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Ischemic cerebral stroke is one of the leading causes of death and disability in humans. However, molecular
processes underlying the development of this pathology remain poorly understood. There are major gaps in our
understanding of metabolic changes that occur in the brain tissue during the early stages of ischemia and
reperfusion. In particular, it is generally accepted that both ischemia (I) and reperfusion (R) generate reactive
oxygen species (ROS) that cause oxidative stress which is one of the main drivers of the pathology, although ROS
generation during I/R was never demonstrated in vivo due to the lack of suitable methods. In the present study,
we record for the first time the dynamics of intracellular pH and H2O2 during I/R in cultured neurons and during
experimental stroke in rats using the latest generation of genetically encoded biosensors SypHer3s and HyPer7.
We detect a buildup of powerful acidosis in the brain tissue that overlaps with the ischemic core from the first
seconds of pathogenesis. At the same time, no significant H2O2 generation was found in the acute phase of
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ischemia/reperfusion. HyPer7 oxidation in the brain was detected only 24 h later. Comparison of in vivo ex
periments with studies on cultured neurons under I/R demonstrates that the dynamics of metabolic processes in
these models significantly differ, suggesting that a cell culture is a poor predictor of metabolic events in vivo.

1. Introduction

combination with a palette of genetically encoded metabolic sensors to
investigate the dynamics of pH and H2O2 in vivo during brain ischemia/
reperfusion from the first seconds of pathogenesis. Moreover, to eval
uate the utility of the cellular I/R models we present a detailed quan
titative comparison of the results obtained for the living brain with those
for cultured neurons in vitro.

Oxygen plays a key role in the metabolism of aerobic organisms,
serving, primarily, to maintain the energy cellular balance. The
mammalian brain is the most energy-consuming organ [1]. Thus, even a
short termination of oxygen supply causes significant metabolic changes
in brain tissue, which leads to irreversible consequences in a matter of
minutes. Hypoxia of the brain can be caused by cardiac arrest, respira
tory failure or impaired local blood flow (ischemia), caused by the
narrowing or complete obstruction of the blood vessel [2]. According to
the World Health Organization, ischemic stroke of the brain is one of the
main causes of death and disability of the human population around the
world [3]. A number of biochemical markers were identified during the
ischemic stroke that are primarily associated with imbalance in intra
cellular ionic composition, glutamate-mediated excitotoxicity [4–6],
increased cytoplasmic Ca2+ level [7,8], mitochondrial dysfunction and
decrease in ATP concentration [9,10], accumulation of succinate [11]
and lactate [12], decrease in pH [12–14]. However, many details of
pathological mechanisms are still poorly understood. It is believed that
one of the key molecular mechanisms of stroke is oxidative stress caused
by excessive production of reactive oxygen species in brain tissues after
a restoration of blood flow (reperfusion). Several sources of ROS gen
eration in stroke have been identified in cells, the NADPH-oxidase
(NOXs) family and the mitochondrial respiratory chain being the main
of them [11,15–18]. At present, there is still no consensus about which
of these systems makes the main contribution to the development of
oxidative stress in stroke. In this regard, several therapeutic targets have
been proposed, including various types of NOXs proteins, in particular
NOX1 [19], NOX2 [20–23], NOX4 [24,25], NOX5 [26], complexes of
mitochondrial electron transport chain [11,27]. It is noteworthy that
oxidative stress in damaged brain tissue during ischemia has always
been determined indirectly by markers and characteristic metabolic
abnormalities, while the real dynamics of ROS has never been recorded
in vivo.
Various in vitro and in vivo experimental models have been developed
to study the pathogenesis of stroke, as well as to develop therapeutic
approaches. Neuronal cultures or cultured brain slices are widely used
for in vitro research [28–31]. Several techniques have been developed to
simulate ischemic cerebral stroke in mammals, mainly rodents [32,33].
The occlusion model of the middle cerebral artery (MCAO) is especially
popular due to its ability to closely reproduce conditions of real stroke
[34–37]. Traditionally, biochemical assays, morphological analysis and
electrophysiological studies are used to monitor changes in cellular
parameters in the brain during pathogenesis. The past decades have
witnessed the advent of new technical solutions for biomedical research,
including such powerful functional brain imaging techniques as mag
netic resonance imaging (MRI) and positron emission tomography
(PET). For example, for PET, the distribution of tracers labeled with
positron-emitting isotopes allows identifying changes in the cerebral
blood flow and variations in metabolism parameters, such as glucose
utilization [38]. Optical methods, which help visualize structural and
biochemical changes in brain cells with a high temporal and spatial
resolution, make an enormous contribution to neurobiological research
[39–46]. Despite the remarkable potential of the available arsenal of
modern research approaches, their ability to study the real-time dy
namics of many biochemical processes, especially those involving redox
transformations, is still limited.
Genetically encoded fluorescent probes offer unique possibilities to
study molecular processes in living systems of different scale and
complexity. In this work, we utilize a fiber-optic interface technology in

2. Materials and methods
2.1. Genetic constructs and viruses
In the present work, we used adeno-associated viruses (AAVs) sero
type 9 (AAV9). For a targeted expression of the necessary constructs in
neurons, we used neuron-specific promoter – a constitutive hybrid
promoter composed of the CMV immediate-early enhancer fused to
human synapsin 1 promoter (hSyn1) [47]. hSyn1 promoter was inserted
into the multiple cloning site (MCS) using MluI and EcoRI (FD, Ther
moFisher Scientific) restriction sites of AAV9 plasmid (Stratagene).
Genes encoding biosensors HyPer7 [48], SypHer3s [49] and SoNar [50]
were inserted into the MCS using EcoRI and HindIII (FD, ThermoFisher
Scientific) restriction sites of the AAV9-hSyn vector. To localize the
biosensors in the mitochondrial matrix, the respective genes were
equipped with a duplicated mitochondrial targeting sequence (MTS2)
[51], while the “-cyto” constructs that did not contain subcellular
localization signals were used for expression of biosensors in the cytosol.
pC1-SypHer3s-dMito and pC1-HyPer7-dMito vectors with mitochon
drial versions of biosensors were previously generated in our laboratory,
in that work these genes were cloned into the AAV9-hSyn1 vector using
EcoRI and HindIII (FD, ThermoFisher Scientific) restriction sites.
Minipreps and maxipreps were prepared using commercial kits ac
cording to the manufacturer’s instructions (QIAprep Spin Miniprep Kit,
Qiagen). In order to study the functionality of the constructs, Hela Kyoto
cells and primary neuronal cell culture were transfected with 1 μg
plasmid DNA using FuGENE® HD (Promega) and Lipofectamine LTX
with Plus Reagent (Invitrogen, ThermoFisher Scientific) respectively.
Transfections were performed according to the manufacturer’s pro
tocols. Expression was analyzed 24 h (Hela Kyoto) and 1 week (primary
neuronal cell culture) post-transfection under a fluorescent microscope
(Zeiss Axiovert 200 M). The AAV9 particles bearing SoNar, SypHer3s
and SypHer3s-dMito under the control of hSyn1 promoter were pro
duced by Viral Core Facility (VCF) of the Charité – Universitätsmedizin
Berlin. The AAV9 particles bearing HyPer7 and HyPer7-dMito under the
control of hSyn1 promoter were produced by Viral Core Facility of IBCH.
The virus titers were 1,81E+13 VG/ml for AAV9-hSyn1-SypHer3s-cyto,
6,91E+12 VG/ml for AAV9-hSyn1-SypHer3s-mito, 2,1E+11 VG/ml for
AAV9-hSyn1-SoNar-cyto, 1,4E+13 VG/ml for AAV9-hSyn1-HyPer7mito, and 4,7E+12 VG/ml for AAV9-hSyn1-HyPer7-cyto.
2.2. Cell cultures
The mixed mouse primary embryonic hippocampal neuronal cell
culture was obtained as described previously [52]. These cells were
cultured in Minimal Essential Medium (MEM, Sigma), containing pen
icillin/streptomycin (1%, Gibco), Fetal Bovine Serum (FBS, 5%, BioloT),
HEPES (10 mM, PanEko), D-Glucose (0,6%, Helicon), Sodium Bicar
bonate (2 g/L, Dia-M), GlutaMax (1%, Gibco) and B27 supplement (2%,
Gibco) at 37 ◦ C in 5% CO2 and seeded on 35 mm glass coverslips, which
were treated with 0,1 mg/ml Poly-D-Lysine. For transient expression of
biosensors, we used AAV-based vectors with cloned HyPer7, SypHer3s
or SoNar genes. Cells were infected with viral particles at an MOI of 10
2
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000 VG/cell.

2.5. Injection of viral particles and implantation of optical fiber probes
into the rat brain

2.3. Acute hypoxia/reoxygenation imaging on cultured neurons

The animals of both sexes not heavier than 280 g were used in ex
periments. The rats were anesthetized with 2% isoflurane using Som
noSuite low-flow anesthesia system (Kent Scientific, USA). The head of
the anesthetized animal was fixed in a stereotaxic frame, 0.25% bupi
vacaine was injected subcutaneously under the incision site. After skin
incision all the transparent pericranial tissues were scraped away and
the skull bones surface was thoroughly dried. Two small burr holes (0.4
mm) were made through the skull using a motorized driller under ste
reotaxic guidance (digital stereotaxic instrument, Stoelting Co) 0.9 mm
posterior to bregma and 4.0 mm bilateral to midline. 33-gauge needle
was slowly introduced into each burr hole on the depth of 5.2 mm below
the surface of the skull and 1 μl of AAV9 suspension was slowly injected
into caudata nuclei using a 5-μl Hamilton syringe connected to a ste
reotaxic injector (Stoelting Co). After the end of injections, implantable
fiber probes (described below in the Methods section) were slowly
inserted into each hole using a stereotaxic manipulator and ceramic
ferrules were fixed on the scull with light-cured dental composite resin
(DentLight-Flow A3, Vladmiva). The bone anchor screw was inserted
into an additional 1-mm hole drilled in the posterior part of the skull.
Then the ferrules and the screw were secured together by acrylic dental
cement (Stoelting Co). After the end of the surgery the rat was injected
with ketoprofen (5 mg/kg c.s.).

To perform imaging of neurons in a state of hypoxia/reoxygenation,
we used a Nikon Eclipse Ti2 inverted fluorescence microscope. For
HyPer7, SypHer3s, SoNar excitation LED-DA/FI/TR/Cy5-B (DAPI/
FITC/TRICTC/Cy5- Full Multiband Quad filters were used (ex =
352–404 nm, 461–488 nm), alongside with LED-DA/FI/TR/Cy5-B
(DAPI/FITC/TRICTC/Cy5- Full Multiband Quad filters for emission
(Em = 500–530 nm). Most of measurements were carried out using a
20X (S PLAN FL LWD 20x/0.70) and 40X (Plan Apo λ 40x/0.95
∞/0.11–0.23, WD 0.25–0.17 mm) objectives.
Before starting imaging experiments, the growth medium was
changed to a KRS solution (120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 25 mM NaНCO3, 5.5 mM HEPES, 10 mM D-glucose, pH 7.4),
containing no serum, then cells were incubated at 37 ◦ C in 5% CO2 for
20 min.
The effect of acute hypoxia/reoxygenation on cultured neurons was
investigated using a perfusion chamber. The cell dish was placed in the
stage top incubator (Miniature Incubator TC-MWP, Bioscience Tools).
Two 1L bottles with KRS solution were used for perfusion. The deoxy
genated solution was prepared by bubbling 95% N2/5% CO2 gas
mixture through the solution, the control solution was bubbled with
95% air/5% CO2 (gas mixtures were produced by CO2–O2 controller
CO2–O2-MI, Bioscience Tools, and CO2 controller Tokai Hit). The solu
tions were supplied into the cell dish via tygon tubes by peristaltic
pumps. The atmosphere in the incubator was 95% N2/5% CO2 under
hypoxic conditions, 95% air/5% CO2 under control and re-oxygenation
conditions.
The oxygen content of the solutions was monitored using a multi
channel oximeter (Multi-Channel Oxygen Meter OXY-4 SMA (G3), Pre
Sens Precision Sensing GmbH) connected to optical fibers recording the
signal from a fluorescent oxygen sensors FTC-PSt3; PreSens Measure
ment Studio 2 software was used for data acquisition. Oxygen sensors
were installed in both source bottles and inside the perfusion chamber –
one in the deoxygenated solution inlet and one in the outlet tubes. With
this setup we were able to induce hypoxia/reoxygenation in neurons in
course of seconds and control the absence of oxygen directly in the cell
dish.
The protocol of the experiment was as follows. First, the baseline
fluorescence was recorded under control conditions for 15–20 min: a
control solution was fed to the cell dish, the perfusion chamber was filled
with 95% air/5% CO2. Then fluorescence under hypoxia conditions was
recorded for 35 min: deoxygenated solution was fed into the chamber;
the perfusion chamber was filled with 95% N2/5% CO2. Then fluores
cence was recorded under reperfusion conditions (same as in the con
trol) for 15–20 min. At the end of the experiment, perfusion was stopped
and H2O2 (200 μM) or L-Lactate (20 mM) was added into the dish to
record the maximal ratiometric response of the biosensors.

2.6. Stroke surgery – MCAO model
Stroke surgery was performed 3–4 weeks after fiber-probe implan
tation. The rats were anesthetized with 2% isoflurane using SomnoSuite
low-flow anesthesia system (Kent Scientific, USA). The outer parts of the
implanted fiber probes were cleaned with hydrogen peroxide and iso
propyl alcohol, then a small drop of immersion oil was added to their
tips. Then the ceramic ferrules were connected to a patch cable by a
standard ceramic sleeve and additionally isolated from light with black
tape. The transient 60-min occlusion of the middle cerebral artery fol
lowed by reperfusion was performed as described elsewhere [34] with
minor modifications. Silicone-coated MCAO sutures (Doccol corpora
tion) with a 0.5-cm tip length and 0.35–0.37-mm tip diameter were used
for occlusion. The 0.25% bupivacaine was applied topically on the
wound. After the end of the surgery the rat was injected with ketoprofen
(5 mg/kg c.s.).
Animals from the sham group underwent the same surgical proced
ures, including the clamping of their left carotid artery, the only dif
ference being that the filament in this group of animals was adjusted in
such a way as to not reach the middle cerebral artery, thus causing no
ischemia.
After 24 h of reperfusion, the animal was euthanized by an overdose
of isoflurane followed by cervical dislocation, and decapitated. The
brain was sliced into 2-mm coronal sections. The brain sections were
immersed in a 1% solution of 2,3,5-triphenyltetrazolium chloride (TTC)
in saline for 15–20 min. The infarct area was identified by the absence of
red staining.

2.4. Animal husbandry
SHR rats purchased from Charles River laboratories, Germany, were
used as founders whose offspring was used in the experiments. The
animals were bred and housed in the animal facilities of the Institute of
Bioorganic Chemistry of the Russian Academy of Sciences (IBCh RAS)
and Pirogov Russian National Research Medical University in a 12 h
light-dark cycle with free access to food and water. The work was
accomplished under the supervision of the IBCh IACUC and following
the Regulations of the Ministry of Health of the Russian Federation. All
procedures were approved by IBCh IACUC protocol No.237.

2.7. In vivo time-resolved, site-specific fiber-optic photometry with
SypHer3s and HyPer7 sensors in rat brain tissues during the development
of ischemic stroke
Dynamics of intracellular pH and H2O2 in rat brain structures was
recorded in our experiments all-optically using implantable fiber-optic
probes designed to serve the purposes of in vivo studies of an ischemic
stroke in rats. In many of its aspects, the design of these fiber-optic
probes builds upon the ideas and recipes developed earlier in fiberoptic neurointerface technologies [53–56]. However, in vivo
site-specific studies of intracellular pH and H2O2 dynamics in rat’s brain
during an ischemic stroke impose a whole set of new requirements that
3

I.V. Kelmanson et al.

Redox Biology 48 (2021) 102178

are specific to this type of studies and that need to be addressed via new
solutions and approaches in the design of implantable fiber-optic probes.
Specifically, the necessity to record pH and H2O2 dynamics simulta
neously at several sites across rat’s brain during a stroke is addressed in
this study by implanting two fibers into rat’s brain, with each of these
fibers accurately positioned inside rat’s brain to interrogate a specific,
well-defined area inside rat’s brain. Moreover, because the pH and H2O2
concentration are measured in this study via the ratio of fluorescence
readouts from genetically encoded fluorescence sensors at two different
wavelengths [49,57], each of the fiber probes implanted into rat’s brain
is designed to support two spectrally separated signal-delivery, signal-
analysis, and signal-detection channels.
Two light emitting diodes (LEDs) with central wavelengths of 405
and 490 nm (M405F1 и M490F, Thorlabs) were used in our experiments
to provide optical excitation for genetically encoded fluorescence sen
sors SypHer3s and HyPer7. The LED outputs were delivered via fiberoptic cables and collimated with 10.9-mm-focal-length fiber-optic col
limators (Thorlabs, F220SMA-A). Suitable spectral filters were inserted
in both arms of this scheme for a better spectral isolation of two radia
tion fields used for fluorescence-sensor excitation. The beams were then
combined by a dichroic mirror (DM). A slightly tilted bandpass filter
(ET480/20, Chroma) was used for this purpose and 490 nm light
filtering. 405 nm light was filtered by a shortpass filter (FESH450,
Thorlabs). The combined beam was focused with a 150-mm-focal-length
lens and a microscope objective (10x, Olympus) to be coupled into long,
≈1.5-m segments of optical fiber (FG105UCA, Thorlabs). For the dura
tion of measurements, these fiber segments were connected to the fiber
probes implanted in rat’s brain, thus providing an optical excitation of
SypHer3s and HyPer7 fluorescence sensors at preselected sites within
rat’s brain. The fluorescence signal from these sensors is collected by the
fiber probes implanted into rat’s brain to be delivered to the detection
system via the same fiber-optic tract, but in the opposite direction.
Before reaching a CCD camera (4070C-GE-TE, Thorlabs), the fluores
cence readout passes through an additional bandpass filter (Chroma,
525/50), which rejects the scattered excitation light, thus providing a
high contrast of fluorescence readout detection. To ensure that the main
contribution to the total fluorescence readout is the sensor fluorescence
and not the autofluorescence background, which tends to vary from one
rat to another, the signal collected by the fiber probe is redirected, with a
flip mirror and polarization beam splitter, into another arm of the
detection system, where it is analyzed with a home-built spectrometer.
We used glass-clad multimode fibers with 105/125 core/cladding
diameter (FG105UCA, Thorlabs). The ≈1.5-m stretch of optical fiber
was cut and fed through furcation tubing. Both fiber ends were stripped
from acrylate coating and cleaved. The distal end was then coated with a
UV-cured optical adhesive (NOA61, Thorlabs) and inserted inside a
standard telecommunication ceramic ferrule for LC connectors. The glue
was cured under UV illumination, then the protruding fiber tip was
cleaved using a manual ruby cleaver and removed. After that ceramic
ferrule was fixed inside polishing puck and manually polished using
series of polishing sheets. Finally, a 5-cm piece of adhesive heat shrink
tubing was passed over the ferrule and furcation tube, and shrunk using
a heat gun. The proximate ends of two long fibers were glued together
using a drop of NOA61 ~3 cm from the tip and cleaved. This resulted in
two nearly flat fiber tips located in the same focal plane.
Implantable fiber probes were fabricated on an in-house-built fiberprocessing bench using in-house-tailored fiber components and fiberprocessing tools. As the first step of the fabrication procedure, a
factory-polished multimode patch cable was connected to a ceramic
ferrule with a standard Lucent-connector-type ceramic sleeve. A short
segment of bare optical fiber was then inserted inside the ceramic ferrule
and fixed using a drop of UV-cured glue at the base of the ferrule. The
length of each bare-fiber segment was chosen in such a way as to provide
optical interrogation of a specific targeted area inside rat’s brain. To this
end, the length of each bare-fiber segment was adjusted with an accu
racy well within 20 μm using a fiber cleaver (Thorlabs, XL411) driven by

a computer-controlled motorized translation stage (Thorlabs, MT1/MZ8) on an in-house-assembled fiber-cleavage frame. Transmission
properties of each fiber probe were carefully characterized, using a
power meter (PM100D with an S120VC power sensor, Thorlabs). Only
fiber probes with an overall transmission above 85% were used for
implantation and subsequent measurements.
Time-resolved traces of the SypHer3s and HyPer7 fluorescence
readout are recorded with a CCD camera, whose strobe output is read
out with a multifunction I/O Device (I/O card, NI USB-6356), pro
grammed with in-house-developed dedicated software, to gate the LED
output (Fig. 1) within gating pulses of adjustable pulse width and
repetition rate. With up to four fiber-probe endfaces simultaneously
imaged onto the CCD camera via a suitably adjusted 4f imaging system,
including a microscope objective (Olympus, 10X MPLN) and a 150-mmfocal-length lens (Fig. 1), each camera frame recorded at a given instant
of time t yielded four fluorescence readouts from four specific sites in
side rat’s brain. Three frames were recorded for each t. Two of these
frames captured fluorescence readouts from SypHer3s or HyPer7 as
quantifiers of, respectively, pH or H2O2 at two excitation wavelengths
(405 and 490 nm) from multiple sites within rat’s brain (the inset in
Fig. 1). The third frame records the overall background signal needed for
accurate quantitative data analysis. The average power of LEDs was kept
below 1 μW, which excluded any photobleaching within the entire time
span (up to 3–4 h) needed to record full traces of 405- and 490-nm-lightdriven fluorescence readouts from all the fiber probes used in a given
measurement for a meaningful characterization of pH and H2O2
dynamics.
2.8. SypHer3s expression and purification
E.coli XL1 Blue cells were transformed with the pQE30 vector bearing
SypHer3s genes with N-terminal His-tag. The protocol included an in
cubation of electrocompetent bacterial cells (40 μL) with a 1 μL of 50 ng/
μL vector DNA on ice for 5 min. After this, the cells were transferred to
the Gene Pulser/MicroPulser electroporation cuvettes (Bio-Rad), which
were previously kept at − 20 ◦ C for 20 min, and subjected to the elec
troporation procedure according to the Ec1 program (MicroPulser, BioRad). The transformed bacterial biomass was next incubated in 1 ml SOB
at 37 ◦ C and 650 rpm (Thermo-Shaker, Biosan) for 1 h to let the cells
recover from the shock. At the next step, the suspension was distributed
to bacterial plates with LB-agar medium containing 100 μg/ml ampi
cillin and the plates were kept at 37 ◦ C for 15 h. As fluorescent proteins
need time for their folding and chromophore maturation, which pro
ceeds better at low temperatures, the bacteria were additionally incu
bated at 17 ◦ C for 24 h to increase the yield of the functional biosensor.
The average number of bacterial plates for a single protein purification
procedure was 20. The bacterial colonies were washed from plates with
cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH = 7.4) and the total volume of the sample was adjusted to
25 ml with the same buffer. To destroy cells, the suspension was soni
cated in an ice bath (Sonic Vibra cell) according to the following pro
gram: 5 s/10 s sound/pause cycle with total sound duration of 8 min and
amplitude of 32% (1/2′′ probe, 1/8′′ tapered microtip). The obtained
lysates were centrifuged (Centrifuge 5424 R, Eppendorf) at 21 000 g and
4 ◦ C for 30 min to precipitate insoluble fractions. To purify the bio
sensors, the supernatant was applied to a column filled with 4 ml of
TALON Metal Affinity resin (Takara), previously equilibrated with cold
PBS. The column was next washed with 40 ml of cold PBS to eliminate
nonspecific components and after that step the target proteins were
eluted by addition of 10 ml 250 mM imidazole solution in cold PBS. The
obtained samples were next applied to a 10 ml Sephadex G-25 column
(GE Healthcare) equilibrated with cold PBS to purify the proteins from
imidazole. The protein concentration in the final sample was established
with the use of Bicinchoninic Acid Kit (Sigma-Aldrich) and a 96-well
plate analyzer (Tecan Infinite 200 PRO) according to the official pro
tocol. The protein was stored at 4 ◦ C and were used in in vitro studies
4
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Fig. 1. Two-channel fiber-optic photometry
for ratiometric pH and H2O2 sensing. (A)
Optical setup: dielectric mirrors (M);
dichroic mirrors (DM); multifunction I/O
Device (I/O card); scientific-grade camera
(CCD); bandpass filter (BF); shortpass filter
(SP); microscope objective lens (10x); long
multimode fibers (MM Fibers). A diagram of
time-resolved wavelength-division fluores
cence readout is shown in the inset. (B)
Excitation light spectra of two LED sources
(purple, 405 nm and cyan, 490 nm) and
biosensors emission (green). (C) Excitation
and emission spectra of SypHer3s at
different pH. (For interpretation of the ref
erences to colour in this figure legend, the
reader is referred to the Web version of this

article.)

within one day after purification.

oxygen level in the cell dish. In each series of experiments the oxygen
concentration in the cell medium abruptly (within several seconds)
changed from pO2 ~ 150 mmHg to pO2 < 5 mmHg, the neurons were
subjected to hypoxia for 35 min, and then reoxygenated. We studied the
dynamics of several biochemical parameters of neurons under condi
tions of hypoxia/reoxygenation using genetically encoded fluorescent
biosensors: SoNar for the NAD+/NADH monitoring [50], SypHer3s for
pH [49] and HyPer7 for H2O2 [48]. SoNar, SypHer3s and HyPer7 are
ratiometric cpYFP-based fluorescent proteins exhibiting two excitation
maxima at ~410 and ~490 nm and one emission peak at ~520 nm. The
changes in the levels of measured metabolites are reflected in the fluo
rescent ratiometric signal (F490/F410). The ratiometric signal does not
depend on a biosensor expression level and other variables.
In order to test our experimental setup, we first applied it to detect
NAD+/NADH ratio changes during hypoxia/reoxygenation, as this
parameter was studied earlier [58,59] and we can expect reduction of
the NAD pool under hypoxia and oxidation during the reperfusion
phase. Ratiometric SoNar signal (F395/F470) began to gradually increase
with the onset of hypoxia and reached its maximum value in about 20
min (Fig. 2B) reflecting the reduction of NAD+ to NADH. Reoxygenation
very quickly led to the oxidation of the NAD pool; however, according to
the biosensor fluorescent signal, the NAD+/NADH ratio in the cytosol of
neurons did not reach its initial value. The intracellular NAD+/NADH
ratio can be affected by changing the pyruvate/lactate ratio in the
cellular medium due to the activity of cellular monocarboxylate trans
porters and lactate dehydrogenase. We have shown that the sequential
addition of pyruvate and lactate to the same system led to a very rapid
oxidation and reduction of the NAD pool in neurons, respectively. The
amplitude of signal changes was comparable to what we observed with
those caused by hypoxia/reoxygenation (Fig. 2B). These experiments
confirmed the accuracy and validity of our experimental setup.
In the next series of experiments, we studied hypoxia/reoxygenationdriven pH changes in the cytosol and mitochondria of the mouse hip
pocampal neurons using SypHer3s biosensor [49]. Under hypoxia, the
development of acidosis immediately began both in the cytosol and in
the mitochondrial matrix. It is noteworthy that the biosensor localized in
the cytosol is characterized by a more significant change in the signal.
After normalization of oxygen level pH returned to the initial value in
both compartments (Fig. 2С).
It is generally accepted that ROS contribute to development of
hypoxia/reoxygenation related pathologies [60]. Some studies suggest
ROS formation during the hypoxia phase [61] whereas others demon
strate oxidative stress upon reoxygenation [62]. To study generation of
H2O2 under hypoxia/deoxygenation, we used ultrasensitive, fast, and
pH-stable biosensor Hyper7 [48]. Despite the high sensitivity of HyPer7
to H2O2, we did not observe substantial changes in the fluorescent signal
under conditions of hypoxia/reoxygenation (Fig. 2D). However, under
closer scrutiny, we found that during hypoxia the biosensor turned to a

2.9. Calibration of SypHer3s signal
For a quantitative analysis of intracellular pH based on the fluores
cence readout from genetically encoded fluorescence sensor SypHer3s,
this readout was carefully calibrated in a well-controlled experimental
setting. In these experiments, the long section of the fiber probe was
connected to its shorter, implantable counterpart, which was fixed on a
micrometric stage. The tip of the implantable fiber probe was immersed
into a cuvette containing pure buffer solution at room temperature and
background signals were measured for both excitation wavelengths, 405
and 490 nm. The row of pH standards has the following composition: pH
= 5.0 (Na2HPO4 – 0.64 mM, KH2PO4 – 66.02 mM); pH = 5.5 (Na2HPO4 –
2.60 mM, KH2PO4 – 64.06 mM); pH = 6.0 (Na2HPO4 – 8.07 mM,
KH2PO4 – 58.59 mM); pH = 6.5 (Na2HPO4 – 20.87 mM, KH2PO4 – 45.80
mM); pH = 7.0 (Na2HPO4 – 40.81 mM, KH2PO4 – 25.86 mM); pH = 7.5
(Na2HPO4 – 56.82 mM, KH2PO4 – 9.87 mM); pH = 8.0 (Na2B4O7 – 27.93
mM, HCl – 44.14 mM); pH = 8.5 (Na2B4O7 – 31.13 mM, HCl – 37.74
mM); pH = 9.0 (Na2B4O7 – 42.80 mM, HCl – 14.40 mM); pH = 9.5
(Na2B4O7 – 39.50 mM, NaOH – 21.00 mM); pH = 10.0 (Na2B4O7 – 29.50
mM, NaOH – 41.00 mM); pH = 10.5 (Na2B4O7 – 26.40 mM, NaOH –
47.20 mM); pH = 11.0 (Na2B4O7 – 25.00 mM, NaOH – 50.00 mM). The
fiber tip was then immersed into a purified SypHer3s solution (C ≈ 500
nМ) with a certain pH. For reliable calibration, the fluorescence signal
was averaged over at least 60 s.
2.10. Ex vivo HyPer7 test in brain tissues
The animal with expression of HyPer7 was euthanized by an over
dose of isoflurane followed by cervical dislocation, and decapitated. The
brain was immediately isolated, sliced into coronal sections and placed
in the Petri dish. The ratiometric fluorescent signal was recorded using
the same parameters that were utilized in the in vivo experiments. Next,
H2O2 solutions at final concentrations of 10 mM and 30 ММ were added
into the dish. As a result, a saturating concentration of H2O2 was ach
ieved, at which the ratiometric change in the signal reached its
maximum and did not change with subsequent additions.
3. Results
3.1. Hypoxia/reoxygenation-driven changes of the NAD+/NADH ratio,
pH and H2O2 concentration in cultured murine primary neurons
We have constructed an experimental setup to investigate the effect
of hypoxia and subsequent reoxygenation on biochemical parameters in
cultured primary mouse hippocampal neurons (Fig. 2A). This setting
provides extremely fast, accurate and well-controlled changes in the
5
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Fig. 2. Real-time detection of the NAD+/NADH ratio, pH and H2O2 concentration with genetically encoded fluorescent biosensors in the cytosol and mitochondrial
matrix of cultured mouse primary hippocampal neurons during 35 min of hypoxia and subsequent reoxygenation. (A) Hypoxia/reoxygenation model setup. Under
control and reoxygenation conditions, the control solution with normal oxygen concentration (pO2 ~ 150 mmHg, maintained by gas controller and recorded by
oxygen meter) was fed into the cell dish trough inlet tube without sensor, removed through outlet tube; perfusion chamber was supplied with air. Under hypoxic
conditions, the deoxygenated solution with pO2 < 5 mmHg of oxygen (maintained by gas controller and recorded by oxygen meter) was fed into the cell dish trough
inlet tube with sensor, removed through outlet tube; perfusion chamber was supplied with nitrogen. Oxygen level in tanks and tubes, fluorescent signal from mi
croscope were recorded in real-time mode. (B) The NAD+/NADH ratio dynamics during hypoxia/reoxygenation in neurons. Normalized signal of SoNar (ratio F395/
F470) was averaged from 21 neurons in 2 experiments. A higher ratiometric signal of SoNar corresponds to a higher NADH/NAD+ ratio. (C) pH dynamics during
hypoxia/reoxygenation in neurons. Normalized signal of SypHer3s (ratio F470/F395) was averaged from 184 neurons with mito-localization and 94 neurons with cytolocalization in 8 and 6 experiments, respectively. A higher ratiometric signal of SypHer3s corresponds to a more alkaline pH. (D) Dynamics of H2O2 concentration
during hypoxia/reoxygenation in neurons against the background of exogenous H2O2 addition to determine the maximum response of HyPer7 biosensor in this
system. Normalized signal of HyPer7 (ratio F470/F395) was averaged from 68 neurons with mito-localization of the biosensor and 120 neurons with cyto-localization
in 4 experiments. A higher ratiometric signal of HyPer7 corresponds to a higher H2O2 concentration. (E) Dynamics of H2O2 concentration during hypoxia/reox
ygenation in neurons. Normalized signal of HyPer7 (ratio F470/F395) was averaged from 203 neurons with mito-localization of the biosensor and 216 neurons with
cyto-localization in 13 and 7 experiments, respectively. In all graphs error bars indicate standard error of mean.
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more reduced state, which indicates a decrease in the basal concentra
tion of H2O2 in comparison with normoxia (Fig. 2E). The decrease in
H2O2 occurred gradually and the signal reached a stable value. Reox
ygenation led to a faster change in the fluorescent signal of HyPer7 to
wards a more oxidized state. The signal of HyPer7 reached
approximately its initial value before hypoxia. A similar dynamic was
observed both in the cytosol and in the mitochondria of neurons.
However, in the mitochondrial matrix the changes were more pro
nounced (Fig. 2E).
Thus, using our experimental approach we visualized in real time the
dynamics of the redox state of the NAD pool and pH in cultured murine
primary hippocampal neurons undergoing hypoxia/reoxygenation.
However, under the same conditions, we did not register excessive ROS
production but rather a slight decrease of H2O2 level during hypoxia
phase.

simultaneously recorded in the healthy hemisphere in each experiment.
Dynamics of the fluorescent signal of biosensors in vivo in the rodent
brain was studied by means of time-resolved photometry using fiberoptic probes implanted in rat’s brain (Figs. 1 and 3C). The fluores
cence of SypHer3s and HyPer7 in these experiments was driven by two
LEDs emitting at 405 and 490 nm, as needed for ratiometric pH and
H2O2 sensing. This approach allows one to drive and detect fluorescence
in two channels through optical fibers implanted into the area of the rat
brain containing the cells expressing the biosensor gene. Ratiometric
measurements were performed in real time every 300 ms during the
entire operation and for 2 h after the onset of ischemia. To avoid
phototoxicity, an average pump output power inside rat’s brain was kept
below 0.7 μW, providing little or no photobleaching (less than 5% per
hour).
The animals were anesthetized, and a silicone-coated suture was
inserted intraluminally through the external carotid artery so that its tip
blocked the origin of the middle cerebral artery (MCA). After 60 min of
occlusion the suture was removed, ensuring the reperfusion of the
ischemia area.
In order to convert the ratiometric signal of SypHer3s into specific
pH value in the cells, before in vivo experiments we calibrated SypHer3s
signal for the given setup using a purified protein preparation of the
biosensor in buffer solutions with different pH values in the range
5.0–11.0. The signal was read through an optical fiber immersed in
cuvettes with SypHer3s solutions (500 nМ) in buffer systems. We used
this calibration curve (Fig. 4A) in experiments on animals in vivo with
intermediate values of pH being determined by cubic interpolation.
We found that MCAO leads to immediate and pronounced acidifi
cation in the ipsilateral hemisphere (Fig. 4). In several minutes, intra
cellular pH of the injured area dropped from 7.25 ± 0.08 (s d.) to 6.7 ±
0.15 (s d.). After reaching the minimum, pH started to rise slowly but
steadily. The direction of the pH changes remained the same during the
reperfusion phase, except transient but small increase during ischemiato-reperfusion transition. The pH value did not reach its initial value
neither during 1 h of reperfusion, nor, for most of the animals, 24 h later.
Thus, ischemia/reperfusion induces strong and stable acidification of
the ischemic core of stroke. pH in the hemisphere contralateral to MCAO
did not show any pronounced dynamics, neither did pH in the brain of
sham operated animals (Fig. 4).
We conducted a similar series of experiments with animals express
ing HyPer7-mito to investigate the dynamics of H2O2 concentration in
the mitochondrial matrix in rat brain neurons during the development of
ischemia and subsequent reperfusion. To prove that the biosensor was
not initially completely oxidized in the brain tissues of the animals as a

3.2. In vivo studies of pH and H2O2 dynamics in rat brain tissues in
ischemia/reperfusion model
The dynamics of biochemical processes in tissues in vivo can signif
icantly differ from what is observed in cell cultures. For example,
ischemic stroke is a complex pathological process involving different
types of tissues and cells of an organism. To study ischemia/reperfusiondependent pH and H2O2 dynamics in neurons of the brain in vivo, we
performed transient middle cerebral artery occlusion (MCAO) on the
SHR rats expressing genetically encoded pH indicator SypHer3s [49]
and H2O2 indicator HyPer7 [48] bilaterally in the brain. SypHer3s was
targeted to the cytosol, while Hyper7 was targeted to the mitochondrial
matrix of neurons of the caudate nucleus. The choice of localizations was
determined by our cell culture experiments: we have chosen the com
partments with more pronounced changes in pH (cytosol) and H2O2
(matrix) in response to hypoxia/reoxygenation, thus reducing the
number of animals in experiments. In addition, our experiments
demonstrate that H2O2 produced in the cytosol quickly diffuses to the
mitochondrial matrix, but the opposite direction of diffusion is restricted
[48]. Therefore, HyPer7 targeted to the matrix would detect H2O2
regardless of the origin of the oxidant. Only one sensor per rat was used,
so that both hemispheres of the same animal contained either SypHer3s
or HyPer7 in the same cells and compartments. Caudate nucleus was
chosen as a site for the virus injection as this structure is normally
involved in ischemic injury caused by MCAO. In Fig. 3A and B, brain
slices with expression of HyPer7-mito of a sham-operated rat and a rat
with the ischemic stroke are demonstrated, with fluorescent region
overlapping with the stroke area. The fluorescent signal was

Fig. 3. Fiber-optic detection of the fluorescence readout from biosensors expressed in rat brain tissues. Brain slices of (A) sham operated rat and (B) rat with stroke
(24h) exposed to the MCAO model. TTC staining was used to confirm ischemic injury. The presence of a fluorescent label (in the presented example, HyPer7-mito)
was confirmed using fluorescence microscopy. (C) Photo of an animal with optical fibers implanted in the brain and connected to the optical cable of the setup.
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Fig. 4. In vivo time-resolved studies of pH dynamics in rat brain tissues during the development of ischemic stroke (MCAO model). Viral particles AAV9 with
SypHer3s gene were injected into caudata nuclei of both hemispheres. (A) Calibration curve of the dependence of SypHer3s signal on the pH value obtained on
purified protein preparation in vitro. Curve plotted from at least 3 measurements on purified protein. Error bars indicate standard deviation. (B) Dynamics of
SypHer3s in the left hemisphere of sham operated rats. The animals of this group underwent all surgical procedures, except that the filament deliberately did not
reach the MCA and did not cause occlusion. (C,D) Signal registration of SypHer3s with the setup was carried out through implanted fibers simultaneously at two
points of the brain, corresponding the stroke zone in the left hemisphere (C) and healthy tissue in the right hemisphere (D). Each graph (B–C) reflects the pH
dynamics in an individual rat. The dynamics of the signal was recorded continuously during the surgical procedures, the acute phase of the development of ischemic
stroke (1 h ischemia + 1 h reperfusion); in addition, the signal value was measured the next day (separate points on the graphs).

result of the local inflammation caused by the injection of viral particles
and implantation of optical fibers, we conducted preliminary measure
ments on freshly isolated brain tissue in response to exogenous H2O2.
Fig. 5A clearly demonstrates changes in HyPer7-mito fluorescent signal
in tissues in response to stepwise H2O2 additions until the moment of
complete saturation. The maximum response amplitude is ~2.5-fold.
Thus, in this system, the biosensor has a potential for oxidation and can
be used to visualize oxidative stress.
During ischemia/reperfusion, we observed changes in the HyPer7mito signal. Both ischemia and early phase of reperfusion induced
slight increases in H2O2 that likely do not critically contribute to the
development of the pathology. We registered a pronounced change in
HyPer7-mito signal in the damaged area on the next day in all animals
(Fig. 5C). The signal increased more than twofold, which corresponds to
almost the maximum oxidation of the biosensor, according to the H2O2
saturation experiments (Fig. 5A). Thus, oxidative stress does occur, but

not in the acute phase of ischemic stroke.
On the next day after ischemia-reperfusion the animals were anes
thetized by isoflurane and sacrificed. Subsequent TTC staining
confirmed strokes in the MCAO hemispheres and the absence of infarcts
in the contralateral hemispheres of all animals in the experimental
groups, and no infarcts in both hemispheres of sham-operated animals.
4. Discussion
In the first part of the work, we studied how the dynamics of the
NAD+/NADH ratio, pH value and H2O2 concentration change under
hypoxia/reoxygenation conditions in the culture of primary hippo
campal neurons using biosensors SoNar [50], SypHer3s [49] and
HyPer7 [48], respectively. In our experiment, we carefully controlled
the duration of hypoxia (35 min for cell culture experiments), followed
by reoxygenation. We have demonstrated that the NAD pool reduction
8
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Fig. 5. In vivo time-resolved studies of H2O2 dynamics in rat brain tissues during the development of ischemic stroke (MCAO model). Viral particles AAV9 with
HyPer7-mito gene were injected into caudata nuclei of both hemispheres. (A) Ex vivo HyPer7-mito response to exogenous H2O2 additions. (B) Dynamics of HyPer7mito in the left hemisphere of sham operated rats. The animals of this group underwent all surgical procedures, except that the filament deliberately did not reach the
MCA and did not cause occlusion. (C,D) Signal registration of HyPer7-mito with the setup was carried out through implanted fibers simultaneously at two points of
the brain, corresponding the stroke zone in the left hemisphere (C) and healthy tissue in the right hemisphere (D). Each graph (B–C) reflects the H2O2 dynamics in an
individual rat. The dynamics of the signal was recorded continuously during the surgical procedures, the acute phase of the development of ischemic stroke (1 h
ischemia + 1 h reperfusion); in addition, the signal value was measured the next day (separate points on the graphs).

and pH decrease occur in neurons from the first seconds of the onset of
hypoxia. It is noteworthy that we observed more pronounced changes in
pH in the cytosol of neurons in comparison with the mitochondrial
matrix. In conditions of a lack of oxygen, cells switch to anaerobic
glycolysis, which occurs in the cytosol. As a result of this process, lactate
accumulates and H+ is generated as a result of ATP hydrolysis [63],
which has been repeatedly confirmed by experimental data [64,65].
Thus, the global acidification of neurons caused by hypoxia, apparently,

begins in the cytosol, which is reflected in the dynamics of SypHer3s
biosensor in our experiments. After reperfusion, the NAD+/NADH ratio
and pH returned almost to the initial values. Under the same conditions,
we registered the dynamics of H2O2 using an ultrasensitive biosensor
HyPer7 [48]. However, we did not detect bursts of ROS generation in
these cells. We recorded only a slight decrease in HyPer7 signal during
hypoxia, which indicates decrease in the basal H2O2 level in the cells.
After reoxygenation, the signal quickly returned to the initial value in
9
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both studied compartments. This indicates that endogenous H2O2 pro
duction in this experimental system is limited by some yet unknown
factor, likely the availability of substrates or the respiratory chain ca
pacity, and the basal level of the oxidant could be, in fact, already
maximal for the neurons.
It must be pointed out, however, that data obtained in the cell culture
experiments may differ significantly from the real picture of the pro
cesses taking place in vivo. In particular, the pO2 for cell cultures (in our
case, ~150 mmHg) is unattainable in the living tissues where this
parameter rarely exceeds 40 mmHg, and artifactual redox changes
associated with the analysis of isolated biological samples is a wellknown phenomenon (see, for example, [66]). In order to obtain more
physiologically-relevant results we investigated the dynamics of pH and
H2O2 concentration in vivo in neurons located in the central zone of
ischemic stroke. For this, SypHer3s-cyto and HyPer7-mito sensors were
expressed in the rat’s caudate neurons. Using the standard procedure of
transient MCAO, we induced unilateral cerebral ischemia and recorded
continuously the dynamics of the studied parameters in both hemi
spheres during both ischemia and reperfusion.
We detected the development of powerful acidosis in the core zone of
ischemic stroke. During the first few minutes after the onset of ischemia,
the pH dropped by about 0.5 units (from pH 7.25 to pH 6.7). An
important difference in the behavior of the pH dynamics in vivo during
ischemic stroke from the previously observed pH changes in cultured
neurons during hypoxia/reoxygenation was that the pH in the brain
tissues in the ischemic core remained low for much longer after
reperfusion.
Registration of pH changes in brain tissues during acidosis of tissues
has already been carried out earlier using various approaches. For
example, synthetic fluorescent pH probes have previously been used,
some of them were suitable for spatio-temporal signal resolution in su
perficial brain tissues of anesthetized animals [67,68]. Many of the
limitations associated with the disadvantages of pH-imaging using
synthetic dyes have been overcome with the advent of positron emission
tomography (PET) and magnetic resonance imaging (MRI) [69–73].
However, our approach used in this work to study the dynamics of
biochemical events in the brains of laboratory animals in vivo provides a
great flexibility of experimental design. Biosensors, which have a pro
tein nature and are therefore encoded by the gene, can be easily targeted
to any cell types of interest (neurons, astrocytes, microglia, etc.) and
their organelles. The optical setup allows targeting any part of the brain
or several areas at the same time by means of implanted optical fibers.
At the same time, while different research approaches exist to reg
ister pH in brain tissues, there were no direct methods for registering the
development of oxidative stress. To the best of our knowledge, this work
is the first example of direct intracellular H2O2 measurement in the brain
tissues during ischemic stroke onset and development. HyPer7 localized
in the mitochondria of neurons showed a slight increase in H2O2 con
centration after the onset of hypoxia, which contradicts the generally
accepted idea of significant post-ischemic ROS production [62]. We
were also able to detect small step of H2O2 increase at the moment of
reperfusion, but the pronounced changes in the signal of HyPer7 in the
damaged area of the brain were detected only on the next day, which
indicates either a delayed production of ROS in the ischemic stroke, or
total metabolic failure of the tissue resulting in an inability of thio
redoxin system to maintain HyPer7 in the reduced state. Both the shapes
and directions of H2O2 changes differed between the cell culture and in
vivo models demonstrating poor correlation between these systems.
Another possibility is that oxidative stress during brain ischemia/
reperfusion occurs not via hydrogen peroxide production, but via lipid
peroxidation. In this case the radical chain reaction spreads in the
cellular membrane, and lipid peroxides cannot be detected by HyPer7.
Indeed, lipid peroxidation is known to be associated with the ischemia/
reperfusion injury [74].
It is also possible that the production of ROS coincides with the
development of the inflammatory process caused by the activation of

microglia and infiltration of neutrophils. In subsequent experiments, we
aim to investigate the roles of various types of cells and tissues in the
pathogenesis of stroke. In particular, it would be important to record the
biosensor signal for a longer time, taking the animals out of anesthesia,
in order to find the exact moment of the H2O2 generation onset.
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