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Abstract

Cytosolic NADH-NAD® redox state is central to cellular metabolism and a valuable indicator of glucose
and lactate metabolism in living cells. We show that a genetically-encoded fluorescent biosensor of
NADH:NAD" ratio, Peredox, exhibits a substantial change in its fluorescence lifetime over its sensing
range. This allows changes in cytosolic NADH redox to be visualized in living cells using a two-photon
scanning microscope with fluorescence lifetime imaging capabilities (2p-FLIM), using time-correlated
single photon counting (TCSPC). Because the lifetime readout is absolutely calibrated (in nanoseconds)
and is independent of sensor concentration, quantitative assessment of NADH redox is possible.
Imaging of the sensor in mouse hippocampal brain slices reveals that astrocytes are typically much more
reduced (with higher NADH:NAD" ratio) than neurons under basal conditions, consistent with the
hypothesis that astrocytes are more glycolytic than neurons.

Innovation

We show that cytosolic NADH-NAD" redox state can be visualized in brain tissue using two-photon
fluorescence lifetime imaging microscopy (2p-FLIM), using the genetically-encoded biosensor Peredox.
The sensor is completely specific to the NADH-NAD" couple, without interference from NADPH-NADP.
The lifetime images provide a direct, calibrated measurement of the NADH redox state that is
independent of sensor expression level.

Introduction

Nicotinamide adenine dinucleotide (NAD") and the corresponding reduced molecule NADH are key
biological electron carriers. In eukaryotic cells, they are employed both in the cytosol and mitochondria
mainly for catabolic reactions, while the closely related NADP/NADPH couple is involved mainly in
biosynthetic electron transfer. NADH and NADPH are both weakly fluorescent, while the oxidized forms
are not, and this fluorescence difference has enabled fluorimetric assays of redox state, as well as
numerous enzyme-coupled assays for specific metabolites. However, in the complicated context of a
living cell, the indistinguishability of NADH and NADPH fluorescence makes the resultant signal (usually
referred to as “NAD(P)H fluorescence”) ambiguous, particularly because the two redox couples are
typically in very different redox states.

This ambiguity between NADH and NADPH can be resolved using genetically-encoded fluorescent
biosensors that are completely specific for NADH over NADPH (12, 29, 30). These sensors couple a
conformational change in a bacterial NADH binding protein to a fluorescence change in a linked
fluorescent protein (FP). Not only are the sensors very chemically specific, they also can be targeted to
specific compartments (cytosol or mitochondria) that may have very different redox states. In some
cases, competition for binding sites between NADH and NAD" causes the sensors to detect the
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NAD'/NADH ratio (effectively, the redox state), approximately independent of the total size of the NADH
+ NAD" pool (12, 29).

When using such fluorescent biosensors in living cells, a key challenge is distinguishing whether cell-to-
cell differences in fluorescence correspond to different redox states or to different levels of biosensor
expression. To date, this has generally been done by ratiometric imaging: normalizing the sensor
fluorescence to the fluorescence of a second, attached FP of a different color (12), or normalizing the
biosensor fluorescence at one excitation wavelength to that at another (29, 30). Either ratiometric
approach can work reliably, but it still can be difficult to make quantitative comparisons between cells
measured in different instruments, because most fluorescence measurements are made in arbitrary
units that vary with the spectral filters and excitation powers. Additional problems with ratiometric
guantitation can be encountered when using two-photon excitation (28).

An alternative method for quantitative biosensor imaging is to measure fluorescence lifetime.
Fluorescence lifetime is the dwell time of a fluorescent molecule in the excited state, measured as the
distribution of waiting times between absorption of an incident photon and emission of a photon (2, 16).
For some fluorescent sensors, changes in fluorescence intensity correspond to changes in fluorescence
lifetime. Because a change in the number of sensor molecules does not lead to any change in the
measured fluorescence lifetime, no normalization or correction for sensor protein concentration is
needed. Furthermore, fluorescence lifetime is measured in absolute units of time (usually
nanoseconds), so that different experiments on different instruments can be compared with confidence.

Only certain biosensors exhibit changes in fluorescence lifetime. Most sensors that are used by
excitation ratio measurement do not have a substantial change in fluorescence lifetime (e.g. (13, 25)), as
the fluorescence intensity change is predominantly a change between different absorbance states that
produce the same, or similar excited states. Most sensors designed to exploit Férster resonance energy
transfer (FRET) between two different FPs do show a change in fluorescence lifetime of the “donor” FP,
as FRET provides an additional non-radiative pathway out of the excited state and thus speeds its decay
(e.g. (10, 14, 15)).

Here we show that a single-FP sensor of NADH:NAD" redox, Peredox, exhibits a large change in
fluorescence lifetime upon conversion between the NAD*-bound and NADH-bound states. This change
can be imaged using a two-photon microscope equipped for fluorescence lifetime imaging microscopy
(2p-FLIM), which exploits the fact that all two-photon microscopy is performed with femtosecond
pulsed lasers whose pulses provide a “time zero” for measuring fluorescence lifetime. The 2p-FLIM
images of Peredox expressed in brain tissue provide a direct, calibrated readout of the cytosolic
NADH:NAD" redox in both neurons and astrocytes of an acutely prepared tissue slice from the mouse
hippocampus.
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Results
The NAD’- and NADH-loaded states of Peredox have substantially different fluorescence lifetime

To assess whether the Peredox sensor could be used in the fluorescence lifetime mode, we first imaged
the affinity-purified sensor protein in the 2p-FLIM microscope in the fully NAD'- or fully NADH-loaded
states. Bacterially-expressed Peredox protein with an N-terminal hisg tag was purified by its binding to
Ni**-chelate beads. The purified protein was mixed with purified NAD* or NADH and imaged in sealed-
tip micropipettes, placed in a flowing, temperature-controlled stream of water in the microscope
chamber. As a test of the 2p-FLIM lifetime calibration, we determined the fluorescence lifetime of two
dyes, fluorescein and rhodamine B; the results were in excellent agreement with the published values
(Table 1).

The 2p-FLIM microscope uses an 80 MHz modelocked Ti-Sapphire laser for excitation; the ~75 fs
excitation pulses occur approximately every 12.5 ns. The arrival times of individual photons are
measured relative to the laser pulse and accumulated in an arrival time histogram that describes the
decay behavior of the excited state (Figure 1). Because of the substantial nanosecond-scale delays in
both the optical and electronic paths of the microscope and its detection system, the zero arrival time is
determined from fitting the actual decay (roughly the peak of the decay). The photon detectors and the
detection electronics have a response function that scatters the arrival times slightly into several bins;
this instrument response function (IRF) is approximately Gaussian in shape (Figure 1, inset). The decay
histograms are fitted with the sum of two exponentials; before comparison to the data, the fit function
is convolved with a Gaussian function (for the IRF), offset by a fitted t,e.« value, and “wrapped around”
so that the small late tail (after ~12.5 ns) is summed with the response for the first 10-12 ns.

Figure 1 illustrates the lifetime decay functions for the Peredox sensor, fully loaded with either NAD" or
NADH, at 25°C. In the presence of NADH, the decay is notably slower than in the presence of NAD" (2.63
+0.01 nsvs. 1.87 £ 0.02 ns, mean  SD, n=4). The two-exponential fit values are shown in Table 1, for
both 25°C and 35°C. We have not attempted to learn the photophysical details of the decay; instead,
we simply use the measured lifetime as a parametric indication of the state of the sensor. For the
practical reasons described above, our decay measurements are limited to a time window of about 10
ns, slightly shorter than the laser repetition time. We therefore use the “empirical mean lifetime” — the
mean photon arrival time for all photons arriving within this window — for our sensor measurement.
These measurements ( Tempirical ) @gree well with the definite integral of the fit function over this same
time window (7). All of the subsequent values reported in this paper are of Tempirical, and the only
adjustment needed to correct for the properties of a particular 2p-FLIM microscope are to recalculate
the definite integrals over the measurement window for that microscope (as well as correcting for the
instrument response function and time offset, as typically required for FLIM).

We measured this change of lifetime over a wide range of excitation wavelengths, from 730 nm to 970
nm, at 25°C (Figure 2A,B). Excitation efficiency falls steeply above ~830 nm, but at wavelengths in the
range 770-860 nm, the lifetime difference between the fully NAD'- and fully NADH-loaded states is
roughly a constant 0.77 ns. We also measured the two-photon action cross-section (the product of the
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absorbance cross-section and quantum yield) of the two states (Figure 2C), calibrated by comparing
parallel measurements for fluorescein to its published cross section. The cross-sections of the two
states are comparable to that previously reported for the Sapphire FP (the closest reported relative of
the circularly-permuted TSapphire FP used in the Peredox sensor); the NADH-loaded state is a bit higher
and the NAD"-loaded state a bit lower than the Sapphire cross-section. Over the middle range of
excitation wavelengths, the change in 2p action cross-section between the two states (Figure 2D)
corresponds well to the ~2.5-fold change observed for Peredox fluorescence intensity using 1p
excitation (12).

Lifetime calibration of the NADH-NAD' redox response for the purified sensor protein in solution

To measure the “dose-response” of the sensor to changes in NADH-NAD" redox, we used purified lactate
dehydrogenase (LDH) enzyme, together with known amounts of lactate and pyruvate, to set the
NAD*/NADH ratio. We found this method to be more reproducible than setting the NADH and NAD*
concentrations directly; we attribute this partly to reagent purity and partly to variable co-purification of
a small amount of NADH with the sensor protein.

The empirical lifetime response of Peredox to variation of the lactate/pyruvate ratio, in the presence of
LDH, is shown in Figure 3, at both 25°C and 35°C. The graphs shows the primary x-axis as the
lactate/pyruvate ratio; for each temperature, there is a secondary x-axis showing the corresponding
NAD*/NADH ratios calculated from the published equilibrium constants for LDH at these two
temperatures (9, 26). The half-maximal change in lifetime occurs at an NAD"/NADH value of ~529 at
25°C and ~255 at 35°C. Note also that both the upper and lower lifetime limits are shorter at the higher
temperature, perhaps because increased movement of the protein permits more collisional quenching
of the fluorophore. Lifetime measurements of the sensor are very pH resistant (Figure 3C) within a wide
range of cytosolic pH values, as seen previously for the intensity response (12).

Calibration of the Peredox lifetime response in living cells

We performed a similar calibration of the Peredox lifetime response in HEK293 cells transfected with the
sensor. Rapid transmembrane transport of lactate and pyruvate and the high cellular activity of LDH
allows cytosolic NADH-NAD" redox to be clamped (approximately) by changing extracellular lactate and
pyruvate concentrations (12). Figure 4 shows the outcome of these calibrations. There is generally
good agreement between the response of the sensor in cells and that of the purified protein, though the
lowest lifetime values (at low NADH) are slightly higher in cells. We suspect that these cells continue to
produce cytosolic NADH at a low level, despite having zero supplied glucose and strongly active LDH.

A typical 2p-FLIM calibration experiment on HEK293 cells is illustrated in Figure 5A-C. Note that at the
start of the experiment, cells vary substantially in sensor lifetime (Figure 5A). But once glucose
metabolism is inhibited and the various lactate/pyruvate mixtures are washed onto the cells, the
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lifetimes of all the cells become quite comparable (Figure 5B), irrespective of the different expression
levels of the sensor (Figure 5C).

Peredox imaging with 2p-FLIM reveals the resting metabolic differences between neurons and astrocytes
in a living mouse hippocampal brain slice

The great value of 2p-FLIM imaging of the Peredox sensor is that 2p-FLIM can be readily used in a highly
light-scattering tissue like a brain slice, while ratiometric imaging can be costly, difficult, and inaccurate
(28). Figure 5D-E shows representative 2p-FLIM images of Peredox expressed in neurons and astrocytes
of an acutely prepared mouse hippocampal slice. A viral vector to express the Peredox protein was
injected intracranially, at precise coordinates, in mice at postnatal day 1 or 2, and mice were euthanized
between postnatal day 15-22. Brain slices were prepared using standard methods, and the Peredox
sensor was visualized on the 2p-FLIM microscope while the slices were perfused with oxygenated
artificial CSF. These are typical conditions for electrophysiological and imaging studies of hippocampal
slice, though they may differ from the actual conditions in vivo.

Fluorescence intensity and lifetime images are shown for principal neurons in three areas of the
hippocampal slice: the dentate gyrus, the CA3 region, and the CA1 region (Figure 5D). Neurons from all
three regions have similar, low lifetime values, corresponding to relatively oxidized levels of NAD*/NADH
(i.e. very low levels of NADH). Again, the lifetime values were quite uniform, despite marked differences
in total sensor expression that are apparent from the monochrome intensity images.

In contrast, NADH:NAD" redox in astrocytes was generally more reduced (i.e. higher NADH; Figure 5E).
The astrocytes were identified not only by their morphology, but also by the strong staining by the dye
sulforhodamine 101 (19) (red monochrome images at the right of Figure 5E). Note how the higher
lifetime (more reduced) astrocytes and their processes stand out against the neighboring, more oxidized
neurons or neuropil. The red sulforhodamine 101 dye does not influence the measurements in the
green Peredox emission channel. (This is apparent, for instance, from several astrocytes in Fig. 5E,
middle, that are brightly stained with SR101 but appear dark in the green channel, because they had not
been transduced by the vector for Peredox expression.)

Figure 6 summarizes the Peredox lifetime measurement values for hippocampal neurons as well as local
astrocytes. In each area of the hippocampus, we found astrocytes were significantly more reduced than
neurons. Overall the mean NAD*/NADH value in hippocampal neurons was ~660 and in hippocampal
astrocytes, ~270 (based on Figure 6; different with p<0.0001, Mann-Whitney), indicating that NADH
levels are approximately 2.4-fold higher in astrocytes than neurons.

Page 6 of 26
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Discussion
Use of Peredox as a lifetime sensor for monitoring NADH-NAD" redox

The genetically-encoded Peredox sensor reports NADH-NAD" redox over a physiologically-relevant
range, with excellent resistance to interference from pH changes or from changes in other nucleotides
(12). Compared with autofluorescence imaging of signals from NAD(P)H, Peredox gives a much brighter
fluorescence signal that specifically reports free NADH:NAD" ratio (and not NADPH) in the cytosolic
compartment. Here we have shown that this sensor also has a large change in fluorescence lifetime
over its sensing range, allowing the use of 2p-FLIM for direct and simple measurement of NADH-NAD"
redox in living cells in scattering tissue such as a brain slice, or potentially in vivo. Because fluorescence
lifetime is independent of the number of fluorophores or their brightness, no adjustment or
normalization is necessary to correct for differences between cells in the level of sensor expression. This
lifetime signal can be used for quantitative monitoring of the NADH-NAD" redox either in the steady-
state (Figs. 5D, 5E, 6) or for time-dependent changes (Fig. 5B), though the time resolution is ultimately
limited by the response time of the sensor (time constant of about 16 s at 35°C; ref. 12).

Two excitation-ratiometric sensors for NADH, which also use the bacterial Rex protein as a scaffold, have
been reported by Yang and colleagues: Frex (30) and SoNar (29). We have not tested either of these
sensors for a lifetime response, but based on our experience with our own ratiometric sensors, we
would expect a relatively small or absent lifetime response. Our original Rex-based NADH sensor was
ratiometric and had no detectable lifetime response; when we replaced the Venus FP with the low-pKa
Sapphire FP, there was only a very tiny fluorescence change of any kind. Only after rescreening linker
libraries to improve the response did we again see a substantial fluorescence change, accompanied by
the large lifetime change reported here.

We suspect that the mechanism of ratiometric sensors, which mostly involves the pH-dependent
interconversion between the A- and B-bands of wild-type Aequoria GFP (7), produces little change in
guantum yield and thus little change in lifetime. By contrast, the intensity change of an optimized pH-
independent sensor like Peredox depends instead on a large change in lifetime and quantum yield.
Perhaps, in this case, the ligand-dependent conformational change helps to heal a “wound” in the beta
barrel surrounding the GFP chromophore. This hypothetical wound, created initially by the circular
permutation of the FP that leaves N- and C-termini adjacent to the chromophore, would permit solvent
access and collisional quenching that would shorten the lifetime. The conformational change might
tighten the association of the scaffold protein and FP and thus increase the lifetime. Several other non-
ratiometric, single-FP sensors also show a substantial change in fluorescence lifetime, including the
cytosolic and endoplasmic reticulum calcium sensors, RCaMP (28) and CatchER (31). Direct mutation of
the beta barrel of the GFP to make it more conformationally-sensitive has also successfully produced a
single-FP sensor for PKA with a usable lifetime change (6). The single-FP red pH sensor, pHRed, is
excitation-ratiometric, but also exhibits a large change in lifetime (22).

NAD(P)H autofluorescence should not interfere with the lifetime signals from Peredox, as
autofluorescence is typically much dimmer. Also, the brightest autofluorescence signals are from
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mitochondria; these are excluded from cell nuclei, and we have not seen differences between the
Peredox lifetime in the nucleus and that in the cytosol.

Predictable differences in the dose-responses for lifetime and intensity

In measuring the dose-response curves for Peredox’s lifetime response to NAD*/NADH ratio changes, we
found a notable shift between the sensor lifetime change and the sensor intensity change: the
lactate/pyruvate ratio giving a 50% change in lifetime is approximately 50, compared to a midpoint of
approximately 37 for the change in fluorescence intensity (Fig. 4). This change is predictable based on
the photon statistics of the lifetime measurement.

Suppose that there are two states of the sensor, bright (NADH-bound) and dim (NAD*-bound)*. The
halfway point of the intensity dose-response occurs when these two states are equally occupied. But
now consider the halfway point of the lifetime response. The measured mean lifetime is the mean of
the lifetime of the two states, but this mean is weighted by the number of photons from each state.
When the two states are equally occupied (at the halfway point for the intensity measurements), more
photons are coming from the bright state than from the dim state. This means that the measured mean
lifetime is closer to the lifetime of the bright state than to the lifetime of the dim state. To achieve a
measured mean lifetime that is halfway between the lifetimes of the two pure states, the distribution
between the two states must be shifted toward occupancy of the dim state, until the numbers of
photons collected from the two states are equal. This multiplicative shift in the concentration of analyte
giving a half-maximal response (K,pparent) is €qual to the intensity ratio R of the bright to the dim state
(e.g., approximately 2.5-fold in the case of Peredox); but in the case of a Hill coefficient n not equal to
one, the shift is RY"
Kapparent fOr the lifetime is lower than Kypparent fOr the intensity response.

-fold (see Appendix 1). If analyte binding increases the fluorescence intensity, then

Resting NADH-NAD" redox in astrocytes is more reduced than neurons

In well-oxygenated, resting hippocampal slices, we found that neurons have an NADH-NAD" redox that is
more oxidized than that of astrocytes; i.e., astrocytes have higher NADH levels. The mean NAD'/NADH
value in hippocampal neurons was ~660 and in hippocampal astrocytes, ~270 (based on Figure 6;
different with p<0.0001, Mann-Whitney). This finding is generally consistent with the notion that
astrocytes are more glycolytic than neurons, with higher rates of conversion of glucose to lactate, and
lower mitochondrial consumption of pyruvate. Astrocytes in culture excrete more lactate from glucose
than do neurons (net glycolysis), and this lactate is hypothesized to serve as oxidative fuel for neurons
(3). In neurons, regulation of glycolytic enzyme levels is thought to depress the early steps of glucose
metabolism (11). Both of these observations are consistent with the standing NADH-NAD" redox
difference seen here between astrocytes and neurons. The redox difference also could facilitate a

' This assumption is made for simplicity, and may not be true for Peredox. But the discussion illustrates why the
midpoint of the dose-response is shifted, and the argument holds for more complicated cases, too.
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“redox switch” with net transfer of reducing equivalents from astrocytes to neurons (8). Of course,
because the oxygenation conditions required in vitro for the maintenance of hippocampal slices are
different from those in vivo, the ultimate resolution to questions of neuron and astrocyte redox will
require deployment of Peredox in vivo, which should be feasible using 2p-FLIM.

In general, though, the NADH-NAD" redox reflects not only the level of glucose metabolism, but also net
lactate export/import, and the level of NADH shuttle activity (4). No single sensor measurement is likely
to give a complete story of how metabolism differs between neurons and astrocytes, and future studies
will need to combine the use of Peredox with other metabolic sensors, pharmacological agents, and
genetic or physiological manipulations (see for example ref.(17)). The ability of Peredox to be
guantitatively imaged using 2p-FLIM should facilitate its deployment together with other sensors.
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Materials and Methods

Reagents
Unless otherwise specified, all reagents were purchased from Sigma-Aldrich, St. Louis MO. Plasmids
encoding the Peredox sensor are available from addgene.com (https://www.addgene.org/Gary_Yellen/).

Peredox protein purification

Peredox protein was expressed in cultures of E.Coli (BL21, Agilent) grown in LB media for approximately
12 hours overnight at 37°C before induction with IPTG for 4 hours at room temperature. Cells were
lysed with 15% CelLytic B in MOPS buffer containing (in mM) 100 MOPS, 50 KCI, 5 NaCl, 0.5 MgCl, at pH
8.0. Lysates were purified using Ni-NTA agarose beads, blocked with 0.1% BSA and 10 mM imidazole in
MOPS buffer pH 8.0. Columns were first rinsed three times with Tris-buffered saline pH 8.0 containing
0.05% Tween-20, and further rinsed three times with MOPS buffer pH 8.0 containing 10 mM imidazole.
Protein was eluted with 500 mM imidazole in MOPS buffer pH 8.0. Protein eluent was dialyzed into
MOPS buffer at pH 7.3 and stored at 4°C for short term (weeks) or -80°C for long-term (months).
Protein concentration was estimated using the alkaline denaturation method and the extinction
coefficient for Aequorea chromophores (44,100 M™* cm™, (24)).

Protein Imaging

Purified peredox protein was imaged in experimental solutions containing 1 mM total NAD (NADH and
NAD" forms) and 10 mM total lactate and pyruvate. Different ratios of lactate/pyruvate were used to
produce different NAD*/NADH ratios by adding purified lactate dehydrogenase (5 units/mL,
Worthington Biochemical Corp., Lakewood, NJ). The final concentration of protein imaged varied from
2.2 to 6.8 uM. Protein solutions were loaded into borosilicate capillary glass (Warner Instruments,
Hamden, CT) pulled to a fine taper and fire-polished until sealed. Pipettes containing protein solutions
were imaged on the 2p microscope under circulating perfusion maintained at room temperature (25°C)
or elevated temperature (35°C) for comparison with cell and brain slice experiments (also done at 35°C).
Two-photon action cross sections were determined as previously described (23), at room temperature.
Fluorescein dissolved in 0.1 M sodium hydroxide was used as the experimental reference standard, and
published values for fluorescein quantum yield and the 2p cross section (1) were used to estimate
Peredox 2p cross section. Quantum yield for Peredox protein in both the NADH and NAD"-bound states
were taken from published estimates (12).

Cell and tissue preparation

HEK293 cells (ATCC, Manassas, VA) were maintained in DMEM (Thermo-Fisher, Cambridge, MA)
supplemented with 10% FBS (Thermo-Fisher), 100 units/mL penicillin and 100 ug/mL streptomycin (pen-
strep, Lonza, Hopkinton, MA). For imaging, cells were plated on glass coverslips pre-coated in 1 mg mL™
protamine, and transfected (Effectene, Qiagen, Valencia, CA) with a plasmid encoding Peredox under a
universal promotor (CAG). One to four days after transfection, coverslips were transferred to imaging
solution containing (in mM) 136 NacCl, 10 HEPES, 2.5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose, at pH 7.35, and
allowed 15-30 minutes to equilibrate before experiments began.

10
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All procedures involving animals were approved by the Harvard Medical Area Standing Committee on
Animals. For Peredox expression in the hippocampus, male and female wild-type mice (C57BL/6NCrl,
Charles River Laboratories, Newton, MA) were injected (stereotaxic intracranial injection) at post-natal
day 1 or 2 with a custom adeno-associated vector (AAV; Penn Vector Core, University of Pennsylvania,
PA). For expression of Peredox in both astrocytes and neurons, we found that an AAV2/8 serotype with
Peredox expression under a universal promotor (CAG) provided moderate Peredox levels in both cell
types. Between two and three weeks after injection, mice were anesthetized with isoflurane,
decapitated, and brain tissue was harvested. Horizontal slices were cut (7000smz-2, Campden
Instruments, Loughborough, England) at a thickness of 275 um, in an ice-cold slicing solution containing
(in mM) 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH,PO,, 7 MgCl,, 0.5 CaCl,, 75 sucrose and 10 glucose.
Slices were continuously bubbled with a mix of 95% O, and 5% CO,. Immediately after slicing, slices
were transferred to warm (37°C) artificial cerebral spinal fluid (ACSF) solution containing (in mM) 125
NaCl, 25 NaHCQO3, 2.5 KCl, 1.25 NaH,PQ,, 2 CaCl,, 1 MgCl, and 10 glucose. For labeling astrocytes, 0.5
uM sulforhodamine 101 (SR101) was included in the ACSF for the first 20 minutes, and then slices were
transferred to ACSF without SR101 for the remainder of the incubation at 37°C. Slices were incubated at
37°C for approximately 45 minutes, and thereafter remained at room temperature. Slices from the
temporal region of the hippocampus were used for all experiments, and were used within 4 hours of
preparation.

Live-cell microscopy

Protein solutions, cells, and slices were imaged using a custom two-photon microscope system (see 2p-
FLIM section) with an Olympus LUMPFLN 60x/W (NA 1.0) objective. Fluorescence emission light was
split with an FF562-Di03 dichroic mirror and bandpass filtered for green (FF01-525/50) and red (FFO1-
641/75) channels (all filter optics from Semrock, Rochester, NY). All Peredox fluorescence photon
statistics were measured from emission light collected with the green bandpass filter. Perfusates were
maintained at the indicated temperature by an inline heater (SH-27B, Warner Instruments, Hamden ,
CT). Perfusion rates were approximately 5 mL minute™. Unless otherwise indicated (ie. during
lactate/pyruvate calibration), all cells and slices were perfused with 10 mM glucose. During
lactate/pyruvate ratio calibrations of HEK293 cells, the total concentration of lactate +pyruvate was kept
constant at 10 mM. For all experiments with HEK cells and hippocampal slices, Peredox was imaged
using an excitation wavelength of 800 nm. Images were acquired at 4 frames per second (limited by the
scan rate of the galvanometer scanner), and the presented images are averages of 20 frames.

2p-FLIM

Lifetime imaging data were acquired with a modified Thorlabs Bergamo Il microscope (Thorlabs Imaging
Systems, Sterling, VA), with hybrid photodetectors R11322U-40 (Hamamatsu Photonics, Shizuoka,
Japan); the light source was a Chameleon Vision-S tunable Ti-Sapphire modelocked laser (80 MHz, ~75
fs; Coherent, Santa Clara, CA). The photodetector signals and laser sync signals were preamplified and
then digitized at 1.25 gigasamples per second into a field-programmable gate array (FPGA) board (PC720
with FMC125 and FMC122 modules, 4DSP, Austin, TX). Lab-built firmware and software performed
time-correlated single photon counting (TCSPC) to determine the arrival time of each photon relative to
the laser pulse; the distribution of these arrival times indicates the fluorescence lifetime. Continuous

11
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digitization allows for zero dead-time detection of all photons even at high count rates. For each
photodetector, laser cycles with more than one photon detected were excluded from the lifetime
analysis; this eliminates the classic “pile-up” distortion of the lifetime (2). Lifetime histograms were
fitted using non-linear least-squares fitting in MATLAB (Mathworks, Natick, MA), with a two-exponential
decay convolved with a Gaussian for the instrument response function (27). Microscope control and
image acquisition was performed by a modified version of the Scanimage software written in MATLAB
(20) (provided by B. Sabatini and modified by G.Y.).

Analysis

Image analysis was performed with custom MATLAB software. Regions of interest (ROls) were defined
manually for individual cells and photon statistics (including Tempirical) Were determined for all pixels
within the ROIl. Data were also output to Excel (Microsoft, Redmond, WA) or Igor (Wavemetrics, Lake
Oswego, OR) for further analysis. Dose-response curves for protein and data were fit using the Hill
equation of the format f(x) = initial + (final - initial) * x" / (k" + x"), where n is the Hill coefficient, and k
is the apparent dissociation constant. Calculation of the NAD*/NADH ratio from the lactate/pyruvate
ratio was accomplished by establishing the K, value for lactate dehydrogenase at relevant temperature,
pH and ionic strength. First we determined the value of K, for ionic strengths of 0.15 (protein assays)
and 0.16 (cell assays) by interpolating the published values reported in (26). Then, we used the Q;q for
LDH reported by (9) to adjust the K¢, values for 35°C and 25°C. Final K4 values used were 8.59 x 10" for
protein at 35°C, 8.66 x 10" for cells at 35°C, and 4.62 x 10 for protein at 25°C.
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T FIG. 1. Peredox fluorescence lifetime decay curves.

Time-resolved single photon arrival distribution for purified Peredox protein fluorescence in both the
NADH-bound (black dots) and NAD"-bound (grey dots) states. Corresponding double-exponential decay
fits (solid lines) are shown overlaying data points. Instrument response function (IRF) also shown in grey
(inset) with Gaussian fit. The inset has a linear vertical scale (scale bar corresponds to 200 photon
counts) and the same horizontal scale as the main figure. Peredox protein was excited at 800 nm, and
the IRF was obtained by eliciting second-harmonic generation from mouse tail collagen using 1010 nm
excitation and 525/50 emission. The IRF fit shown is a pure Gaussian with FWHM of ~220 ps; the fit is
improved by assuming a small amount of short lifetime fluorescence from the collagen, which then gives
a Gaussian with FWHM of ~140 ps (a typical value for the free fits of the sensor lifetime data).
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FIG. 2. Peredox fluorescence lifetime characteristics.

(A) Peredox protein fluorescence lifetime two-photon excitation spectra. Average fluorescence lifetime
of purified Peredox protein in the NADH-bound (black) and NAD*-bound (grey) state (n=5 independent
protein samples). Two-photon excitation wavelength varied between 730 and 970 nm, in 10 nm
increments. Error bars indicate standard deviation. All measurements performed at 25°C and pH 7.3.
(B) Change in Peredox fluorescence lifetime with excitation wavelength. Average magnitude of purified
Peredox protein fluorescence lifetime change between NADH-bound, and NAD*-bound states (n=5
independent protein samples). Error bars indicate standard deviation. (C) Peredox protein two-photon
action cross section. Average fluorescence two-photon action cross section for purified Peredox protein
in the NADH-bound (black) and NAD*-bound (grey) state (n=3 independent protein samples). Dashed
line indicates reference two-photon cross section for Sapphire fluorescent protein (32). (D) Fold-change
in Peredox protein two-photon action cross section. Average magnitude of purified Peredox protein
fluorescence two-photon action cross section change between NADH-bound, and NAD*-bound states
(n=3 independent protein samples).

18



f

Antioxidants & Redox Si

Cytosolic NADH-NAD<sup>+</sup> redox visualized in brain slices b

naling

Page 19 of 26

g?lshed version may differ from this proof.

lifetime biosensor imaging (doi: 10.1089/ars.2015.6593)

uorescence

c¥ two-photon f

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final pub

Lifetime (ns)

Lifetime (ns)

Lifetime (ns)

19

NAD+/NADH
1 09000 1 0?00 1 OIOO 1 (I)O
pgri T D o
2.6
2.4+
2.2+
2.0+
1.8+
Protein, 25°C
1.6
0.1 1 10 100 1000
Lactate / Pyruvate
NAD+/NADH
10(|)00 10|00 1(IJO 1|0
1Y S 7Y PR T
2.6+
2.4
2.2
2.0+
1.8+
Protein, 35°C
1.6
0.1 1 10 100 1000
Lactate / Pyruvate
2.8 7

i

NADH (Lactate)
24
2.2
2.0
1.8 Protein, 34°C
NAD* (Pyruvate) %
——o0—=0
el 8 ?
6.6 6.8 7.0 7.2 7.4 7.6

FIG. 3. Peredox protein fluorescence lifetime NAD*/NADH dose-response curves.

(A) Peredox protein fluorescence lifetime dose-response curve at 25°C. Purified Peredox protein
fluorescence lifetime response to increasing ratios of lactate/pyruvate (bottom axis) and corresponding
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levels of NAD*/NADH (top axis). Error bars indicate standard deviation, n=4 independent protein
samples (black circles), and the Hill fit to the grouped average is shown in black. Fits of the individual
experiment data sets yielded an average Ky lactate/pyruvate value (ratio giving a half-maximal response)
of 20.7 + 2.0, which corresponds to a Ky NAD*/NADH of 529 + 50. (B) Peredox protein fluorescence
lifetime dose-response curve at 35°C. Purified Peredox protein fluorescence lifetime response to
increasing ratios of lactate/pyruvate (bottom axis) and corresponding levels of NAD*/NADH (top axis).
Error bars indicate standard deviation, n=3 independent protein samples (black circles), and the Hill fit
to the grouped average is shown in black. The average Ky lactate/pyruvate value for all experiments was
23.5 + 4.2, corresponding to a Kx NAD*/NADH of 255 + 45. At elevated temperature, both the dynamic
range and the Ky of Peredox increase. (C) pH dependence of the fully NADH and NAD" loaded states of
the sensor (purified protein at 34°C, mean * range, n=2).
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FIG. 4. Peredox fluorescence lifetime dose-response curve in live cells.

Average Peredox fluorescence lifetime response (black filled circles) to increasing ratios of
lactate/pyruvate applied externally by perfusion of HEK293 cells at 35°C. Data is fit to a Hill equation

Fold intensity change

21

(black trace). Error bars indicate standard deviation between responses of N=4 independent groups of

cells, with each group consisting of between 24 and 80 cells (n=148 total cells). Individual fits to the

data from each group of cells provided an average Ky of 23.8 + 3.2 lactate/pyruvate, corresponding to an
NAD*/NADH Kg of 246 + 34. For comparison, the 35°C protein data of Fig. 3B and the 35°C HEK293 cell
dose-response using fluorescence intensity (from (12)) are also shown.
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(A) Peredox dose-response calibration in live cells. Fluorescence lifetime images of HEK293 cells
expressing Peredox sensor show varying levels of NADH:NAD" redox when perfused with glucose (panel
1). The same cells perfused with 10 mM lactate quickly and uniformly increase NADH levels in all cells,
regardless of initial state (panel 2). Peredox fluorescence lifetime imaging indicates cytosolic
NADH:NAD" redox varies according to changes in lactate/pyruvate ratios of 30 (panel 3) and 0.1 (panel
4). Scale bar indicates 10 um. (B) Time-course of Peredox calibration in live cells. Representative traces
from five cells shown in (A) quantifying the Peredox lifetime over the course of the calibration
experiment. Although Peredox fluorescence lifetime in individual cells varies initially in the presence of
glucose, lifetime values become uniform between cells after exposure to varying levels of pyruvate and
lactate. Arrowheads indicate time of images shown in (A). (C) Peredox lifetime values are independent
of intensity. Peredox fluorescence intensity as measured by photon counting (right panel), compared
with the fluorescence lifetime of the same photons (left panel). Image of cells shown in (A). Scale bar
indicates 10 um. (D) Peredox fluorescence lifetime baseline values in hippocampal neurons. The three
principal regions of the mouse hippocampus express Peredox protein after injection with a custom AAV8
virus, in both astrocytes and neurons. Granule neurons in the DG have uniform and low Peredox
fluorescence lifetime values (top left panel), regardless of fluorescence intensity (top right panel).
Similarly, pyramidal neurons of the CA3 (middle panels) and CA1 regions (lower panels) also showed
fairly uniform and low Peredox fluorescence lifetime values, indicating oxidized NADH:NAD" redox. Scale
bars indicate 10 um. (E) Peredox fluorescence lifetime baseline values in hippocampal astrocytes.
Astrocytes expressing Peredox sensor were also found (albeit less frequently) in the three principal
regions of the hippocampus. Astrocytes were recognized by live-staining with SR101 (right panels of
top, middle and bottom). Peredox fluorescence lifetime values were markedly higher in astrocytes than
in neurons. A single astrocyte in the cell layer of the dentate gyrus (top panel) has much more reduced
NADH:NAD" redox than its neighboring neurons. Astrocytes found in the molecular layer of the dentate
gyrus (middle panel) were also more reduced compared to neurons and neuropil. Astrocytes near CA3
pyramidal cells (bottom panel) were similarly reduced compared to local neurons. Scale bars indicate 10
pum.
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FIG. 6. Peredox baseline lifetime values in brain slice.

Peredox fluorescence lifetime in the somata of both astrocytes and neurons throughout the DG, CA1
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and CA3 regions of the mouse hippocampus. Cells in a single slice were grouped and averaged by type

(astrocyte vs. neuron) and location (DG, CA3, CA1). Slice averages (open circles) are shown next to the

corresponding overall average (black filled circle) for each category. Standard deviation bars indicate
variation between slices, N=slices and n=cells. Dashed lines indicate both the ceiling and floor values

expected for Peredox lifetime based on results of purified protein at 35°C (see Figure 3B). The right-hand

axis ticks are also calculated from the purified protein data.
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T f1 T2 fa T Tempirical
Peredox NADH, 25°C  1.38+0.15 0.18+0.03 3.22+0.05 0.82+0.03 2.63+0.01 2.63+£0.01
Peredox NAD+, 25°C  0.99+0.02 0.58+0.04 249+0.06 0.42+0.04 1.87+0.02 1.87 £0.02
Peredox NADH, 35°C  1.02+0.12 0.76£0.03 3.11+0.07 0.24+0.03 2.54+0.003 2.54+0.003
Peredox NAD+, 35°C  0.84+0.03 0.37+0.03 221+0.08 0.63+0.03 1.65+0.01 1.65+0.01
Fluorescein' 3.95 +0.05 1 3.08+0.01 3.08+0.004

Rhodamine B¥ 2.45 +0.02 1 2.27+0.01  2.32+0.005

Table 1. Fluorescence lifetime properties of Peredox* and dye standards

* All lifetime values in ns. The values are derived from two-exponential fits of the form f1 e™ + f2 e/,
convolved with a Gaussian of FWHM = 140 ps. The summary values for the lifetime are:

T, the average lifetime value of the fit function over the measurement range (a window of ~10 ns);
Tempiricaly the @verage arrival time of the detected photons, over the measurement range. Protein was in
MOPS buffer at pH 7.3, at 25°C. Excitation wavelength was 800 nm, and emission light collected from
500-550 nm. Expressed as mean + SD, n=4 for all measurements.

t1n 0.1 M sodium hydroxide, 5 uM. Excitation wavelength 800 nm, emission light collected from 500-
550 nm. Expressed as mean = SD, n=3. Compare to reference fluorescein fluorescence lifetime value of
4.1+0.1ns (18, 21).

¥ In methanol, 5 uM. Excitation wavelength 800 nm, emission light collected from 603-678 nm.
Expressed as mean + SD, n=3. Compare to reference rhodamine B fluorescence lifetime value of 2.5 +
0.1 (5).
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Appendix 1. What is the K,pparen: Of the lifetime change of a fluorescent sensor, given its response
properties? This simple treatment considers a two-state sensor, with an empty and full state of the
binding site, and an intensity ratio R for the total fluorescence of the full state divided by the empty
state. Provision is also made for cooperativity, in the form of a Hill coefficient. Terms are:

N, = intensity of empty state 7o = lifetime of empty state

N; = intensity of full state 7, = lifetime of full state

R = N, /N, h = Hill coefficient

Q= 1K + is the fractional occupancy of the full state at [analyte] = ¢, where Kis the Kqpparent

14(3)
The intensity change is then midway at [analyte] = K, because ¢ = 0.5 and thus

N = Ny(1—¢) + Ny = (Ny + Np)/2

At what [analyte] is the lifetime change midway?
We must solve for the c that gives t(c) = (71 + 79)/2.
The mean lifetime is the photon-count-weighted average of the two states’ lifetimes:

ToNo(1 — @) + ;N1
7(c) =
No(1—¢) + Ny

Solving for the midpoint:

(t1 + 7o) _ ToNo(1 — @) + 7, N1
2 No(1—¢) + N,

gives:

(1-9)/@o=N;/Ny=R

And substituting the formula for ¢ gives:
K\t
(c) - ®
c
1

1
The c that satisfies this is equal to Kqpparent = K - R 1 . So the shift in Kgpparent is @ factor =R h

For some sensors, the relative photon yield of the two states may be dependent on the excitation

wavelengths. This would provide a way of shifting the midpoint of the lifetime dose-response, by using

different excitation wavelengths.



