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ARTICLE INFO ABSTRACT
Keywords: Oxidative stress, a state of disrupted redox signaling, reactive oxygen species (ROS) overproduction, and oxidative
Oxidative stress cell damage, accompanies numerous brain pathologies, including aging-related dementia and Alzheimer’s disease,

Synaptic plasticity
Brain aging
Neurodegeneration

the most common neurodegenerative disorder of the elderly population. However, a causative role of neuronal
oxidative stress in the development of aging-related cognitive decline and neurodegeneration remains elusive
Long-term potentiation because of the lack of approaches for modeling isolated oxidative injury in the brain. Here, we present a chemo-
Hydrogen peroxide genetic approach based on the yeast flavoprotein p-amino acid oxidase (DAAO) for the generation of intraneuronal
p-amino acid oxidase hydrogen peroxide (H202). To validate this chemogenetic tool, DAAO and HyPer7, an ultrasensitive genetically
encoded Hy02 biosensor, were targeted to neurons. Changes in the fluorescence of HyPer7 upon treatment of
neurons expressing DAAO with p-norvaline (D-Nva), a DAAO substrate, confirmed chemogenetically induced pro-
duction of intraneuornal HyO2. Then, using the verified chemogenetic tool, we emulated isolated intraneuronal
oxidative stress in acute brain slices and, using electrophysiological recordings, revealed that it does not alter basal
synaptic transmission and the probability of neurotransmitter release from presynaptic terminals but reduces long-
term potentiation (LTP). Moreover, treating neurons expressing DAAO with D-Nva via the patch pipette also de-
creases LTP. This observation indicates that isolated oxidative stress affects synaptic plasticity at single cell level. Our
results broaden the toolset for studying normal redox regulation in the brain and elucidating the role of oxidative
stress to the pathogenesis of cognitive aging and the early stages of aging-related neurodegenerative diseases. The
proposed approach is useful for identification of early markers of neuronal oxidative stress and may be used in
screens of potential antioxidants effective against neuronal oxidative injury.

Abbreviations: ACSF, artificial cerebrospinal fluid; AAV, adeno-associated virus; DAAO, p-amino acid oxidase; D-Ala, p-alanine; D-Nva, p-norvaline; D-Ser, p-
serine; EPSCs, excitatory postsynaptic currents; H,O,, hydrogen peroxide; LTP, long-term potentiation; RFP, red fluorescent protein; ROI, region of interest; ROS,
reactive oxygen species.
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1. Introduction

Action potential propagation and synaptic transmission are the
central processes of neuronal computation. Even under basal conditions,
when a strong stimulus is absent, these processes are highly energy
consuming. Every synaptic event triggers neuronal usage of energy for
restoring the resting membrane potential and the extrusion of cytosolic
Ca2"; biosynthesis and recycling of neurotransmitters; and synaptic
vesicle loading and trafficking [1,2]. Neurons produce the bulk of their
energy via oxidative phosphorylation in mitochondria [3] and therefore
demand a sufficient supply of oxygen and intense operation of a plethora
of interconnected redox-dependent metabolic pathways [4]. The intense
redox-dependent metabolism in neurons is accompanied by the gener-
ation of a range of reactive oxygen species (ROS) [5,6]. Multiple anti-
oxidant defense systems neutralize ROS to coordinate redox-dependent
signaling and reduce their deleterious oxidizing effects on cellular
components. Breaking the balance between ROS generation and
neutralization results in oxidative stress, a state in which redox signaling
is disrupted and biomolecules undergo oxidative damage [7,8]. Neurons
have a large number of oxidative targets, but a relatively weak antiox-
idant defense system, and are therefore very vulnerable to oxidative
stress [9,10]. Aging-related mental health problems as well as Alz-
heimer’s disease, the most common neurodegenerative disorder in
people aged 65 and older, are characterized by the appearance of
neuronal oxidative stress markers such as products of lipid peroxidation,
and deleterious oxidative modifications of proteins and nucleic acids
[11-13].

Both aging-related dementia and Alzheimer’s disease feature pro-
gressive learning and memory deficits. Learning and memory are vital
brain functions and, at the cellular level, are known to depend on the
ability of neurons to vary the efficacy of synaptic transmission in an
activity-dependent manner. This property, referred to as synaptic plas-
ticity, underlies accumulation, storage, and utilization of information
about animal or human experiences in order to shape adequate behav-
ioral and physiological reactions in response to changes in the envi-
ronment and the internal state. Various neuronal activity patterns may
induce different forms of synaptic plasticity, and changes in the efficacy
of excitatory transmission may last from milliseconds, as in synaptic
facilitation, to hours and days, as in long-term potentiation (LTP) [14].
Different forms of synaptic plasticity may overlap in an individual
synaptic connection, and this overlap is considered a mechanism of
neuronal computation [15].

It is currently assumed that dysregulation of redox homeostasis in the
aging brain underlies the impairment of synaptic transmission and
plasticity, which leads to a decrease in the computational ability of
neurons and, as a result, to learning and memory deficits [16]. Although
a causative role of neuronal oxidative stress in the development of
cognitive aging and neurodegeneration is widely accepted, it has not yet
been sufficiently proven, primarily because of the lack of tools for
emulating isolated oxidative stress. Here, we employed a chemogenetic
tool based on the flavoprotein p-amino acid oxidase (DAAO)
(EC-1.4.3.3) from the yeast Rhodotorula gracilis [17] to emulate oxida-
tive stress by triggering controlled synthesis of intraneuronal hydrogen
peroxide (H0O2) [18-20], the most stable ROS, and investigated its
acute effects on synaptic transmission.

2. Materials and methods

2.1. Construction of vectors for expression of DAAO, DAAO(R285A) and
HyPer7

To express the recombinant flavoprotein p-amino acid oxidase
(DAAO) (EC-1.4.3.3) from the yeast Rhodotorula gracilis [171], its inactive
mutant DAAO(R285A) [21], and the ultrasensitive H5O5 biosensor
HyPer7 [22] in neurons in vitro and in vivo, we created recombinant
adeno-associated viral (AAV) vectors serotype DJ and 9, carrying the
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respective genetic constructs. The constructs
PAAV-CaMKII-RFP-p2A-DAAO-NES+(wpre-sv40), pAAV-CaMKII-RFP--
P2A-DAAO(R285A)-NES+(wpre-sv40), and pAAV-CaMKII-HyPer7+
(wpre-sv40), in which CaMKIIa = Ca®"/calmodulin-dependent protein
kinase II alpha promoter [23], RFP = red fluorescent protein, p2A = a
self-cleaving peptide, NES = nuclear export signal, wpre = woodchuck
hepatitis posttranscriptional regulatory element, and sv40 = Simian
virus 40 enhancer, were created on the basis of the pAAV-mDIx-GFP--
Fishell-1 vector [24] (a gift from Gordon Fishell; Addgene plasmid
#83900) by replacing a promoter and fusing the corresponding cDNAs
in the same open read frame. Escherichia coli XL1-Blue strain (Evrogen,
#CC001) was used for the cloning, maintenance, and propagation of
plasmids. All manipulations were conducted between the Miul and
HindIIl restriction enzyme sites. pAAV-CaMKIla-mCherry (a gift from
Karl Deisseroth; Addgene plasmid #114469) and pTagRFP-C (Evrogen,
#FP141) vectors were used as promoter and RFP sequence sources. The
DAAO sequence with the NES signal on the 3’ end was obtained from the
PAAV-HyPer-DAAO-NES vector [20] (a gift from Thomas Michel;
Addgene plasmid #119164) and fitted after RFP through p2A peptide.
The construct encoding the inactive DAAO(R285A) was created by
partial replacement of the DAAO sequence in
PAAV-CaMKII-RFP-p2A-DAAO-NES+(wpre-sv40) with the respective
sequence from the construct (see below) containing the point mutation
R285A. The HyPer7 sequence was obtained from the pCS2+HyPer7
vector [22]. The created constructs were verified by restriction analysis
with appropriate restriction enzyme sets and sequencing. Midipreps
were prepared using the Plasmid Midiprep 2.0 kit (Evrogen, #BC124)
according to the manufacturer’s instructions. Then, the constructs were
packaged into AAV viral particles at the Viral Core Facility of
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry. The con-
structs were packaged either in AAV serotype DJ viral particles for in
vitro experiments using primary neuronal cell cultures or in AAV sero-
type 9 viral particles for stereotactic injections in mice. The virus titers
were 2.2E+12 viral genomes (VG)/mL for AAV2/DJ-CaMKIla-RFP--
P2A-DAAO-NES; 1.4E+12 VG/mL for AAV2/DJ-CaMKIIa-RFP-p2A--
DAAO(R285A)-NES; 8.3E+12 VG/mL for AAV2/DJ-CaMKlIla-HyPer7;
3.0E+12 VG/mL for AAV2/9-CaMKIIla-RFP-p2A-DAAO-NES; 5.5E+12
VG/mL for AAV2/9-CaMKIla-RFP-p2A-DAAO(R285A)-NES; and
1.1E4+12 VG/mL AAV2/9-CaMKIIa-HyPer7.

To evaluate the applicability of p-amino acids for chemogenetic
generation of Hy02 in HeLa Kyoto cells, we created the plasmid con-
structs pAAV-CMV-RFP-p2A-DAAO-NES+(wpre-sv40), pAAV-CMV-RFP-
DP2A-DAAO(R285A)-NES+(wpre-sv40), and pAAV-CMV-HyPer7+(wpre-
sv40) by promoter replacement in the plasmid constructs as described
above, using the pTagRFP-C vector as a sequence source of the cyto-
megalovirus (CMV) promoter.

Arg®®> plays a crucial role in stabilization of p-amino acids at the
active site of DAAO and thus in the redox activity of the enzyme. The
point mutation R285A significantly increases the Michaelis constant K,
for p-amino acids and decreases turnover number [21], rendering DAAO
(R285A) almost inactive with mostly unaltered structure. To introduce a
R285A mutation into DAAO, we amplified two fragments using two
pairs of primers: (i) Hy-EcoR-F (5-aatagaattcgccaccatgga-
gatggcaagccagcag-3’; forward primer for introducing a R285A mutation
into DAAO) and R285-R (5'- ctctcetggegggtgecaggecaacgttatgtetcageac
-3’; reverse primer for introducing a R285A mutation into DAAQO), and
(ii) R285-F (5'-cgttggcctggeacccgecaggagaggagga-3’; forward primer for
introducing a R285A mutation into DAAO) and DAAO-Hind-R (5'-
gtacaagcttttagctctecetagetgegee -3’; reverse primer for introducing a
R285A mutation into DAAO); and pAAV-HyPer-DAAO-NES plasmid as a
template. This was followed by another round of polymerase chain re-
action, using the PCR fragments obtained and Hy-Ecor-F and
DAAO-Hind-R primers to produce the complete construct. The final
product was inserted into the pAAV-HyPer-DAAO-NES vector between
EcoRI and HindIll restriction enzyme sites to create the pAAV-Hy-
Per-DAAO(R285A) vector.
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2.2. Mice

Experiments were carried out using C57Bl/6J mice (The Jackson
Laboratory, #000664, RRID: IMSR_JAX:000664). Mice were maintained
in groups (3-4 mice per cage) in the animal facility of Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry. Mice were housed in
an ambient temperature 22-24 °C with a 12-hr light/dark cycle and had
ad libitum access to food and water. All manipulations with animals were
conducted according to the European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scientific Purposes
(1986, ETS 123) and approved by the Institutional Animal Care and Use
Committee (approval no. 331).

2.3. Embryonic mouse hippocampal neurons

E17 mouse embryos of both genders were collected on ice, and brains
were isolated and placed in ice-cold 10 mM HEPES-Na (PanEco, #F134)
supplemented Hanks’ balanced salt solution without Mg?t and Ca®*
(HBSSACaMg) (ThermoFisher Scientific, #14175095). The hemispheres
were separated from meninges, and the hippocampi were carefully
extracted and washed twice with fresh ice-cold HBSSACaMg. Hippo-
campi were incubated in HBSSACaMg supplemented with 0.025%
trypsin (ThermoFisher Scientific, #27250018) and DNasel (5 units/mL)
(ThermoFisher Scientific, #90083) for 15 min at 37 °C. Trypsin activity
was inhibited with full MEM: Minimum Essential Media (Sigma-Aldrich,
#M3024) containing B27 supplement (ThemroFisher Scientific,
#17504044), 5% fetal bovine serum (FBS) (Biosera, #FB-1001), Glu-
taMax (ThemroFisher Scientific, #35050061), 10 mM HEPES-Na, 6 g/L
glucose, 2.2 g/L sodium bicarbonate, 100 units/mL of penicillin, and
100 pg/mL of streptomycin (PanEco, #A063). Neurons were gently
resuspended in 1 mL of full MEM and filtered using the Falcon® 40 pm
Cell Strainer (Corning, #352340). Cells were counted using a hemocy-
tometer, and 1.5 x 10° cells in 150 pL of full MEM were plated on a 35
mm glass-bottom dish (SPL Life Sciences, #100350) pre-coated with
poly-p-lysine (Sigma-Aldrich, #A-003-M). Dishes with plated cells were
incubated for 40 min at 37 °C in ambient atmosphere with 5% CO,.
Then, 2 mL of full MEM was added to each dish for further cultivation.
Once every two-three days, 30% of the culture medium was replaced
with fresh full MEM.

2.4. Transduction of embryonic mouse hippocampal neurons

On the 5th day after plating, primary neuronal cell cultures were
transduced with AAV vectors. Prior to the addition of the AAV vectors,
half (1 mL) of the culture medium (conditioned MEM) was collected and
stored at 4 °C until necessary. Fresh full MEM and AAV stock solutions
were mixed, and 1 mL of the mixture was added into dishes with plated
cells to achieve the final concentration of AAV vectors at 10'° VG/mL.
On the following day, the culture medium was fully substituted with a
mixture (1:1) of fresh full MEM and conditioned MEM. Transduced
primary neuronal cell cultures were imaged 2 weeks later.

2.5. Culture and transfection of HeLa cell line

HeLa Kyoto (EMBL collection, gender: F, RRID: CVCL_1922) were
cultured in DMEM/F12 (Gibco, #12634-010) supplemented with 10%
fetal calf serum (FCS) (Biosera, #FB-1001), GlutaMAX (1:100) and
Penicillin-Streptomycin mixture (1:100) (Gibco, #15140-122) at 37 °C
in ambient atmosphere with 5% CO,. HeLa Kyoto cell culture was tested
for mycoplasma contamination using MycoReport kit (Evrogen,
#MRO0O01) according to manufacturer’s guidelines. For real-time imag-
ing, HeLa Kyoto cells were seeded in 35 mm glass-bottom dishes (SPL
Life Sciences, #100350) and cultured in 2 mL of DMEM/F12 supple-
mented with 10% FCS, GlutaMAX (1:100) and Penicillin-Streptomycin
mixture (1:100) at 37 °C in ambient atmosphere with 5% CO,. Cells
were transfected with a mixture of 1 pg DNA and 3 pL FuGene HD
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reagent (Promega, #E2311) in 100 pL Opti-MEM (Gibco, #15140-122)
per dish.

2.6. Live-cell fluorescent imaging

Live-cell fluorescent imaging of primary neuronal cell cultures and
HeLa Kyoto cells was carried out using a Nikon ECLIPSE Ti2-E epi-
fluorescent microscope equipped with a SPECTRA X light engine and a
Photometrics BSI camera. Prior to imaging, culture media were replaced
with the pre-warmed Krebs-Ringer solution (140 mM NacCl, 5 mM KCl, 2
mM CaClp, 1 mM MgCly, 10 mM p-glucose, 10 mM HEPES; pH 7.4) or
HBSS supplemented with 10 mM HEPES-Na for primary neuronal cell
cultures or HeLa Kyoto cells, respectively. The fluorescent signals of
HyPer7 and RFP were acquired using Nikon CFI S Plan Fluor LWD 20X
(NA 0.7) and Plan Apo A 40x (NA 0.95) objectives. Live cell imaging was
carried out using Nikon NIS-Elements software. HyPer7 was sequentially
excited at 395 nm and 470 nm, and its fluorescence was acquired within
the spectral range 500-530 nm. RFP was excited at a 555 nm, and its
fluorescence was acquired within the spectral range 580-610 nm. We
performed time-lapse imaging with 20 s interframe intervals to measure
changes in fluorescence of HyPer7 in neurons and HeLa cells expressing
DAAO or DAAO(R285A) (RFP positive cells) in response to addition of
the DAAO substrates and 200 pM Hp0, (Sigma-Aldrich, # 95321).
Substances were added in a middle of the 20 s interframe interval. Im-
ages were captured in 5-6 randomly selected fields of view for each dish.

2.7. DAAO substrates

We evaluated several nonpolar, polar, aromatic, and basic p-amino
acids including a non-proteinogenic amino acid p-isomer (norvaline) as
potent substrates for DAAO activation. We examined the kinetics of
H»0; production in the cytosol of HeLa Kyoto cells upon treatment with
the following p-amino acids: p-Cysteine (D-Cys, Fluorochem, #049424),
p-Norvaline (D-Nva, Sigma-Algrich, #851620), p-Serine (D-Ser, Sigma-
Algrich, #S4250), p-Threonine (D-Thr, Sigma-Algrich, #T8250), b-
Lysine monohydrochloride (D-Lys, Sigma-Algrich, #L5876), p-Alanine
(D-Ala, Sigma-Algrich, #A7377), p-Phenylalanine (D-Phe, Sigma-
Algrich, #P1751), and p-Methionine (D-Met, Sigma-Algrich, #M9375).

2.8. Stereotaxic viral vector delivery

AAV vectors were delivered to CAl area of the hippocampus by
standard stereotaxic surgery [23,25]. Briefly, 6-week-old male mice
were deeply anesthetized with 3% isoflurane (Baxter, #5AGG9621) in
an induction chamber using a low-flow anesthesia system (SomnoSuite,
Kent Scientific). Then, mice were placed onto the heating pad of the
stereotaxic apparatus (digital stereotaxic instrument, Stoelting Co).
Anesthesia was maintained by delivery of 1.5% isoflurane via inhalation
mask. Body temperature was controlled by a rectal thermometer. Prior
to incision, 0.25% bupivacaine (Ozon, #LP-003590) was injected sub-
cutaneously (the total dose was less than 8 mg/kg) at the site of incision
for local analgesia. After the skin on the mouse head was incised, con-
nective tissue was removed using sterile cotton buds, and the surface of
the skull was dried to facilitate identification of the bregma. The skull
surface was aligned in anteroposterior and mediolateral directions. AAV
vectors were injected into the intermediate/ventral hippocampus using
a Hamilton microsyringe 75RN 5 pL (Hamilton, #7634-01) equipped
with a 33-gauge needle via holes drilled in the skull at the stereotaxic
coordinates: —3.3 mm anteroposterior, +3.4 mm mediolateral (both
hemispheres), and —3.9/-3.6/-3.3 mm dorsoventral relative to the
bregma [25,26]. At each point in the dorsoventral axis, 400 nL of the
AAV vector solution was delivered at 200 nL./min. After the wound was
closed, animals were placed into individual cages for recovery. For
analgesia, mice were intraperitoneally injected with ketoprofen (5
mg/kg) (Sandoz, #N013942/01) immediately after surgery, and again
24 and 48 h after surgery. Mice recovered for at least 2 weeks after
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surgery. The recovery period also enabled sufficient expression of
DAAO, DAAO(R285A) and HyPer7 to be reached.

2.9. Preparation of acute brain slices

Mice that received AAV vector intrahippocampal injections were
deeply anesthetized with 3% isoflurane and decapitated, and the brains
were isolated from skulls. Transverse hippocampal 300 pm slices were
prepared from the isolated brains. The slicing chamber contained an
oxygenated ice-cold solution composed of (in mM): K-Gluconate, 140;
N-(2-hydroxyethyl) piperazine-N'-ethanesulfonic acid (HEPES), 10; Na-
Gluconate, 15; ethylene glycol-bis (2-aminoethyl)-N, N, N’, N'-tetra-
acetic acid, 0.2; and NaCl, 4 (pH 7.2). Slices were incubated for 30 min
at 35 °C before being stored at room temperature in artificial cerebro-
spinal fluid (ACSF) containing (in mM): NaCl, 125; NaHCO3, 25; KCl,
2.5; NaH2PO4, 1.25; MgCl2, 1; CaCl2, 2; and p-glucose, 25; bubbled
with 95% 02 and 5% CO2.

2.10. Confocal imaging of acute slices

Acute brain slices were imaged using an inverted Nikon Al confocal
microscope. To replicate the conditions used for electrophysiological
recordings, we created a perfusion chamber based on a 35 mm glass-
bottom dish (SPL Life Sciences, #101350) to provide incubation of
brain slices in ACSF saturated with carbogen (95% O2 and 5% CO2).
Acute brain slices were placed on pieces of nylon fishing line (diameter
0.2 mm) to allow ACSF to flow past the slice surface adjacent to the glass
bottom of the dish. To avoid slice movement during perfusion, they were
secured by a metallic grid with nylon fibers. Fluorescent signals of
HyPer7 and RFP were acquired from a single optical plane at the
approximate depth of 20 pm from the slice surface adjacent to the glass
bottom via a Nikon Plan Apo A 40x (NA 0.95) objective using Nikon NIS-
Elements software. HyPer7 was sequentially excited by 405 nm and 488
nm laser lines, and its fluorescence was acquired within the spectral
range 500-530 nm. RFP was excited by a 561 nm laser line, and its
fluorescence was acquired within the spectral range 570-620 nm. We
performed time-lapse imaging with 20 s interframe intervals to measure
changes in the fluorescence of HyPer7 in neurons expressing DAAO or
DAAO(R285A) (RFP positive neurons) in response to the addition of 2
mM D-Nva at 10 min and 200 pM H30, at 40 min after the beginning of
capturing. Images were captured from slices obtained from 3 mice
injected with the AAV vector encoding DAAO and 3 mice injected with
the AAV vector encoding DAAO(R285A).

2.11. Detection of the neuronal marker NeuN

To confirm expression of DAAO in neurons, three mice received
intrahippocampal injections of the AAV vector AAV2/9-CaMKIlua-RFP-
P2A-DAAO-NES. Two weeks later, mice were deeply anesthetized by an
intraperitoneal injection of a mixture of tiletamine/zolazepam/xylazine
at doses of 40/40/20 mg/kg. Then, anesthetized mice underwent
transcardiac perfusion with 0.01 M phosphate buffered saline (PBS, pH
7.4) followed by cold 4% paraformaldehyde in PBS (pH 7.4) according
to standard procedures. Brains were extracted from skulls and postfixed
overnight at 4 °C. On the following day, the brains were washed with
PBS, and the hemispheres were sliced sagittally with a Leica VT1200S
vibratome (Leica-Microsystems). Free floating slices (thickness of 50
pm) with AAV infection detected by fluorescence of RFP were further
processed for immunofluorescent staining with the anti-NeuN antibody.
Slices were initially permeabilized in 4% Triton X-100 (Sigma-Aldrich,
#T8787) in PBS for 1 h followed by blocking in 5% goat serum (Sigma-
Aldrich, #G9023) in PBS containing 0.2% Triton X-100 for 1 h. Then,
slices were incubated with the primary rabbit anti-NeuN polyclonal
antibody (1:1000, Abcam, #ab104225) diluted in the blocking solution
overnight at room temperature. On the following day, slices were
washed three times in PBS (5 min each) and stained with the secondary
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goat anti-rabbit IgG (H + L) antibody conjugated with Alexa Fluor 488
(1:500) (Thermo Fisher Scientific, #A11036) for 2 h at room tempera-
ture. The antibody was dissolved in the blocking solution supplemented
with 2 pg/ml DAPI (Sigma-Aldrich, #D9542) for staining cell nuclei.
Stained brain slices were washed three times in PBS (5 min each),
attached to gelatin-coated glass-slides, mounted in Fluorescence
Mounting Medium (DAKO, #S83023) and covered with coverslips.
Preparations were imaged using an inverted Nikon Al confocal micro-
scope. Z-stacks of the CA1 area of the hippocampus were acquired via a
Nikon Plan Apo A 40x (NA 0.95) objective using Nikon NIS-Elements
software. The step size of the Z-stack was 1 pm. To avoid overlap of
fluorescent signals between neighbor channels, we sequentially (plane
by plane) scanned individual channels, exciting DAPI, NeuN-Alexa Fluor
488 and RFP by laser lines 405 nm, 488 nm and 561 nm, respectively.

2.12. Image analysis

The image processing Fiji software (RRID:SCR_002285) was used to
create quantitative datasets for determining the kinetics of the HyPer7
ratiometric signal in primary neuronal cell cultures, HeLa cells, and
acute slices. Widefield and confocal image files in the nd2 format were
imported into the Fiji software using Bio-formats importer. All files
contained images acquired in three channels: red — RFP, blue — HyPer7
excited at either 395 or 405 nm, and green — HyPer7 excited at either
470 or 488 nm. The background was subtracted straightaway using the
Sliding paraboloid item with a Rolling ball radius of 50.0 pixels. Cell
bodies with RFP and HyPer7 fluorescence were selected using the wand
tool utility. The selections were used as regions of interest (ROIs) and
added to the ROI manager of Fiji software. Then, channels were split,
mean values of fluorescence for ROI were measured, and digitized
fluorescence datasets for each ROI in green and blue channels were
separately exported using the Multi measure tool. For each time point
and an individual ROI, the fluorescence value in the green channel
(referred here as F490;,) was divided by the value in the blue channel
(referred here as F400;,) to determine the HyPer7 ratio:

_ F490;,
Y F400;,”

€8]

where i is a given RO, and t is a given time point. The mean value of the
HyPer7 ratio for an individual ROI was determined for the time interval
prior to addition of the DAAO substrates (from 0 to 2 min for primary
neuronal cell cultures and HeLa Kyoto cells, and from 0 to 10 min for
acute brain slices). Then, HyPer7 ratios for a given ROI were normalized
to this mean value to determine the kinetics of the HyPer7 ratiometric
signal. Averaging individual kinetic curves provided a resultant
response of cells expressing DAAO or its inactive form DAAO(R285A) to
the addition of DAAO substrates and treatment with 200 pM Hy05.

2.13. Acute slice electrophysiology

During experiments, slices were continuously perfused with ACSF.
Patch electrodes were pulled from hard borosilicate capillary glass
(Sutter Instruments flaming/brown micropipette puller). Electrodes for
the postsynaptic pyramidal cells were filled with a solution consisting of
(in mM): Cs-gluconate, 100; CsCl, 40; HEPES, 10; NaCl, 8; MgATP, 4;
MgGTP, 0.3; phosphocreatine, 10 (pH 7.3 with CsOH).

CA1 pyramidal cells were visually identified using IR-video micro-
scopy. Expression of wild type or mutant DAAO in the neurons was
confirmed by the presence of RFP. Whole-cell recordings from these
neurons were taken at room temperature (23-25 °C) in voltage-clamp
mode using a HEKA EPC-10 amplifier (List Elektronik) with a sam-
pling rate of 100 ps and filtered at 3 kHz. GABAergic synaptic trans-
mission was blocked by continuous presence of the GABA, receptor
antagonist SR95531 (10 pM). The effects of different concentrations of -
amino acids on EPSC amplitudes were tested upon stimulation of inputs
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to the apical dendrites at the holding potential —70 mV. In LTP exper-
iments, EPSCs were evoked from two independent inputs, to the basal
and apical dendrites, with two patch pipettes used as stimulating elec-
trodes located in str. oriens and str. radiatum, respectively.

Input to the basal dendrites was used as the control pathway, the
apical dendrite input was potentiated. Prior to and after LTP induction,
neurons were held at —70 mV, and both inputs were stimulated every 6
s. LTP was evoked by pairing depolarization of the postsynaptic pyra-
midal cell to 0 mV for 3 min with stimulation of the inputs to the apical
dendrites every 1.5 s. The measured amplitudes were normalized to the
mean baseline EPSCs before pairing. Neurons whose access resistance
changed by more than 15% during the experiment were excluded from
the analysis.

2.14. Statistics

Statistical analyses of changes of the HyPer7 ratio in primary
neuronal cell cultures and acute brain slices upon addition of DAAO
substrates was performed using R version 4.2.0 in RStudio 2022.02.2
Build 485 (RStudio Team). Since the HyPer7 ratio deviated from
normality and sphericity, we used nonparametric ANOVA-type statistics
(ATS) using the nparLD package [27]. Experiments were analyzed in the
framework of an F1-LD-F1 design. The dependent variable was the
HyPer7 ratio. The independent factors were substrate concentration
combined with presence of mutation in DAAO and treatment (baseline
(no treatment), treatment with a DAAO substrate, treatment with HyO5).
Substrate concentration combined with presence of mutation was
analyzed as the "between-subject" factor, treatment was analyzed as the
"within-subject" factor. Statistical significance of changes of the HyPer7
ratio in primary neuronal cell cultures and acute brain slices upon
addition of DAAO substrates was assessed in neurons expressing DAAO
vs neurons expressing DAAO(R285A) by the post hoc Dunn’s test using
the  PMCMRplus package  (https://CRAN.R-project.org/packa
ge=PMCMRplus). The details of statistical analysis are given in the
figure legends.

The statistical significance of LTP for mice that received viral vectors
either with DAAO or DAAO(R285A) under different experimental con-
ditions was assessed by comparing normalized EPSC amplitudes in the
paired and unpaired pathways recorded in the period 20-30 min after
LTP induction using SigmaStat 4.0 software (RRID: SCR_010285). For
cross-comparison effects in neurons expressing DAAO and DAAO(R285),
the values of relative potentiation calculated by subtraction of the
normalized EPSC amplitudes in the unpaired pathway from those in the
paired pathway were used. The time window of statistical assessment
was the same: 20-30 min after LTP induction. The details of statistical
analysis are given in the figure legends.

3. Results
3.1. Chemogenetic production of intraneuronal hydrogen peroxide

Initially, we validated the chemogenetic tool in primary neuronal
cell cultures from the embryonic mouse hippocampus. Cultured neurons
were co-transduced with pairs of adeno-associated viral (AAV) vectors
carrying constructs for CaMKIIa (Ca%"/calmodulin-dependent protein
kinase II alpha) promoter-driven expression of DAAO (AAV2/DJ-
CaMKIIa-RFP-p2A-DAAO-NES; RFP = red fluorescent protein, p2A = a
self-cleaving peptide, NES = nuclear export signal) or its inactive mutant
DAAO(R285A) [21] (AAV2/DJ-CaMKIIa-RFP-p2A-DAAO(R285A)-NES)
with the ultrasensitive ratiometric HyO, biosensor HyPer7 [22]
(AAV2/DJ-CaMKIla-HyPer7). In our initial experiments, we treated
transduced neurons with p-alanine (D-Ala) that was widely used as a
DAAO substrate in previous studies [18-20]. The key advantage of D-Ala
as a DAAO substrate is that oxidative deamination converts it into py-
ruvate that is readily metabolized by the cell [28]. In DAAO-expressing
neurons, extracellular application of D-Ala significantly elevated

Redox Biology 60 (2023) 102604

neuronal H,0; levels in a concentration dependent manner over several
minutes as determined by changes in HyPer7 fluorescence (Fig. S1,
Supplementary Materials). No change in the HyPer7 ratio occurred after
addition of D-Ala to neurons expressing inactive DAAO(R285A) (Fig. S1,
Supplementary Materials). We assumed D-Ala to be a suitable substrate
for DAAO for electrophysiological recordings of CA1l pyramidal neurons
in acute brain slices, however this failed. At concentrations above 2 mM
which markedly elevated the HyPer7 ratio in cultured neurons, D-Ala
itself reduced the amplitude of excitatory postsynaptic currents (EPSCs)
evoked by stimulation of Schaffer collaterals (Fig. S2, Supplementary
Materials). Therefore, we evaluated several other p-amino acids for use
as the substrate for chemogenetic HoOy production (Fig. S3, Supple-
mentary Materials). p-norvaline (D-Nva) was chosen because it evoked
similar levels of HyPer7 oxidation at much lower concentrations than
D-Ala and is a non-proteinogenic amino acid p-isomer. Therefore, even if
D-Nva undergoes enzymatic racemization, it should not interfere with
cellular amino acid metabolism.

Similarly to D-Ala, extracellular application of D-Nva significantly
elevated neuronal H0; levels in cultured neurons expressing DAAO in a
concentration dependent manner, and did not change the fluorescence
of HyPer7 in cultured neurons expressing DAAO(R285A) (Fig. 1; Fig. 54,
Supplementary Materials). D-Nva at the concentration of 10 mM exerted
almost complete oxidation of HyPer7, rendering it insensitive to further
addition of HyO, (Fig. 1B and C; Fig. S4, Supplementary Materials). D-
Nva at the concentration of 2 mM elicited a half-maximal response
similar to that when cultured neurons were treated with 10 mM D-Ala
(Figs. S1B-C, Supplementary Materials). In a previous study [18], DAAO
was shown to produce intracellular HyO9 at concentrations that do not
exceed the 50-100 nM range notwithstanding treatment of cells with
millimolar concentrations of D-Ala. Low intracellular concentrations of
molecular oxygen seem to limit the rate of the p-amino acid deamination
mediated by DAAO [18]. The equality of responses of HyPer7 upon
treatment of cultured neurons with 2 mM D-Nva or 10 mM D-Ala ensures
that the concentration of chemogenetically generated intracellular HyO,
was within the physiological nanomolar range [18,22,29]. Therefore,
for experiments in acute brain slices, we used 2 mM D-Nva.

Next, we examined chemogenetic production of intracellular HoO»
and its physiological effects on acute hippocampal slices. For this pur-
pose, the same pairs of genetic constructs packaged in AAV serotype 9
vectors were stereotactically injected into the CA1 region of the mouse
hippocampus (Fig. 2A). Two weeks later, necessary for sufficient
expression of DAAO, DAAO(R285A) and HyPer7, the brains were
dissected for slice preparation and subsequent ex vivo experiments.
Acute transverse brain slices were either imaged by confocal microscopy
to confirm chemogenetically induced generation of HyO3 in CA1 pyra-
midal neurons, or were used for electrophysiological recordings
(Fig. 2B).

Since dissociated cultured neurons obtained from embryonic hip-
pocampus may differ from mature hippocampal cells in terms of amino
acid transport and metabolism, we carried out verification of chemo-
genetically induced production of H5O» in acute brain slices as well. As
observed in the primary neuronal cultures, addition of 2 mM D-Nva to
the artificial cerebrospinal fluid (ACSF) significantly elevated HoO4 level
in CAl pyramidal neurons expressing DAAO, and did not change the
fluorescence of HyPer7 in CAl pyramidal neurons expressing DAAO
(R285A) (Fig. 2C-E). Although the magnitudes of the HyPer7 ratio in
response to D-Nva and Hy0, were smaller than those observed in pri-
mary neuronal cultures, live confocal imaging confirmed the applica-
bility of recombinant DAAO as a chemogenetic tool, and its inactivated
form as an appropriate control to study the physiological effects of
substrate-induced intracellular HoO5 generation in acute brain slices.

To confirm expression of DAAO in hippocampal CAl pyramidal
neurons, we delivered the AAV vector AAV2/9-CaMKIla-RFP-p2A-
DAAO-NES to the hippocampus of three additional mice. Two weeks
later, mice were sacrificed, and their brains were processed for detection
of the neuronal cell marker NeuN. Confocal imaging confirmed
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Fig. 1. Expression of DAAO and substrate-dependent
production of H,O5 in cultured neurons. A. Widefield
real-time ratiometric fluorescent images of cultured
neurons expressing either DAAO or DAAO(R285A)
(RFP-positive neurons). Primary neuronal cell cul-
tures were co-transduced by AAV vector pairs car-
rying constructs for expression of DAAO or DAAO
(R285A) with the HyPer7 sensor. 30 min after D-Nva
addition, cultured neurons were treated with 200 pM
H20, to reveal full oxidation of HyPer7 sensor. Scale
bars: 50 pm. See also Video S1, Supplementary Ma-
terials, that demonstrates changes in HyPer7 ratio in
cultured neurons with either DAAO or DAAO(R285A)
upon addition of D-Nva and H,0,. B. Time-course of
HyPer7 ratio changes in neurons with either DAAO or
DAAO(R285A) upon addition of various concentra-
tions of D-Nva followed by treatment with 200 pM
H20,. HyPer7 ratios at individual time points are
normalized to the average HyPer7 ratio prior to the
addition of D-Nva. Data are shown as mean + stan-
dard deviation (SD). C. Distributions of normalized

HyPer7 ratios at the timepoints 2 min (baseline), 32
min (D-Nva), and 37 min (H20). Statistical analysis
revealed significant elevation of the HyPer7 ratio in
response to treatment of neurons expressing DAAO
with various concentrations of D-Nva vs. treatment of

neurons expressing DAAO(R285A) with 10 mM D-
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expression of DAAO in the NeuN-immunopositive CA1 pyramidal neu-
rons (Fig. 2F).

3.2. Action of chemogenetically produced intraneuronal hydrogen
peroxide on synaptic transmission and plasticity

Treatment of acute hippocampal slices with 2 mM D-Nva did not
have any effect on the amplitudes of evoked EPSCs in CAl pyramidal
neurons expressing DAAO(R285A) (Fig. 3). This observation confirmed
that D-Nva itself does not affect basal synaptic transmission. Addition of
2 mM D-Nva slightly decreased the amplitudes of evoked EPSCs in CAl
neurons with DAAO but did not alter the paired-pulse ratio (Fig. 3). The
latter observation indicated that chemogenetically produced HyO, had
no effect on the probability of synaptic vesicular release.

Next, we evaluated the effects of chemogenetically-generated HoOy
on induction and maintenance of long-term potentiation (LTP) in CA1
pyramidal neurons expressing DAAO or DAAO(R285A). LTP is a type of
activity dependent synaptic plasticity that causes long-lasting
enhancement of synaptic transmission and is assumed to underlie
some forms of learning. To assess effects of intraneuronal oxidative
stress on LTP, acute brain slices were incubated in ACSF containing 2
mM D-Nva for at least 20 min prior to the beginning of electrophysio-
logical recording to achieve stable levels of the HyO9 production. Then,

in the ACSF containing 2 mM D-Nva, we performed whole-cell voltage
clamp recordings in CAl pyramidal neurons expressing either DAAO or
DAAO(R285A) (Fig. 4A) with independent stimulation of inputs to the
apical and basal dendrites. After recording baseline EPSCs, LTP was
induced by pairing low-frequency presynaptic stimulation (0.67 Hz) of
the input to the apical dendrites with postsynaptic depolarization to 0
mV for 3 min [30] (LTP pathway), while the basal dendrites remained
unstimulated (control pathway). EPSC amplitudes at potentiated syn-
apses increased both in neurons expressing DAAO and DAAO(R285A)
(Fig. 4B and C). However, the maximal level of LTP in neurons
expressing DAAO was significantly smaller than that in neurons
expressing DAAO(R285A) (Fig. 4D). Moreover, EPSCs amplitudes at
potentiated synapses of DAAO expressing cells declined to near baseline
level within 30 min, while EPSCs in neurons expressing DAAO(R285)
remained potentiated throughout the recording period (Fig. 4B-D).

Since the AAV vectors infected a large area of the hippocampus
including the dentate gyrus and CA3, DAAO could be expressed in
presynaptic neurons as well. To verify that the observed LTP decline was
not due to the effects of HyO3 on presynaptic neurons, we loaded neu-
rons expressing DAAO or DAAO(R285A) with 1 mM D-Nva through the
patch pipette. Similarly to the exogenous application of D-Nva, LTP was
expressed normally in CA1 pyramidal neurons with DAAO(R285A) and
suppressed in DAAO-expressing cells (Fig. 5A-C).
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Deamination of D-Nva by DAAO produces not only H,O5 but also 2-
oxovaleric acid, a D-Nva derivate, and ammonia (NH3/NH}). According
to the catalytic cycle of the reaction catalyzed by DAAO all products
should be produced at equimolar concentrations [17,31]. Recombinant
DAAO produces Hy05 in the host cell cytoplasm at concentrations below
100 nM [18]. Given that the basal level of cytosolic HO5 is within the
2-3 nM range [32], DAAO produces HyO» at physiologically relevant
levels. At the same time, the basal levels of ammonia in the brain and the
cerebrospinal fluid have been estimated starting at 100 pM [33].
Obviously, relative to this value, a possible DAAO-mediated increase in
ammonia concentration is negligible. The concentration of 2-oxovaleric
acid in blood serum was found to be approximately 60 nM [34]. Hence,
DAAO-mediated production of 2-oxovaleric acid in equimolar concen-
trations to HoO; can potentially exhibit physiological effects. To prove
that the observed LTP suppression is triggered by chemogenetically
generated HoO5 and not by the D-Nva derivate, we tested the effect of
intracellularly loaded 2-oxovaleric acid on LTP induction. At the con-
centration of 100 pM, considerably more than expected from DAAO
activity, 2-oxovaleric acid did not cause any effect on LTP level in the
neurons expressing DAAO confirming the major role of chemogeneti-
cally produced Hy0> in the LTP suppression (Fig. 5D).

DAAO(R285A)

vector pairs carrying constructs for coexpression of
DAAO or DAAO(R285A) with the HyPer7 sensor.
Images were acquired from a single optical plane at
the approximate depth of 20 pm under the slice sur-
face. Scale bars: 100 pm. D. Time-course of HyPer7
ratio changes in CAl pyramidal neurons with either
DAAO or DAAO(R285A) upon addition of 2 mM D-
Nva to ACSF followed by supplementation of 200 pM
H,0,. HyPer7 ratios at individual time points were
normalized to the average HyPer7 ratio prior to the
addition of D-Nva. Data are shown as mean + SD. E.
Distributions of normalized HyPer7 ratios at the
timepoints 10 min (baseline), 40 min (D-Nva), and
l. 60 min (H,05). Statistical analysis revealed signifi-
cant elevation of the HyPer7 ratio in response to
i treatment of CAl pyramidal neurons expressing
’ DAAO with 2 mM D-Nva vs. treatment of CAl pyra-
i midal neurons expressing DAAO(R285A) with 2 mM
e D-Nva (nonparametric ANOVA-type statistics with a
mixed model design (Fy,., = 100.3, p < 1e-4) followed
by post hoc Dunn’s test, ***p < 0.001). Panels D and
E present combined data from three mice with neu-
rons expressing DAAO and three mice with neurons
expressing DAAO(R285A). F. Expression of DAAO in
NeuN-positive pyramidal cells in the hippocampal
CA1l area. The panel shows maximum intensity pro-
jection of the hippocampal CA1 area. CA1l: CAl area;
rad: str. radiatum; ori: str. oriens. Scale bar: 100 pm.

4. Discussion

Here, we reveal that chemogenetically generated intraneuronal
H0, elicits acute effects on synaptic plasticity. We report that intra-
neuronally produced HzO2 does not alter the probability of neuro-
transmitter release from presynaptic terminals but significantly reduces
LTP in CAl pyramidal neurons. The latter observation enables us to
argue that intraneuronal H,0, causes alterations of synaptic plasticity
that may manifest in the form of cognitive impairment before the onset
of evident neurodegeneration. Therefore, recombinant yeast DAAO is a
unique tool for studying the early stages of oxidative stress-induced
pathogenesis in which the function, but not the integrity and viability
of neurons is affected. Targeting DAAO to defined brain areas, cell
populations, or subcellular compartments and varying the dosage of the
DAAO substrate and the time course of its delivery enable a large
spectrum of oxidative stress emulation scenarios to be created. The
combination of this chemogenetic tool with electrophysiological re-
cordings provides a powerful platform for screening potential antioxi-
dants effective against neuronal oxidative stress. Yet another application
of this chemogenetic tool is the identification of early markers of
neuronal oxidative stress.

In our study, we aimed to elucidate the effects of chemogenetically
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Fig. 3. D-Nva application slightly decreases EPSC amplitudes in CA1 pyramidal
neurons expressing DAAO but does not change synaptic efficacy at excitatory
synapses of CA1l pyramidal neurons expressing DAAO(R285A). A. Effect of
extracellular application of D-Nva on synaptic efficacy at excitatory synapses of
CA1 pyramidal cells expressing DAAO. The scatter plot represents normalized
EPSC amplitudes recorded prior to D-Nva application (gray box), in the pres-
ence of D-Nva (2 mM; pink box) and during subsequent washout of the drug (8
cells from 2 mice). Traces underneath show averaged EPSCs recorded during
the last 5 min of every step of the experiment. Bar histograms compare paired
pulse ratios of EPSCs (PPR) under control conditions, in the presence of, and
after washout of D-Nva. D-Nva at this concentration causes small, but signifi-
cant reduction of EPSC amplitudes. B. Effect of extracellular application of D-
Nva on synaptic efficacy at excitatory synapses of CAl pyramidal cells
expressing DAAO(R285A). The scatter plot represents normalized EPSC am-
plitudes recorded prior to D-Nva application (gray box), in the presence of D-
Nva (2 mM; pink box) and during subsequent washout of the drug (5 cells from
1 mouse). The effect of D-Nva on EPSCs in neurons expressing active DAAO is
plotted with black symbols for comparison. Note that D-Nva does not have any
statistically significant effect on the amplitude of postsynaptic responses in cells
expressing DAAO(R285A). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

produced Hz05 on synaptic transmission and plasticity because of the
following reasons. First, LTP as a form of cellular memory formation is
often used to assess the physiological action of many biologically active
compounds. Second, it was unknown whether DAAO when expressed in
neurons is able to produce H205 in amounts essential for the appearance
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of any acute effects on neuronal cell function. Third, acute effects of
exogenous HyO2 on LTP in the contexts of intact or impaired neuronal
redox states have been revealed previously in several studies [35-39].
Hence, examination of the DAAO-mediated generation of intraneuronal
H,0; in a well-established experimental paradigm validates the che-
mogenetic tool.

One of the key findings in our study is that chemogenetically pro-
duced intraneuronal HyO reduces LTP in CA1 pyramidal neurons at the
single cell level. Previously, the effects of HyO2 on LTP in acute brain
slices were found to vary from inhibitory to facilitating depending on the
H»0; concentration and a preceding neuronal redox state [35-39]. The
most commonly used approaches for evaluating the effects of HyO2 on
synaptic transmission were the application of exogenous HyO, or
manipulation of the cellular antioxidant defense systems [35-39].
However, these approaches have low specificity for the following rea-
sons. First, the observed alterations in LTP may reflect network effects of
oxidative stress. Second, under these conditions, oxidative stress is
induced not only in neurons but also in all other brain cell types,
including astrocytes and microglia, which are known to modulate the
LTP via independent signaling pathways [40-44]. Third, when H50, is
applied exogenously, it is impossible to dissect the contributions of
intracellular and extracellular oxidative imbalances to the observed al-
terations in LTP. Fourth, manipulation of the cellular antioxidant de-
fense systems globally deregulates redox-dependent metabolism and
signaling, and this may contribute to impairment of LTP independent of
H20, production. Application of this DAAO-based chemogenetic tool
enables more realistic oxidative stress conditions to be created. This is
critically important for studying the pathogenesis of cognitive aging,
identifying early markers of neuronal oxidative stress, and screening
potential antioxidants effective against neuronal oxidative stress.

LTP is a complex phenomenon, and although it has received the
attention of many research groups for almost half a century, there is no
consensus on the mechanism of induction and/or maintenance of LTP. It
is known that LTP at Shaffer collateral synapses requires calcium influx
via the N-methyl-p-Aspartate receptor (NMDAR) [45], which promotes
CaMKII-dependent phosphorylation [46]. The GluAl subunit of the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid  receptor
(AMPAR) channels is also known to play a critical role in LTP induction
[47], but there is still debate as to whether phosphorylation of the
GluAl-containing AMPARs present in the synapse leads to increased
responses or whether induction protocols somehow activate lateral
transport of extrasynaptic GluAl-containing channels to potentiated
synapses [48,49]. HyO2 can interfere with any of these vital steps in LTP
induction, it can decrease NMDAR function, change phosphorylation
rate, and finally affect intracellular transport. Thus, in order to better
understand the effect of H,O2 on long-term plasticity, it is necessary to
consider all these steps, which can only be done in a separate study.
Oxidative stress can be caused by inflammation, severe life stress, and
various neurodegenerative diseases. All these pathological conditions
are also accompanied by a decrease in LTP. However, it was not entirely
clear whether the influence on LTP should be attributed to the produc-
tion of reactive oxygen species or to other ongoing pathobiological
processes. We believe that the main values of this study are: a direct
demonstration that intracellular HyO, production can suppress LTP, and
the presentation of a new chemogenetic tool that will facilitate further
study of the role of oxidative stress in the pathogenesis of neural
networks.

In the cell, HyO, is primarily produced though spontaneous or
enzyme-catalyzed dismutation of superoxide anion formed due to the
activities of the electron transport chain, NADPH oxidases, and some
proteins of the endoplasmic reticulum and the proxisomes [50]. HoO2
plays dual role in the cell depending on its intracellular concentration.
Fluctuations of HyOy around basal level promote signaling function
primarily via modifications of redox-sensitive cysteine and methionine
residues in proteins [50,51]. In this regard, the use of the chemogenetic
tool based on DAAO is advantageous because it allows for modulation of
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normal redox signaling at defined sites and time points. At concentra-
tions much higher than basal, HyO, exhibits toxic effects on cellular
components primarily through secondary oxidizing agents generated by
conversion of HyO3 in several metabolic pathways. HoO participates in
myeloperoxidase-mediated peroxidation of Cl~ with formation a strong
oxidizing agent hypochlorous acid (HOCI) [52] and in the Fenton re-
action with ferrous ions to produce the extremely reactive hydroxyl
radical [53]. Importantly, oxidative damage of cellular components can
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Fig. 4. The effect of chemogenetically produced HyO5 on LTP in CA1 pyramidal
neurons upon exogenous application of D-Nva. A. Schematic representation of
horizontal hippocampal slice with position of stimulation and patch-clamp
electrodes. B. D-Nva application significantly reduces the level of LTP in CAl
neurons expressing DAAO. Median values measured in the interval 20-30 min
after potentiation in the paired and unpaired pathways were 1.14 vs. 0.94 (12
cells from 8 mice; p < 0.001 Wilcoxon Test). Normalized EPSC amplitudes
recorded from RFP-positive CA1 pyramidal neurons with stimulation of inputs
from CA3 pyramidal cells to basal (black symbols) and apical (brown symbols)
dendrites. The LTP induction is indicated by the two arrows. C D-Nva appli-
cation does not cause reduction of LTP in CAl neurons expressing DAAO
(R285A) (medians paired vs. unpaired: 2.14 vs. 0.98; 10 cells from 7 mice; p <
0.001 Wilcoxon Test). The same as in (B), data from the paired input to the
apical dendrites and the corresponding traces are shown in blue. D. Comparison
of LTP in neurons expressing DAAO (brown symbols) and DAAO(R285A) (blue
symbols) recorded in the presence of extracellular D-Nva (LTP medians DAAO
(12 cells from 8 mice) vs DAAO(R285A) (10 cells from 7 mice): 15% vs. 97%; p
< 0.001 Mann-Whitney Test). D-Nva was applied at least 20 min prior to the
beginning of the experiments and was present throughout the recording time.
The plotted data were obtained by subtraction of the normalized EPSC values
measured at the unpaired synapse from those obtained at paired inputs. The
insets underneath the scatter plots show the averaged representative traces
from a cell recorded before pairing, during the first 10 min after pairing and
during the last 10 min of the recording. The color code of traces from paired
and unpaired inputs is the same as on the scatter plots. All data in this figure are
shown as mean + standard error of mean (SEM). Dashed line frames show the
datasets used for statistical analysis. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
tAhis article.)

occur without HyO». For instance, superoxide anion, if not metabolized
by a superoxide dismutase, can either produce the highly toxic perox-
ynitrite anion (ONOO ™) when it reacts with available nitric oxide (*"NO)
[54] or induce lipid peroxidation in the protonated form (HO3) [55].
Therefore, chemogenetic emulation of intracellular oxidative stress
using DAAO is unable to replicate certain aspects of oxidative damage.

Another key finding of our study is that D-Ala, a commonly used
DAAO substrate for chemogenetic HyO2 generation, is not ideal for ex-
periments on the brain. The key advantage of D-Ala was the generation
of a byproduct that is rapidly metabolized by the cell, pyruvate. More-
over, as DAAO generates nanomolar amounts of HyO9, pyruvate is also
generated in the nanomolar range, which is 2-3 orders of magnitude
lower than the intracellular Pyr pool [56]. However, we revealed that
D-Ala itself affects EPSCs evoked by stimulation of Schaffer collaterals.
Therefore, we tested several other substrates and selected D-Nva for
further experiments because it lacked the unwanted effects of D-Ala, and
in addition was more effective as a DAAO substrate.

Mammalian brain has endogenous p-amino acid metabolism. This
metabolism is primarily related to p-serine (D-Ser), although some other
p-amino acids were also demonstrated to exhibit physiological effects in
the brain (reviewed in Ref. [57]). D-Ser is synthetized and degraded in
both neurons and astrocytes. It functions as the N-methyl-p-Aspartate
receptor co-agonist at the glycine binding site [58-60]. D-Ser is
degraded by endogenous mammalian DAAO present in several regions
of the mammalian brain. Interestingly, DAAO was identified by the
specific antibody in the rat hippocampus [61], but there was no DAAO
activity detected in the mouse hippocampus by high-performance liquid
chromatographic assay [62]. Yeast DAAO displays much higher activity
than mammalian DAAO, having a turnover number for D-Ala as sub-
strate several dozen times higher than mammalian DAAO [17,63,64].
Therefore, in our experiments on acute hippocampal slices, the appli-
cation of the yeast DAAO-based chemogenetic tool could potentially
interfere with endogenous p-amino acid metabolism. But in fact, we
observed normal expression of LTP in neurons expressing inactive DAAO
(R285A) upon treatment with D-Nva and in neurons expressing DAAO
upon treatment with 2-oxovaleric acid. These observations indicate that,
even if the chemogenetic tool interferes with endogenous p-amino acid
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metabolism, effects of this interference are negligible.

Our study reveals that chemogenetically induced intraneuronal
oxidative stress reduces LTP, but does not investigate this on the
behavioral level. There are numerous studies that correlate impairment
of LTP with some forms of the learning and memory deficit in behavioral
tests [36,40,65-67]. We believe that impairment of synaptic plasticity
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Fig. 5. The effect of chemogenetically produced HyO5 on LTP in CA1 pyramidal
neurons upon intraneuronal loading of D-Nva. A. D-Nva intracellular loading
significantly reduces the level of LTP in CA1 neurons expressing DAAO. Median
values measured in the interval 20-30 min after potentiation in the paired and
unpaired pathways were 1.24 vs. 0.9 (11 cells from 5 mice; p < 0.001 Wilcoxon
Test). Input to the apical dendrites was potentiated (brown symbols), input to
the basal dendrites was used as the control pathway. B. D-Nva intracellular
loading does not change expression of LTP in CA1 neurons expressing DAAO
(R285A) (medians paired vs. unpaired: 1.87 vs. 1.24; 10 cells from 9 mice; p <
0.001 Wilcoxon Test). The same as in (A), data from paired input to the apical
dendrites and the corresponding traces are shown in blue. C. Comparison of LTP
in neurons expressing DAAO (brown symbols) and DAAO(R285A) (blue sym-
bols) recorded in neurons loaded with D-Nva via a patch electrode (LTP me-
dians DAAO vs DAAO(R285A): 35% vs. 89%; p < 0.001 Mann-Whitney Test).
The plotted data were obtained by subtraction of the normalized EPSC values
measured at the unpaired synapse from those obtained at paired inputs. D.
Intracellular loading of 2-oxovaleric acid does not change expression of LTP in
CA1 neurons expressing DAAO (medians paired vs. unpaired: 1.74 vs. 0.96; 6
cells from 5 mice; p < 0.001 Wilcoxon Test). Input to the apical dendrites was
potentiated (brown symbols), input to the basal dendrites was used as control
pathway. D-Nva or 2-oxovaleric acid was loaded at least 20 min prior to the
beginning of the experiments and was present throughout the recording time.
The insets underneath the scatter plots show the averaged representative traces
from one cell recorded before pairing and during the last 10 min of the
recording. The color code of traces from paired and unpaired inputs is the same
as on the scatter plots. All data in this figure are shown as mean + SEM. Dashed
line frames show the datasets used for statistical analysis. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
\iersion of this article.)

induced by the chemogenetic production of intraneuronal H;O, may be
manifested as a learning and memory deficit. The previous successful
application of the DAAO-based chemogenetic tool for modelling cardiac
dysfunction in vivo [20] and the reported ability of p-amino acids to
penetrate the blood-brain barrier (BBB) [68-70] allow us to speculate
that this tool can be used for creating the oxidative stress state in the
brain in vivo. This will help us to answer the question on the role of
neuronal oxidative stress in the development of cognitive aging and
neurodegeneration. If in  vivo experiments reveal that
chemogenetically-induced oxidative stress does drive behavioral im-
pairments, evident neuronal cell death, and other features of aging
related brain pathologies, DAAO may be a promising tool for creating
more proper animal models emulating cognitive aging and the early
stages of neurodegeneration. In this case, targeting DAAO to specific
neuronal cell types in the animal brain may be used for modeling of the
most common neurodegenerative disorders such as Alzheimer’s disease
and Parkinson’s disease.

In the previous study, to create oxidative stress in the heart in vivo,
rats with DAAO in cardiomyocytes were fed with D-Ala via drinking
water [20]. However, employment of the chemogenetic tool based on
DAAQO in the brain in vivo may represent a challenge. Although p-amino
acids have been shown to cross the BBB [68-70], there is no evidence of
their transport into neurons in the literature. Our in vitro and ex vivo
experiments, in which the BBB is absent or disrupted, demonstrate that
p-amino acids readily enter into neurons. However, in the brain with an
intact BBB, astrocytes can metabolize p-amino acids, decreasing or even
interrupting their transport from blood plasma to neurons. This can
render the DAAO-based cheogenetic tool ineffective for the purposes it
has been created. Therefore, delivery of p-amino acids via intravenous or
intraperitoneal injections, or by cannulation of the brain ventricles may
help overcome this challenge, allowing for employment of this chemo-
genetic tool in vivo.

5. Conclusions

In sum, we report the application of recombinant yeast DAAO as a
chemogenetic tool for emulating controlled and isolated neuronal
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oxidative stress on the cellular level. Our results demonstrate that che-
mogenetically induced intraneuronal oxidative stress reduces LTP at
single cell level and the LTP decline is caused solely by H,O5 and not by
other products of the DAAO-mediated deamination of D-Nva. This
chemogenetic tool may help to address a range of earlier unsolved
questions regarding the roles of ROS-dependent signaling in normal
brain functioning and the contribution of oxidative stress to the patho-
genesis of cognitive aging and the early stages of neurodegeneration. A
combination of this DAAO-based chemogenetic tool with electrophysi-
ological recordings represents a powerful approach for screening po-
tential neuroprotective drugs.
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