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Abstract—Uncouplers of oxidative phosphorylation in mitochondria, which have been essential in elucidating the basic
principles of cell bioenergetics, have recently attracted a considerable interest as compounds with therapeutic, e.g., neuro-
protective, properties. Here, we report the effect of mitofluorescein (mitoFluo), a new protonophoric uncoupler represent-
ing a conjugate of fluorescein with decyl(triphenyl)phosphonium, on the electrical activity of neurons from Lymnaea stag-
nalis. Incubation with mitoFluo in the dark led to a decrease in the absolute value of the resting membrane potential of the
neurons and alterations in their spike activity, such as spike broadening, spike amplitude reduction, and increase in the spike
frequency. Prolonged incubation at high (tens micromoles) mitoFluo concentrations resulted in complete suppression of
neuronal electrical activity. The effect of mitoFluo on the neurons was qualitatively similar to that of the classical mito-
chondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) but manifested itself after much longer incuba-
tion and at higher concentrations. The distinctive feature of mitoFluo is its light-induced effect on the electrical activity of
neurons. Changes in the parameters of the neuronal activity upon illumination in the presence of mitoFluo were similar to
the light-induced effects of the well-known photosensitizer Rose Bengal, although less pronounced. It was suggested that
the effects of mitoFluo on the electrical activity of neurons, both as a mitochondrial uncoupler and a photosensitizer, are

mediated by the changes in the cytoplasmic calcium concentration.
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The restoration of the blood flow (reperfusion) after
a period of reduced blood supply (ischemia) causes sig-
nificant brain tissue damage associated to a large extent
with the formation of reactive oxygen species (ROS). The
protective effect of mitochondrial uncouplers was
demonstrated in a number of ischemia-reperfusion mod-
els [1-3] and other types of brain injury [4], which was
supposedly due to the ability of oxidative phosphorylation

Abbreviations: BLM, bilayer lipid membrane; CCCP, carbonyl
cyanide m-chlorophenylhydrazone; CGC, cerebral giant cell;
DNP, 2,4-dinitrophenol; DPhPC, diphytanoyl phosphatidyl-
choline; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone; mitoFluo, mitofluorescein, {10-[2-(3-hydroxy-6-
oxoxanthen-9-yl)benzoyl]oxidecyl}(triphenyl)phosphonium
bromide; RMP, resting membrane potential; ROS, reactive
oxygen species.

* To whom correspondence should be addressed.

uncouplers to suppress ROS generation because of its
dependence on the mitochondrial membrane potential
[2, 5-7]. Uncouplers cause the dissipation of the proton
electrochemical potential at the inner mitochondrial
membrane via the membrane proton transfer [8], thus
disrupting the coupling between the electron transport in
the respiratory chain and ATP synthesis [9, 10].

Along with potential use of uncouplers in the treat-
ment of obesity and oxidative stress-related disorders
(including neurodegenerative diseases), recently interest
in uncouplers has been associated with their antimicro-
bial and anticancer activities. In this connection, several
research groups have attempted to generate uncouplers
with new beneficial properties. In particular, we synthe-
sized and investigated uncouplers based on the known
fluorophore fluorescein [4, 11, 12]. A distinguishing fea-
ture of these compounds is bright fluorescence that allows
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to monitor their intracellular location. However, the
drawback of the photoactive fluorescein derivatives is that
similarly to many other dyes, they display the photody-
namic activity, i.e., initiate light-induced cell damage in
the presence of oxygen. Snail neurons are a good model
for investigating the effect of uncouplers on the electrical
activity of nerve cells. We demonstrated in [13] that the
classical uncouplers, such as carbonyl cyanide m-
chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol
(DNP), caused depolarization of the neuronal plasma
membrane and broadening of spikes; moreover, these
effects were likely mediated by the uncoupler action on
the neuron mitochondria. It has been also found that the
classical uncouplers CCCP [14] and carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) [14, 15]
depolarize the plasma membrane of cultured neurons and
isolated nerve endings. Here, we conducted a compara-
tive study of the effects of mitofluorescein (mitoFluo), a
new uncoupler representing a conjugate of fluorescein
with decyl(triphenyl)phosphonium [12], and the conven-
tional uncoupler CCCP on the electrical activity of neu-
rons from the pond snail Lymnaea stagnalis. The effect of
mitoFluo on the spike frequency and shape was investi-
gated in the dark and upon illumination. It was demon-
strated that different types of snail neurons displayed dif-
ferent sensitivity to the action of uncouplers.

MATERIALS AND METHODS

Most reagents used in the study including CCCP
were purchased from Sigma (USA). MitoFluo, a conju-
gate of fluorescein and decyl(triphenyl)phosphonium,
was synthesized as described previously [12] in two stages
as shown in the scheme. At the first stage, 1,10-dibromo-
decane (7.2 mmol) and triphenylphosphine (4.7 mmol)
were dissolved in benzene and heated at 80°C for 20 h in
a tightly sealed flask. The mixture was then cooled down
to room temperature and evaporated to dryness. Next, the
product [10-bromodecyl(triphenyl)phosphonium bro-
mide] was isolated by multiple rounds of precipitation
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from dichloromethane by diethyl ester followed by purifi-
cation by column chromatography on MN Kieselgel 60
(240-400 mesh) using ethanol— dichloromethane (1 : 5,
v/v) as an eluent. At the second stage, 10-bromo-
decyl(triphenyl)phosphonium bromide solution (2 mmol)
in a minimal volume of CH,Cl, was added to fluorescein
(2 mmol) and sodium carbonate (3.8 mmol) in 40 ml of
dimethylformamide (DMFA) and heated to 60°C for 3 h.
The reaction mixture was then cooled down to room
temperature and diluted with 100 ml of CH,Cl,. The
reaction product {10-[2-(3-hydroxy-6-oxoxanthen-9-
yl)benzoyl]oxidecyl}(triphenyl)phosphonium bromide
(mitoFluo) was extracted with dichloromethane and
purified by column chromatography on a silica gel using
ethanol—dichloromethane (1 : 5, v/v) as an eluent.
Electrophysiological experiments were carried out in
neurons from the pond snail L. stagnalis. The snails were
grown in a laboratory aquarium with fresh water. The
central nervous system consisting of the central ring and
buccal ganglia was surgically removed and transferred
into a silicon (Silgard)-lined bath filled with standard
saline containing (mM): 44.0 NaCl, 2.0 KCl, 4.0 CaCl,,
1.5 MgCl,, 10.0 HEPES (pH 7.6). In order to ease the
penetration of recording electrodes into the neurons, the
surface of the ganglia was first softened with 0.1% pronase
solution (protease Type XIV; Sigma) for 10 min. After
washing out the enzyme, the cerebral commissure was
cut. To see the neurons, the ganglia were disrupted on the
bath bottom with miniature needles. The functions of
identified neurons have been well studied and described
[16]. The studied neurons were cerebral giant cells
(CGCs), buccal neurons B1, B2, and B4) [17], and large
neurons from the pedal and visceral ganglia. The neu-
ronal activity was recorded using intracellular glass
microelectrodes filled with 2 M KCI (tip resistance, 20-
60 MQ). In some experiments, two microelectrodes were
introduced into a neuron under visual control; one of
them served for the current injection, and the other — for
measuring the potential shift. It is known that isolated
molluscan ganglia can maintain their functions in the
absence of afferent and efferent organs for a long period
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of time (over 10 h). An aliquot (5-50 pl) of the effector
stock solution was added to the bath (2 ml) with a pipette
within 20-30 s. In the washing out experiments, the
mitoFluo solution in the 2-ml bath was gradually
replaced with saline (20 ml) using a 0.5-ml pipette,
resulting in ~6000-fold decrease in the initial mitoFluo
concentration.

Neurons were illuminated with a TDS-P005L8011
light-emitting diode (white light 140", 350 Im, 5 W) via
fiber-optic lightguide.

Membrane potential was measured with an
AxoClamp 2B dual-channel biopotential amplifier (Axon
Instruments, USA) that allowed current injection
through the microelectrode. The data were registered
with a computer using a DigiData 1200 series analog
to digital converter and the pCLAMP 8 program
(Molecular Devices, USA). Statistical processing of the
data was carried out with the SigmaPlot 9.0 program
(Systat Software, USA). The RMP of the neurons, spike
amplitude, spike half-width, membrane depolarization
and repolarization slopes during the spike, and average
spike frequency were measured to provide quantitative
evaluation of the effects of studied compounds on cell
functioning. These parameters were measured and aver-
aged over the time period of 1 min before the compound
addition and for 1 min after the addition, when the neu-
ron response was most pronounced. In some experiments
with the high-frequency action potential and uniform cell
functioning, the measuring time was reduced to 30 s. The
statistical significance of pair measurements before and
after compound addition was estimated with the
Student’s #-test. In the cases when data did not display
normal distribution, we used the non-parametric
Wilcoxon #-test.

Rat liver mitochondria were isolated as described in
[18].

Bilayer lipid membrane (BLM) was formed from a
2% diphytanoyl phosphatidylcholine (DPhPC; Avanti
Polar Lipids, USA) solution in decane on an aperture
(diameter, 0.5 mm) in a partition separating Teflon cham-
ber filled with the buffer solution (100 mM KCI, 10 mM
Tris, pH 7.4) [19]. Gramicidin A (Sigma, USA) was
added as a concentrated ethanol solution to the aqueous
solution on both sides of the membrane and stirred thor-
oughly for 15 min. MitoFluo was added as a concentrat-
ed ethanol solution to the aqueous solution at the trans-
side of the membrane (cis-side was the side exposed to
illumination) and stirred thoroughly for 20 min. All
experiments were carried out at room temperature (23-
25°C). Electric current through the BLM was recorded at
a fixed potential. The potential difference was applied to
the Ag/AgCl electrodes placed into the Teflon chamber.
The current was recorded with a Keithley 428 amplifier
(Keithley Instruments, USA), digitized with a NI-
DAQmx driver (National Instruments, USA), and ana-
lyzed using the WinWCP Strathclyde Electrophysiology

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019

1153

Software created by John Dempster (University of
Strathclyde, Glasgow, UK). BLMs were continuously
illuminated with a halogen lamp (NovaFlex; World
Precision Instruments, Inc., USA) with a power density
of 0.77 W/cm? for 60 s. Glass filter cutting off light with
the wavelength <500 nm was placed between the lamp
and the chamber.

RESULTS AND DISCUSSION

Effect of the classical uncoupler CCCP on the electri-
cal activity of isolated L. stagnalis ganglion cells. First, we
studied the effect of the conventional mitochondrial
uncoupler CCCP on the electrical activity of neurons in
the isolated L. stagnalis ganglia. Motor neurons of the
buccal ganglia (B1, B2, B4) involved in the buccal mus-
cles control, cerebral giant cells (CGCs, serotoninergic
modulating neurons) regulating the functions of the buc-
cal cells, and the cells of the visceral and pedal ganglia
were examined. In total, 13 experiments were conducted,
in which we recorded the activity of 10 CGCs, 10 buccal,
7 visceral, and 2 pedal neurons. Buccal neurons form the
central pattern generator (CPG) responsible for the gen-
eration of buccal muscles rhythmic movements involved
in snail feeding. The activity of this driver can be evaluat-
ed from the rhythmic alternation between the bursts of
spike activity and periods of inhibition of the B1, B2, and
B4 neurons [16]. CGC does not belong to CPG and does
not display the rhythmic activity. Instead, it modulates
intensity of the central pattern generator [17]. Simultane-
ous recordings of the electrical activity of the B1 neuron
and CGC in the isolated snail ganglion are presented in
Figs. 1 and 2. Prolonged (30-60 min) monitoring of the
activity of these cells in the control demonstrated that
their membrane potential measured between the spikes
varied within the range of 5 mV.

Depolarization of the neuronal membrane and sig-
nificant changes in the spike activity of neurons were
observed shortly after CCCP addition (Figs. 1a, 1b and
2a, 2b); the increase in the membrane potential occurred
after a lag-period, which depended on the CCCP con-
centration (Figs. 1c, 1f and 2c, 2f). For all the investigat-
ed neurons, it was possible to select the uncoupler con-
centration that caused membrane depolarization, as it has
been reported for the buccal cells in our previous work
[13]. In some cases, slight hyperpolarization of the plas-
ma membrane was observed prior to depolarization (Figs.
1c and 2f).

In addition to depolarization, we also revealed an
increase in the frequency of the action potential genera-
tion in the presence of CCCP (Figs. 1d, 1g, and 2d, 2g).
At the same time, a decrease in the amplitude and broad-
ening of spikes were observed (Figs. le, 1h, and 2e, 2h).
Neuron silencing (complete suppression of spike activity)
in the buccal cells occurred at a significantly lower
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Fig. 1. Effect of submicromolar CCCP concentrations on spontaneous activity of pond snail neurons. a) CCCP at a concentration of
0.15 uM caused depolarization of the plasma membrane and increased action potential frequency followed by the silencing of the buccal
neuron B1 but did not affect the activity of the CGC. b) Exposure of the CGC to 0.15 pM CCCP for 2 h only slightly affected its functions.
An increase in the CCCP concentration to 0.45 uM resulted in the membrane depolarization, an increase in the action potential frequency,
and subsequent CGC silencing. c-e) Resting membrane potential (RMP), average spike frequency, and superposition of action potentials,
respectively, of the buccal neuron B1. f-h) RMP, average spike frequency, and superposition of action potentials, respectively, of the CGC.
¢, f) The moments of the first (¢) and second (f) addition of CCCP were considered as time points 0 [marked with black arrows in panels (a)
and (b)]. g) Average spike frequency in the presence of 0.15 uM CCCP over the time period of 2 h did not differ from the control one. The
third and the fourth bars show average spike frequency over the time intervals 0-5 and 5-10 min following the third addition of CCCP.
e, h) Positions of spikes in the recordings presented in panels (a) and (b) are shown with arrowheads of the corresponding color. Control
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Fig. 2. CCCP at micromolar concentrations affects spontaneous activity of buccal neuron Bl and CGC. a) CCCP (2 uM) caused depolar-
ization of the plasma membrane and an increase in the action potential frequency in the B1 neuron, followed by neuron silencing. In the
CGQC, initial membrane depolarization and slowing of the spike activity were followed by lesser depolarization and gradual increase in the
action potential frequency. b) Increasing the CCCP concentration to 5 uM resulted in further depolarization of the CGC membrane and
increase in the spike frequency, followed by complete inhibition of the spike activity, while membrane potential of the B1 neuron changed only
slightly. c-e) RMP, average spike frequency, and superposition of action potentials of the neuron B1, respectively. f-h) RMP, average spike fre-
quency, and superposition of action potentials of the CGC, respectively. ¢, f) The moments of the first addition of CCCP were considered as
time point 0 [marked with black arrow in panel (a)]. d, g) Histograms of the average spike frequency within the time intervals of 1.5 and 5 min,
respectively. e, h) Positions of the spikes in the recordings presented in panels (a) and (b) are shown with arrowheads of the corresponding
color. Control spikes are shown in black.
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uncoupler concentration than in the CGCs. Significant
changes in the parameters of electrical activity of buccal
cells were observed after the addition of 0.15 uM CCCP
to the bath solution.

At a concentration of 0.45 uM, CCCP caused depo-
larization of the CGC plasma membrane (Fig. 1f) and
increased the average frequency of the spike activity
almost 2-fold (Fig. 1g). The average spike frequency of all
tested CGCs increased by 33% (from 0.69 to 0.92 Hz)
under the action of CCCP (p = 0.05 according to paired
Student’s z-test). The data for the buccal neurons and
CGCs are presented in Tables 1 and 2. Note that the
CCCP-induced increase in the action potential frequen-
cy was reported previously for cardiomyocytes in [20].

Figures le, 1h and 2e, 2h illustrate the effect of low
(from 0.15 uM) and high (from 2 uM) CCCP concentra-
tion on the shape of spikes generated by the B1 neurons
and CGCs at selected time points (triangles of the corre-
sponding color in Figs. 1a, 1b and 2a, 2b). Gradual spike

POPOVA et al.

broadening and decrease in the spike amplitude started
simultaneously with the membrane depolarization and
reached the maximum before the cell silencing. CCCP
decreased the average spike amplitude by 24% in all
recorded buccal cells — from 56.52 £ 4.41 mV (control)
t042.82 + 3.75 mV (Table 1; the data are shown as mean *
standard error; paired #-test, p = 0.027), and by 7% in the
CGCs — from 74.92 = 1.74 mV (control) to 69.56 + 2.11
mV (Table 2; paired ¢-test, p = 0.001). CCCP also affect-
ed the rates of spike depolarization and repolarization. In
particular, the maximal rates of spike depolarization and
repolarization in buccal cell decreased approximately 2-
fold, from 21.92 + 3.73 and —10.47 * 1.76 mV/ms,
respectively, in the control to 10.22 *+ 2.57 and —5.50 +
1.45 mV/ms, respectively, in the presence of CCCP
(paired #-test, p = 0.014 and 0.011, respectively; Table 1).
The maximal rates of spike depolarization and repolariza-
tion in CGCs decreased from 17.01 + 1.29 and —6.10 *
0.6 mV/ms, respectively, in the control to 12.9 &+ 1.23 and

Table 1. Effect of CCCP on the B1, B2, and B4 buccal neurons from the isolated pond snail (L. stagnalis) ganglia

Buccal neurons, n = 10

Control, mean *+
standard error

CCCP, mean =
standard error

Paired Student’s #-test
or Wilcoxon #-test

Change in percent

Membrane potential (mV)
Spike amplitude (mV)
Spike width at half maximum (ms)

Maximum rate of spike depolar-
ization (mV/ms)

Maximum rate of spike repolar-
ization (mV/ms)

Average spike frequency (Hz)

—49.88 = 4.58
56.52 + 4.41
7.76 £ 1.44

21.92 £3.73

—10.47 £ 1.76

1.98 £0.60

—43.48 £ 4.77
42.82 £3.75
12.35 £ 1.68
10.22 £2.57

—5.50 £ 1.45

5.65+1.23

p=0.011
p=10.027
p =0.005
p=0.014
p=0.011
p=10.002

depolarization by 9%
decrease by 24%
broadening by 59%

slowing down by 46.6%

slowing down by 52.5%

increase by 185%

Table 2. Effect of CCCP on CGCs from the isolated pond snail (L. stagnalis) ganglia

GCCs,n=10

Control, mean *
standard error

CCCP, mean +
standard error

Paired Student’s 7-test
or Wilcoxon #-test

Change in percent

Membrane potential (mV)
Spike amplitude (mV)
Spike width at half maximum (ms)

Maximum rate of spike depolar-
ization (mV/ms)

Maximum rate of spike repolar-
ization (mV/ms)

Average spike frequency (Hz)

—59.10 = 4.56
74.92 £ 1.74
16.44 +2.29
17.01 £ 1.29

—6.10 = 0.60

0.69 £ 0.06

—52.72 £ 4.17
69.56 = 2.11
18.96 + 1.86
12.90 £ 1.23

—-3.98£0.35

0.92 £0.07

»<0.001
p=0.001
»=0.020
»=0.002
p=0.004
»=0.050

depolarization by 11%
decrease by 7%
broadening by 15%

slowing down by 24%

slowing down by 35%

increase by 34%
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Fig. 3. Effect of low mitoFluo concentration on spontaneous activity of pond snail neurons. a) MitoFluo at a concentration of 0.8 uM caused
depolarization of the plasma membrane and increased the action potential frequency in the buccal neuron B4. b) RMP increased rapidly fol-
lowing the addition of mitoFluo. The moment of the mitoFluo addition was considered as time point 0. The latent period of the reaction was
~2 min. ¢) MitoFluo increased the average action potential frequency 2-fold in comparison with the control. First bar, average spike frequency
4 min prior to the addition of mitoFluo; second bar, average spike frequency 4 min after the addition of mitoFluo. d) Superposition of action
potentials. MitoFluo decreased the rates of spike depolarization and repolarization. Positions of the spikes in the recording presented in panel
(a) are shown with arrowheads of the corresponding color. Control spike is shown in black.

—3.98 + 0.35 mV/ms, respectively, in the presence of
CCCP (Wilcoxon t-test, p = 0.002, and paired ¢-test, p =
0.004, respectively; Table 2). A 20-30% decrease in the
rate of membrane depolarization and repolarization dur-
ing the spike was accompanied by the spike broadening in
the presence of CCCP. Thus, the half-width of action
potential in the buccal cells and CGCs increased on aver-
age by 59 and 15%, respectively (paired #-test, p = 0.005
and 0.020, respectively; Tables 1 and 2). An increase in
the action potential duration under the action of CCCP
and FCCP was observed previously for the neuronal cell
culture [14].

We conducted six experiments on the effect of DNP
on the electrical activity of different types of pond snail
neurons. The number of experiments was insufficient to
determine statistically significant differences between the
paired measurements before and after DNP addition.
However, it should be mentioned that the effect of DNP
was similar to the above-described effect of CCCP. The
increase in the membrane potential, broadening of
spikes, and decrease in the spike amplitude were observed
in all experiments, which was in agreement with the pre-
vious data on the effect of DNP on the electrical activity

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019

of excitable membranes [21, 22]. DNP at a concentration
of 150 to 500 uM completely inhibited the electrical
activity of neurons. Similarly to CCCP, the time point for
the onset of changes in the neuronal activity strongly
depended on the DNP concentration (tens of minutes for
150 uM DNP and only minutes for 500 uM DNP). The
buccal neurons responded to DNP faster than the CGCs
(data not shown).

Effect of mitoFluo on the electrical activity of L. stag-
nalis neurons. In order to investigate the effect of
mitoFluo, we conducted 20 experiments and recorded 18
CGCs, 29 buccal neurons, one visceral neuron, and one
pedal neuron. Figure 3a shows a typical recording of the
activity of buccal neuron B4 in the presence of low
mitoFluo concentration. The addition of 0.8 uM
mitoFluo induced neuron depolarization (Fig. 3b) and
caused an increase in the frequency of action potential
generation (Fig. 3c), a decrease in the spike amplitude,
and spike broadening (Fig. 3d). The effect of mitoFluo on
the neuron functioning was partially retained after wash-
ing the ganglia with saline for 2 h.

Figure 4 shows the typical effect of high mitoFluo
concentrations vs. control recording of electrical activity
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Fig. 4. MitoFluo at high concentrations causes complete inhibition of spontaneous activity of pond snail neurons. a) MitoFluo at a concen-
tration of 10 pM causes depolarization of the plasma membrane, an increase in the spike frequency, and a decrease in the spike amplitude of
the buccal neuron B4. The decrease in the spike frequency started 2 h after addition of mitoFluo (panel (a), lower part). b) RMP increased
gradually in the presence of mitoFluo over the course of the entire experiment. The moment of the mitoFluo addition was considered as time
point 0. ¢) The average action potential frequency increased more than 2-fold in the presence of mitoFluo in comparison with the control.
The histogram was constructed using 20-min time intervals. d) Superposition of action potentials; mitoFluo decreased the rates of spike depo-
larization and repolarization. Positions of the spikes in the recording presented in panel (a) are shown with arrowheads of the corresponding

color. Control spike is shown in black.

of B4 cell (Fig. 4a). The neuronal activity significantly
changed following a short period of time (~15 min) after
the addition of mitoFluo (10 uM): the plasma membrane
depolarization increased (Fig. 4b), the action potential
frequency increased (from 0.03 to 2.3 Hz) (Fig. 4c), and
the spike depolarization and repolarization slopes
decreased significantly (Fig. 4d). The addition of
mitoFluo eventually resulted in complete silencing of the
buccal cell (Fig. 4a, lower panel). Gradual broadening of
the spikes started simultaneously with the plasma mem-
brane depolarization and reached the maximum prior to
the cell silencing. On average, mitoFluo at the concen-
trations of 2 uM and higher caused membrane depolar-
ization of buccal cells by 20% (from —54.56 + 2.49 mV in

the control to —43.43 £ 2.56 mV in the presence of
mitoFluo) (paired ¢-test: p < 0.001; n = 16 cells; Table 3).
The average spike amplitude in buccal cells decreased by
13.7%. The maximal spike depolarization and repolar-
ization slopes decreased from 25.38 + 3.96 and —13.39 +
2.17 mV/ms, respectively, in the control to 15.94 + 3.92
and —8.47 £ 1.89 mV/ms, respectively, in the presence of
mitoFluo (paired ¢-test: p = 0.006 and 0.010, respective-
ly). On average, the half-width of spike increased by 64%
(Table 3). Hence, mitoFluo caused changes in the spike
parameters that were qualitatively similar to those
observed in the presence of CCCP (Fig. 2e and Table 1).
The effect of mitoFluo (2-60 uM) was investigated in 17
CGCs (Table 4). On average, in the presence of
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mitoFluo, the membrane potential of CGCs changed by
14%, the half-width of spike increased by 35% from
15.84 = 1.41 to 21.43 = 1.9 ms (paired #-test: p = 0.002).
Higher mitoFluo concentrations (60 uM) caused com-
plete inhibition of the CGC electrical activity (data not
shown). Hence, CGCs are less sensitive to mitoFluo
than buccal cells, as it was also observed for CCCP. The
decreased susceptibility of the CGCs to the action of
uncouplers is likely related to their serotonergic func-
tion, which is corroborated by the fact that pedal sero-
tonergic neurons also demonstrated increased resistance
to the action of uncouplers in our experiments (data not
shown).

It must be mentioned that after washing out
mitoFluo (n = 3), the neuronal activity did not restore to
the control level within the observation period (from
30 min to 4 h).
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Induction of calcium release from the mitochondria by
mitoFluo. Based on the effects of CCCP and triclosan on
the electrical activity of L. stagnalis neurons shown in
[13], it was reasonable to believe that the mitoFluo-
induced changes in the neuronal activity were associated
with changes in the cytoplasmic calcium concentration
playing an important role in the regulation of plasma
membrane channels [23-25]. It has been shown [26-29]
that protonophoric uncouplers induce the release of cal-
cium ions from mitochondria by reversing the function of
the electrogenic calcium uniporter mediating the mem-
brane potential-driven accumulation of calcium in the
mitochondrial matrix. The uncoupler-induced drop in
the membrane potential leads to the mitochondrial calci-
um efflux [29]. Since mitoFluo exhibits bright fluores-
cence, we monitored calcium efflux from the rat liver
mitochondria using a calcium-selective electrode, but not

Table 3. Effect of mitoFluo on buccal neurons (B1, B2, B4) in the isolated pond snail ganglia

Control, mean * mitoFluo, Paired Student’s 7-test Change in percent
Buccal neurons, n = 16 standard error mean *+ or Wilcoxon #-test
standard error

Membrane potential (mV) —54.56 +2.49 —43.43 £2.56 p <0.001 depolarization by 20.4%
Spike amplitude (mV) 60.56 + 2.51 52.28 £ 3.63 p=10.030 decrease by 13.7%
Spike width at half maximum (ms) 7.12 £ 1.00 11.67 £ 1.94 p<0.001 broadening by 64%
Maximum rate of spike depolar- 25.38 £3.96 15.94 + 3.92 p = 0.006 slowing down by 37%
ization (mV/ms)
Maximum rate of spike repolar- —13.39 £ 2.17 —8.47 £ 1.89 p=20.010 slowing down by 36.7%
ization (mV/ms)
Average spike frequency (Hz) 1.68 £0.44 3.30 £0.65 p <0.001 increase by 96%

Table 4. Effect of mitoFluo on CGCs in the isolated pond snail ganglia

CGC,n=17 Control, mean * mitoFluo, Paired Student’s #-test Change in percent
standard error mean t or Wilcoxon #-test
standard error
Membrane potential (mV) —55.78 £ 8.44 —48.17 £ 8.22 »<0.001 depolarization by 14%
Spike amplitude (mV) 78.70 £ 2.08 75.08 £ 2.72 p=0.006 decrease by 5%
Spike width at half maximum (ms) 15.84 £ 1.41 21.43+£1.90 p =0.002 broadening by 35%
Maximum rate of spike depolar- 22.74 £2.27 17.52 £ 1.66 p=0.002 slowing down by 23%
ization (mV/ms)
Maximum rate of spike repolar- —7.55+0.80 —5.35+0.40 p =10.007 slowing down by 30%
ization (mV/ms)
Average spike frequency (Hz) 0.59 £ 0.06 0.83 £ 0.05 p <0.001 increase by 42%
BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019
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Fig. 5. Calcium efflux from the rat liver mitochondria upon addition of mitoFluo and CCCP recorded with a calcium-selective electrode. The
moments of mitoFluo and CCCP addition are marked with arrows. Reagents: 2 mM succinate, 50 uM Ca**, 1 uM mitoFluo, 200 nM CCCP,
400 uM EDTA, | mg/ml mitochondria suspension (MS). Medium: 250 mM sucrose, 20 mM Tris, 10 mM KH,PO,, 1| mM MgCl,.

calcium-sensitive fluorescent probes (Fig. 5). The addi-
tion of mitoFluo to the buffer solution containing isolat-
ed rat liver mitochondria resulted in an increase in the
calcium concentration in the medium due to its release
from the mitochondria; the CCCP addition to the medi-
um produced the same effect.

Photoinduced effect of mitoFluo on the electrical
activity of pond snail neurons. The photoinduced effect of
mitoFluo was investigated in nine experiments by record-
ing the activity of 10 CGCs, 13 buccal cells, and one
pedal neuron. The representative recordings of the activ-
ity of buccal neurons B1 and B4 and CGC after the addi-
tion of 7 uM mitoFluo in the dark are shown in Fig. 6a.
Illumination of the ganglia caused fast changes in their
activity manifesting as membrane depolarization (Fig.
6b) and an increase in the spike frequency (Fig. 6¢, green
bars). Note that the B4 cell, which was silent prior to illu-
mination, responded by rapid excitation. The pattern of
the buccal cell activity also changed — a normal fictive
feeding rhythm disappeared completely. The short-term
membrane hyperpolarization was observed in several cells
prior to depolarization. Illumination of the ganglia affect-
ed the shape of the spikes. The amplitude of the spikes
decreased, and the spikes broadened in the course of
membrane depolarization (Fig. 6d). Finally, illumination
in the presence of mitoFluo blocked the ability of neurons
to generate the action potential.

It is reasonable to suggest that the effect of illumina-
tion on the electrical activity of pond snail neurons in the
presence of mitoFluo can be explained by the photody-
namic effect of mitoFluo as a photosensitizer. Indeed, it
is known that fluorescein can generate singlet oxygen in

aqueous solutions, although with a very low quantum
yield of ~0.06 [30]. It was also shown that a conjugate of
fluorescein with cAMP was capable of modifying cAMP-
dependent channels in response to illumination via the
photodynamic mechanism [31].

In order to test the photodynamic nature of the light-
induced effect of mitoFluo on the electrical activity of
neurons, we conducted analogous experiments with the
classical photosensitizer Rose Bengal. The activity of 7
CGCs and 3 buccal cells was recorded in four experi-
ments. Figure 7 shows that illumination in the presence of
Rose Bengal causes fast depolarization of the plasma
membrane and eventual suppression of the electrical
activity that was preceded by a significant increase in the
spike frequency in the B4 neurons and CGCs. It is inter-
esting to note that illumination of the isolated pond snail
ganglia by itself did not affect the membrane potential
(Fig. 7b) and spike frequency (Fig. 7c), while illumina-
tion in the presence of Rose Bengal changed these
parameters immediately (within seconds) and irreversibly
(Fig. 7d). The shape of the spikes also changed (Fig. 7¢).
Hence, the photoinduced effects of Rose Bengal and
mitoFluo on the electrical activity of snail neurons were
essentially similar, but the time of the neuron response
significantly differed for these two compounds.

Photodynamic effect of mitoFluo on gramicidin A-
induced ion channels. The ability of mitoFluo to act as a
photosensitizer was studied in the system previously
developed in our laboratory that involved photoinactiva-
tion of the gramicidin A-induced ion channels in a planar
BLM [32-35]. The representative recording of the current
across the BLM induced by the addition of 2 nM grami-
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Fig. 6. Photoinduced changes in spontaneous activity of pond snail neurons in the presence of mitoFluo. a) [llumination of ganglia in the pres-
ence of 7 uM mitoFluo caused depolarization of the membrane of the buccal neurons Bl and B4 and CGC and affected the amplitude and
frequency of the action potential. The excitation phase was replaced with the inhibition of spike activity, which developed at different rate in
different neurons. b) The addition of mitoFluo (yellow arrowhead) resulted in an increase in the RMP of the buccal cells, but only slightly
affected the RMP in the CGC. Illumination (blue arrowhead) resulted in significant depolarization of all three cells. ¢) Illumination in the
presence of 7 uM mitoFluo increased the average spike frequency. Black, red, and green bars, average spike frequency in the control, in the
presence of mitoFluo, and upon illumination, respectively. d) Effect of illumination in the presence of mitoFluo on the spike shape for all three
neurons. Control spike is shown in black. Positions of the spikes in the recording presented in panel (a) are indicated with arrowheads of the

corresponding color.
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Fig. 7. Photoinduced changes in spontaneous activity of pond snail neurons in the presence of Rose Bengal. a) [llumination of ganglia in the
presence of 1 uM Rose Bengal caused rapid membrane depolarization and silencing of neurons within 1-2 min. b) Illumination of the ganglia
in the absence of additions did not affect the membrane potential, while switching on the light (blue arrowheads) in the presence of Rose
Bengal caused rapid membrane depolarization in all three investigated cells. The addition of Rose Bengal is indicated with pink arrowhead.
¢) Illumination of ganglia did not significantly affect the average action potential frequency. Black, red, and green correspond to the average
spike frequency in the dark, upon illumination, and after switching off the light, respectively. d) The addition of Rose Bengal (1 uM, red bars)
only slightly affected the average frequency of action potential generation in comparison with the control (black bars). [llumination in the pres-
ence of Rose Bengal (green bars) caused a significant increase in the average frequency of spike generation in the B4 neurons and CGC. The
B1 neuron became silent immediately after switching on the light (see also Fig. 7a). e) Superposition of the action potentials of the BI and B4
neurons and CGC. Black, red, green, and blue correspond to the spikes observed in the dark (control), upon illumination, in the presence of
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Bengal on the spike shape in all three neurons developed within a second time scale.
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cidin A to the 100 mM KCI solution, pH 7.0, bathing the
membrane, is presented in Fig. 8a. The membrane was
illuminated with white light for the time period marked
with black line. No changes in the current through the
BLM were observed under illumination in the absence of
mitoFluo (curve /), while illumination in the presence of
mitoFluo (curve 2) caused a noticeable drop in the cur-
rent through the gramicidin A channels. The decrease in
the current was less pronounced when 10 mM sodium
azide (singlet oxygen quencher) was added to the medium
(data not shown).

It should be mentioned that the data on a decrease
in the spike amplitude, broadening of the spikes [36-39],
and an increase in the spike frequency [40-43] in the
excitable cells subjected to the action of photodynamic
agents have been long reported in the literature. Taking
into consideration an increase in the cytoplasmic calci-
um concentration in response to the photodynamic
action [44] and stimulation of the spike activity by
increasing the cytoplasmic calcium [24, 25, 45], the
changes in the parameters of the electrical activity of L.
stagnalis neurons observed in this study upon illumina-
tion of the cells after prolonged incubation with
mitoFluo can be explained by the influx of calcium ions
into the cytoplasm from the endoplasmic reticulum,
which was mediated by ROS formed as a result of dye
excitation with light. Formation of lipid peroxidation
products during prolonged illumination of cell
homogenates in the presence of fluorescein was demon-
strated in [46]. It is known that changes in the intracellu-
lar calcium concentration modulate the functions of var-
ious types of ion channels in the plasma membrane, thus

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019

affecting the membrane potential, generation of the
action potential, and other processes. In particular, it was
shown that an increase in the intracellular calcium
results in the inactivation of calcium channels in L. stag-
nalis neurons [23]. Considering the mechanism of light-
induced effect of mitoFluo on the activity of L. stagnalis
neurons, one cannot rule out the possibility of photoin-
duced modification of proteins forming ion channels, as
it was suggested in the study of the photochemical mod-
ification of sodium currents in the lobster giant axons
[47]. The above-described photodynamic inactivation of
gramicidin A-induced channels in the BLM is an exam-
ple of the effect of light on ion channels in the presence
of a photosensitizer.
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