
rhodopsins: an overview, in Methods in Molecular Biol-
ogy (Clifton, N.  J., ed) 1408, pp.  141-165, doi: 10.1007/
978-1-4939-3512-3_10.

 8. Govorunova, E., Sineshchekov, O., Li, H., Janz,  R., 
and Spudich,  J. (2013) Characterization of a highly effi-
cient blue-shifted channelrhodopsin from the marine alga 
Platymonas subcordiformis, J.  Biol. Chem., 288, 29911-
29922, doi: 10.1074/jbc.M113.505495.

 9. Hochbaum, D., Zhao, Y., Farhi, S., Klapoetke, N., Werley, 
C. A., et al. (2014) All-optical electrophysiology in mam-
malian neurons using engineered microbial rhodopsins, 
Nat. Methods, 11, 825-833, doi: 10.1038/nmeth.3000.

 10. Beaudoin, G., Lee, S.-H., Singh, D., Yuan, Y., Ng, Yu-G., 
et  al. (2012) Culturing pyramidal neurons from the early 



IDZHILOVA et al.1334

BIOCHEMISTRY (Moscow) Vol. 87 No. 11 2022

postnatal mouse hippocampus and cortex, Nat. Protoc., 7, 
1741-1754, doi: 10.1038/nprot.2012.099.

 11. Van Rossum, G., and Drake, F. (2009) Python 3 Reference 
Manual, Scotts Valley, CA: CreateSpace.

 12. Nakanishi, K., and Crouch, R. (1995) Application of ar-
tificial pigments to structure determination and study of 
photoinduced transformations of retinal proteins, Isr.  J. 
Chem., 35, 253-272, doi: 10.1002/ijch.199500030.

 13. Ullrich, S., Gueta, R., and Nagel, G. (2013) Degradation 
of channelopsin-2 in the absence of retinal and degrada-
tion resistance in certain mutants, Biol. Chem., 394, 271-
280, doi: 10.1515/hsz-2012-0256.

 14. Miesenböck, G., De Angelis, D., and Rothman, J. (1998) 
Visualizing secretion and synaptic transmission with 
pH-sensitive green f luorescent proteins, Nature, 394, 192-
195, doi: 10.1038/28190.


