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ABSTRACT: A redox-sensitive Grx1−roGFP2 fusion protein was
introduced by transfection into single pyramidal neurons in the CA1
subfield of organotypic hippocampal slice cultures (OHSCs). We
assessed changes in the GSH system in neuronal cytoplasm and
mitochondria during oxygen−glucose deprivation and reperfusion
(OGD/RP), an in vitro model of stroke. Pyramidal cells in a narrow
range of depths below the surface of the OHSC were transfected by
gene gun or single-cell electroporation with cyto- or mito-Grx1−
roGFP2. To mimic the conditions of acute stroke, we developed an
optimized superfusion system with the capability of rapid and
reproducible exchange of the solution bathing the OHSCs. Measure-
ments of pO2 as a function of tissue depth show that in the region
containing the transfected cells, the pO2 is well-controlled. We also found that the pO2 changes on the same time scale as
changes in intracranial pressure, cerebral blood flow, and pO2 during acute stroke. Determining the reduction potential, EGSH,
from the ratiometric fluorescence signal requires an absolute intensity measurement during calibration of the Grx1−roGFP2.
Using the signal from cotransfected tdTomato as an internal standard during calibration improves quantitative measurements of
Grx1−roGFP2 redox status and allows EGSH to be determined. EGSH becomes more reducing during OGD and more oxidizing
during RP in mitochondria while changes in cytoplasm are not significant compared with controls.
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Neuronal damage in stroke,1−3 trauma,4−6 hypoxia,7

Alzheimer’s disease,8−12 Huntington’s disease,13,14 psy-
chiatric conditions,15−17 and other diseases3,18−20 is in part
caused by oxidative stress due to excessive production of
reactive oxygen species (ROS).21−23 Because ROS also play a
role in cell signaling,24−29 neurons and glial cells are endowed
with mechanisms for maintaining ROS homeostasis including
the glutathione−glutathione disulfide couple (GSH/GSSG)
and the thioredoxin system. The GSH system becomes more
oxidizing in brain with aging due to the decreasing production
and increasing consumption of GSH.30 The most obvious role
of GSH in brain cells is to remove excess H2O2 and other ROS
created acutely during short-term biological processes.31 A
more sustained activity of GSH is the promotion of cell survival
by participating in beneficial enzymatically catalyzed reac-
tions30,32 like those of glutathione peroxidases (GPxs) and
glutathione S-transferases (GSTs), while inhibiting lethal
enzymes, like lipoxygenases (LOXs), which are correlated
with neuron death.30 GSH helps to detoxify excess methyl
glyoxal (MG) and advanced glycation end-products, which can
alter the structure and activity of a variety of proteins, leading to
neuronal dysfunction and death.30 Increasing intracellular GSH
concentration and maintaining a more reduced GSH/GSSH

system appears to be a promising therapeutic approach in
Alzheimer’s disease,33 Parkinson’s disease,34 and autism.35

Hypoxia/ischemia (HI) episodes, such as those that occur
during stroke, disrupt ROS homeostasis leading to short-term
effects in cellular function and longer-term changes that
ultimately cause cell death.36−38

Several approaches exist for measuring ROS in real time
including those based on voltammetry39−42 and fluorescence
microscopy based on fluorogenic small molecule probes.43−46

However, there are no small-molecule redox-sensitive fluo-
rophores that respond to the GSH system. Thus, it is
noteworthy that several groups have developed the ability to
measure its status in real time. Specifically, different redox
protein-based sensors were developed simultaneously by the
Winther (rxYFP47) and the Tsien and Remington groups
(roGFP48,49). The sensor response kinetics were relatively slow,
and they were oxidized to varying degrees by a variety of
oxidizing agents.48 Altering the electrostatic environment of the
active disulfide by engineering amino acid substitutions in the
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region of the modified GFPs increased the rate of reaction of
the sensors with GSH/GSSG.49,50 Meyer et al.51 discovered
that roGFP’s reaction with GSH/GSSG was catalyzed by
endogenous glutaredoxin (Grx). Gutscher et al.52 made a
chimeric protein, Grx1−roGFP2 that responded rapidly to
cytosolic changes in GSH/GSSG status. In addition, they
determined that the isolated Grx1−roGFP2 was not oxidized
by cystine, hydroxyethyl disulfide, or H2O2 and was not
reduced by ascorbate, cysteine, or the thioredoxin system
(thioredoxin, thioredoxin reductase, and NADPH). Thus, this
sensor is quite selective for the glutathione redox couple.
Another advantage of these sensor proteins is that their pH
dependence is identical to that of the GSH/GSSG redox
couple. Thus, the quantity [GSH]2/[GSSG] can be determined
without knowledge of the pH after proper sensor calibration in
situ. However, knowledge of the equilibrium redox potential of
the GSH system, EGSH, requires knowledge of (or an
assumption about) the local pH.52

While these sensors have illuminated redox events in a
variety of types of cells, they have not been used extensively in
mammalian central nervous system (CNS) tissue. Using
primary cultures of hippocampal neurons from rats, Funke53

carefully compared the response of roGFP1 against a widely
used small molecule sensor hydroethidine. These investigators
showed a “proof of principle” that roGFP1 would respond to
exogenous peroxide application to an organotypic hippocampal
slice culture (OHSC). However, there was no attempt to infer
biological information from the observed response. Grosser et
al., using roGFP1, studied OHSCs from a Rett syndrome
mouse model.54 They found that cytoplasmic GSH status was
more oxidized in the Rett syndrome hippocampus than in

controls. Hasel et al.55 contrasted dendritic and somatic
responses of Grx1−roGFP2 to stressors in cultured neurons.
The dendritic regions were more oxidized compared with the
somatic regions under resting conditions. Under stress, the
dendritic regions changed more dramatically than somatic
regions. More recently, Breckwoldt et al.56 created a mouse that
expressed Grx1−roGFP2 in neuronal mitochondria. They used
this model with multiparametric imaging to investigate redox
and size changes in mitochondria in explants of neuromuscular
junctions and in lesioned spinal axons in vivo.
Thus, far, the few investigations of the GSH system’s status

in CNS tissue have employed roGFP1 rather than the more
rapidly responding and selective Grx1−roGFP2 sensor. There
are no reports that we are aware of that use the latter sensor to
determine redox events in cortical CNS tissue. Here we
describe a method for investigating redox events during
oxygen−glucose deprivation and reperfusion (OGD/RP) in
the CA1 subfield of OHSCs57 using Grx1−roGFP2. OHSCs
subjected to OGD/RP are a useful in vitro model of HI.58−60

We have validated that the transfection occurs within a narrow
range of depths into the culture and that the pO2 during OGD
and RP are reproducible in this range of depths. We have also
improved the standard superfusion system so that changes in
pO2 occur on the same time scale as they do in in vivo models
of stroke. In addition, calibration of Grx1−roGFP2 is improved
by cotransfecting with the redox-insensitive tdTomato.
Fluorescence from tdTomato provides a reference during
calibration when absolute (not ratiometric) intensities from the
Grx1−roGFP2 sensor are needed to report well-defined redox
parameters (e.g., degree of oxidation of the sensor (OxD),
EGSH) as opposed to the measured ratiometric response

Figure 1. Measurements of pO2 in different superfusion systems in the absence of an OHSC. (a) The conical probe represents the oxygen electrode.
In “Control”, oxygen is directly measured in a reservoir with solution continuously bubbled with gas. In the remaining four panels, pO2 is measured
in the slice chamber. The solution is driven by a peristaltic pump. Solutions are switched in all cases by pumping from a second reservoir containing
the new solution. In the scheme labeled “[B]”, solution from a reservoir being bubbled with gas is flowing continuously. [B+V] represents the same
conditions as [B], but in addition, when the solution is switched to a new solution, existing solution is removed from the chamber by vacuum
suction. In [O], solution is gassed by an oxygenator. [O+V] is the same conditions as [O] except that solution is removed by suction when the
switch is made. (b) Continuous measurement of pO2 in the slice chamber during superfusion with the four arrangements described in panel a. Note
the break and the change in the time scale. The solution is switched from 95% O2/5% CO2 to 95% N2/5% CO2 (indicated by the green arrow
point). τ is the time from the solution switch to the onset of a new steady-state pO2. (c) Steady-state pO2 measured in control and the four
superfusion systems described in panel a. Arrows indicate control and system [O+V]. (d) τ from the five systems described in panel a. One-way
ANOVA with post hoc test (***p < 0.001, n = 6, in panels c and d).
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only.53−56 Using this optimized approach, we have found that
the GSH system changes rapidly and significantly during
OGD/RP in mitochondria but not in cytoplasm of CA1
neurons.

■ RESULTS AND DISCUSSION

Control of pO2 in OHSCs. The conventional method of
slice oxygenation relies on bubbling the superfusion solution,
ACSF containing 10 mM D-glucose, with 95% O2/5% CO2 and
delivering it to the slice chamber with a peristaltic pump
(method [B], Figure 1a). OGD is initiated by changing the
superfusion solution to ACSF containing 10 mM sucrose in
place of the glucose (modified ACSF, MACSF) saturated with
95% N2/5% CO2 (see Methods for the details of the solution
compositions). We measured changes in pO2 within the cell
dish with no slice culture using four different superfusion
systems (Figure 1). In methods [B] and [B+V], the tube
leading to the pump was manually switched from one reservoir
to another to change conditions, and the temperature of the
incoming fluid was controlled online. In method [B], the
solution flows continuously while it is bubbled with gas in its
reservoir. [B+V] adds a step: the fluid in the slice chamber is
removed by vacuum at the time the solutions are switched. In
[O] and [O+V], the solution is gassed by an online oxygenator
placed near the chamber. The oxygenator uses microfluidic
channels with a thin, gas-permeable membrane to introduce
oxygen to the solution as it passes through the device. In [O
+V], the solution in the chamber is removed by vacuum when
the gas supply and the source reservoir are switched. We
investigated the four superfusion systems and compared them
with the control (Figure 1a−d). Clearly system [O+V]
(highlighted in the blue box, Figure 1a) maintained the desired
oxygen level in the slice chamber (Figure 1c). Furthermore, the
transition time for complete solution exchange also was

dramatically shortened to less than 30 s using the system [O
+V]. In contrast, the other three superfusion systems showed
significant differences from the control (Figure 1d). The
optimization of the superfusion system to ensure efficient
exchange of solutions for OGD/RP experiments is described in
Methods and Supporting Information.
By controlling the transfection conditions (see Methods and

Supporting Information), we were able to target pyramidal cells
localized within a relatively narrow range of distances below the
surface of the OHSC. Half of the transfected cells are confined
to 33−40 μm below the surface shown in Figure 2a. Thus, we
measured pO2 at various depths within the cultured slice,61

Figure 2b, as solution conditions were changed by using [O+V]
(Figure 2c). Note that the changes in pO2 in the OHSC at
depths less than about 50 μm occurs rapidly. The steady-state
pO2 during superfusion with ACSF saturated with 95% O2/5%
CO2 (Figure 2d) ranges from 691 ± 6 mmHg at the top surface
to a minimum of 358 ± 10 mmHg in the middle and 520 ± 17
mmHg at the bottom surface. This is consistent with two facts.
One is that oxygen takes time to diffuse into the OHSC and it
is consumed on the way.62 The other is that the culture is
maintained with the interface method, so the lower surface of
the culture is exposed to the medium underneath, which is in
equilibrium with air. The pO2 distribution during superfusion
with MACSF saturated with 95% N2/5% CO2 and transition
times (τ) show similar trends (Figure 2e, f) indicating that the
depth is a significant factor in controlling tissue oxygenation.
Because we use a rapidly responding roGFP-based sensor, it

is instructive to observe its response during OGD/RP under
the four superfusion conditions described above. Pyramidal
neurons in the CA1 region of OHSCs were transfected by gene
gun with mito-Grx1−roGFP2. Individual transfected pyramidal
neurons were observed for 1 h during an OGD/RP protocol:
10 min ACSF, 95/5 O2/CO2; 20 min MACSF, 95/5 N2/CO2;

Figure 2. pO2 varies with depth inside OHSC in the optimized superfusion system. (a, top) Confocal “slices” at different depths (Video S-1,
Supporting Information). (a, bottom) Transfected cells are mostly located 30−45 μm below the surface of the culture (n = 121 cultures). (b) pO2
measured in OHSCs with superfusion system [O+V]. (c) pO2 profile at different depths in the OHSC before and after superfusate was switched
from 95% O2/5% CO2 to 95% N2/5% CO2. Gray arrow indicates the switching time. The value of τ is the time difference between the gray arrow
and the second arrow (labeled with the same color as the correspondings trace). (d, e) pO2 in OHSC vs depth in OHSCs for 95% O2/5% CO2 and
95% N2/5% CO2. Red symbols are in the range of depths where we transfect cells and make measurements. (f) τ measured at different depths inside
the OHSC. Error bars from six individual tests in panels d−f.
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30 min ACSF, 95/5 O2/CO2. Figure 3a−d shows that the
Grx1−roGFP2 signal changes on the same time scale as that of
pO2 in the four superfusion systems. Note that in all cases
described here and below when oxygen is replaced by nitrogen,
glucose is replaced by sucrose in the superfusion solution to
create OGD. The solution composition is changed back to that
containing oxygen and glucose to create RP.
The time-dependence of the pO2 profile should reflect that

seen for in vivo models of stroke,63 which is minutes.64 Nakai et
al. reported that pO2 and cerebral blood flow (CBF) fell
“immediately” after induction of focal ischemia.65 More
quantitatively, Peters et al. found changes in cortical CBF
within 5 min (the shortest time measured) after induction of
focal ischemia and again at reperfusion.66 Okada reported in
transient global ischemia that CBF changes at the induction of
ischemia and also at reperfusion within 1 min.67 Westermaier et
al. saw local cortical blood flow drop in 1 min while pO2
dropped in 2−3 min in a subarachnoid hemorrhage model.68

Prunell determined, also in a subarachnoid hemorrhage model,
that CBF dropped in 40 s while pO2 reached a minimum in
1.5−2 min.69 Returning to Figure 2 and noting that the
condition described in Figure 2d corresponds to conditions
before (control) and after (reperfusion) OGD, while that in
Figure 2e corresponds to OGD, we see clearly that the pO2 is
well controlled in a narrow range of values before, during, and
after OGD at the depth of the OHSC where the transfected
cells are located. No significant differences in pO2 are found in
the 10−50 μm depth range (p > 0.05, n = 6, one-way ANOVA,
Figure 2d,e). The response of tissue pO2 in the same range of

depths occurs in about 2 min or less. Values of τ are not
statistically different in this range of depths (p > 0.05, n = 6,
one-way ANOVA, Figure 2f). Therefore, the [O+V] super-
fusion system is able to provide reproducible steady-state
oxygenation to pyramidal cells within the range of 10 to 50 μm
below the surface of the OHSC during OGD/RP experiments.
The pO2 changes on the same time scale as previously reported
for in vivo models of stroke (cited above).

tdTomato Used As an Internal Standard Corrects for
Shape Changes in Pyramidal Cells during Calibration of
the Grx1−roGFP2 Signal. In OHSCs that have not been
subjected to OGD/RP, there are very small or no changes in
cell size during exposure to the calibrants (Figure 4a).
However, during calibration after OGD/RP, there are
significant changes in cell size (Figure 4b and Figure S-5b in
Supporting Information). roGFP2 is ratiometric, so cell size
does not change the measured ratio. However, to determine the
degree of oxidation of the sensor and redox potentials of the
sensor and the GSH/GSSG system, we must measure the
absolute intensities of Grx1−roGFP2 excited at 488 nm (during
calibration) in its fully oxidized form, I488

Ox , and in its fully
reduced form, I488

Red. These intensities are influenced by changes
in cell size (Figure 4d). We have found that the fluorescence
emission intensity of tdTomato70 is not sensitive to the
calibrants H2O2 or dithiothreitol (DTT) (Figure 4a,c; Figure S-
5a,c and Video S-3 in Supporting Information). In the following
discussion, it will be helpful to define some terms. We excite
tdTomato at 561 nm; thus we refer to the intensity of the
emission from that excitation as I561. We then define ratios of

Figure 3. mito-Grx1−roGFP2 signal tracks pO2 changes during OGD/RP. Each of the four quadrants represents a superfusion method: (a) method
[B]; (b) method [B+V]; (c) method [O]; (d) method [O+V]. In each quadrant, there are traces of pO2 (top) and the mito-Grx1−roGFP2
ratiometric signal, R405/488 (bottom), measured simultaneously in OHSCs versus time. “Control”, “OGD”, and “RP” correspond to superfusion with
ACSF saturated with 95% O2/5% CO2, MACF saturated with 95% N2/5% CO2, and ACSF with 95% O2/5% CO2, respectively. Each trace is
representative of three separate experiments. R405/488(t) reflects the redox status of the GSH system, which changes with extracellular pO2. The [O
+V] configuration significantly improved gas exchange within the OHSC thereby decreasing the response time of the Grx1−roGFP2.
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I488
Ox and I488

Red to I561 as I4̂88
Ox and I4̂88

Red respectively. More generally,
the ratio of the intensity from exciting roGFP2 at 488 nm to the
intensity from 561 nm excitation of tdTomato is I4̂88. See
Supporting Information for more discussion of these terms and
their relationships. Notably, Figure 4b and Figure S-5b show
that I561 is inversely correlated with the relative changes in cell
size. The changes in cell size (ΔS/S) also influence the
fluorescence arising from roGFP2 as can be seen in the upper
panel of Figure 4d and Figure S-5d. When I488

Ox and I488
Red

(measured during calibration) are divided by I561 at each time
point, clear steady state values of the ratios I4̂88

Ox and I4̂88
Red are

obtained making calibration possible.
Of course, in investigations that do not involve such stressful

conditions, changes in cell morphology may not be a problem
and the internal standard may not be necessary. Also, it is often
sufficient to just report the ratiometric signal R405/488, which is
immune to the volume changes. But volume changes have been
seen by others during OGD. Fekete et al.71 saw significant
swelling/volume changes in acute hippocampus slices during
OGD. In an attempt to determine the fluorescence signal from
the fluorescent product of the ROS-reactive dye dihydrodi-
chlorofluorescein, they used calcein AM (ROS insensitive) to
correct for the changing volume. In our case, it was more
appropriate to use cotransfection in order to make measure-
ments on single pyramidal neurons in the CA1 region.
Introducing tdTomato as an internal standard allowed us to
quantify the degree of oxidation of the sensor over time,
OxDroGFP2(t), from the ratiometric signal I405/I488(t). OxDroGFP2

is defined as the ratio of the moles of oxidized roGFP2 to the
total moles of roGFP2. With assumptions about the local pH,
this in turn can be used to infer EGSH. We have applied this
method to the determination of changes in OxDroGFP2 in the
cytoplasm and mitochondria of pyramidal neurons in the CA1
region of the OHSCs as described below.

Quantitative Analysis of Redox Changes in the GSH
system in mitochondria and Cytoplasm during OGD/RP.
Based on the use of the tdTomato internal standard, we
calculated the thermodynamic (equilibrium) quantities related
to the GSH/GSSG system in HeLa cells because of their
ubiquity in cell biology and in OHSC CA1 pyramidal neurons.
We found that OxDroGFP2 = 0.24 ± 0.05 (mean ± SEM, n = 6)
in the mitochondria of HeLa cells under normal conditions.
This is indistinguishable within statistical limits from the value
of approximately 0.22 from rxYFP Western blot data.72 In CA1
pyramidal neuronal mitochondrial, OxDroGFP2 is 0.30 ± 0.03
(mean ± SEM, n = 6). Under resting conditions, we also found
that the cytoplasmic values of OxDroGFP2 for pyramidal neurons
and HeLa cells were 0.07 ± 0.03 and 0.13 ± 0.02, respectively
(mean ± SEM, n = 6). The degree of oxidation of the GSH/
GSSG system, OxDGSH, is the ratio of the moles of oxidized
GSH to the total moles of GSH: 2[GSSG]/(2[GSSG] +
[GSH]). This cannot be determined accurately without
knowing separately the mitochondrial and cytoplasmic total
concentrations of GSH: 2[GSSG] + [GSH], which we do not
know. However, with a reasonable assumption about the total

Figure 4. tdTomato corrects for changes in cell morphology allowing for stable signal during calibration. Fluorescence emission of tdTomato
(excited at 561 nm) and Grx1−roGFP2 (excited at 405 and 488 nm) recorded from cytoplasm of a CA1 pyramidal cell in an OHSC. (a, top) With
no OGD/RP, the cell area does not change during exposure to calibrants H2O2 and DTT. (a, bottom) tdTomato fluorescence emission is not
sensitive to H2O2 and DTT. (b, top) With OGD/RP, ΔS/S, cell size, changes dramatically, does not reach a steady state, and oscillates. (b, bottom)
Fluorescence signal from tdTomato is inversely correlated with changes in cell size during calibration. (c) The absolute intensities (top) and ratios
(bottom) from the three channels during sequential exposure to ACSF, H2O2, and DTT with no OGD/RP. No differences in trends are observed
when comparing the absolute intensities (top panel of c) and ratios (bottom). (d) tdTomato calibration is necessary for calibration after OGD/RP
with superfusion system [O+V] as described in Figure 1. Note the difference in I405 vs I ̂

̂
405 and I488 vs I4̂88 during exposure to DTT. Fluorescence

traces prior to OGD/RP (control) and during calibration post-OGD/RP with H2O2 and DTT are shown (note the break in the time axis). The value
of I4̂88

Red (bottom of panel d) is significantly more stable than the I488
Red

fluorescent signal (d, top). The confounding effects of OGD-induced cell size
changes on I488 are corrected by I561. I4̂88

Ox and I4̂88
Red are used to calculate the degree of oxidation of Grx1−roGFP2, OxDroGFP2 (see Supporting

Information for more details). The curves shown here are representative examples from five sets of measurements on five different OHSCs.
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GSH concentrations, all of these values correspond to a degree
of oxidation of the GSH/GSSG couple that is less than 0.01.73

Figure 5 shows the time-dependent changes in the GSH
system in cytoplasm and mitochondria of single pyramidal
neurons in the CA1 subfield of OHSCs during OGD/RP.
Steady-state values of the Grx1−roGFP2 signal and derived
quantities are averages of the last 5 min of each period. The
data for pyramidal cells in CA1 (Figure 5) show that the sensor
in mitochondria is more oxidized than that in cytoplasm under
normal conditions. (OxDroGFP2 mito/cyto, 0.30 ± 0.03/0.13 ±
0.02), but EGSH in mitochondria is more negative than that in
cytoplasm (mito/cyto, − 351 ± 2/−305 ± 3 mV) because of
the different pH values in mitochondria vs cytoplasm (eqs S6
and S7, Supporting Information). Mitochondrial GSH is
notably reduced during OGD and then oxidized to a larger
extent in RP than control (OxDroGFP2: control/OGD/RP, 0.30
± 0.03/0.10 ± 0.02/0.45 ± 0.00), whereas no significant
change is observed in cytoplasmic GSH (OxDroGFP2: control/
OGD/RP, 0.13 ± 0.02/0.16 ± 0.04/0.16 ± 0.03).
We are not aware of ways to determine the redox status of

the GSH system in real time other than by using protein-based
sensors.73 Of course, the GSH system’s status is in part
controlled by ROS, so it is appropriate to consider methods for
ROS measurement briefly. There are small-molecule fluo-
rescence approaches to the determination of ROS such as the
use of hydroethidine (HEt) and dihydrodichlorofluorescein.
They can provide time-dependent information during OGD/
RP;53,71,74 however their selectivity has been questioned.43,44,46

In addition, these sensors are integrating sensors, so their
fluorescence should only increase. Yet often the fluorescence
decreases because of photobleaching, export from cells, and
swelling.53,71 The redox-sensitive GFPs, roGFP1 and roGFP2,
respond to a variety of oxidants48 and thus have been applied to
record ROS changes in plant root,51 HeLa cells,75 hippocampal
neurons,53 chicken cardiomyocytes,76 mouse liver cell,77 and rat
vascular muscle cells.78 These protein based sensors reacted
broadly to ROS and rather slowly.51,53,75−79 The creation of the
chimeric Grx1−roGFP2 used here has improved the selectivity
and response time for seeing changes in the GSH system.
Figure 5 shows that the mitochondrial GSH system becomes

more reducing during OGD and more oxidizing during RP in
comparison to the pre-OGD control conditions. On the other
hand, the cytoplasmic GSH system did not respond to OGD/
RP. Abramov et al. recently did a careful investigation of ROS
generation during OGD/RP in hippocampal neuron/glia
primary cocultures.74 They found three sources of ROS
occurring in series based on MitoSOX and ethidium
fluorescence following application of HEt. In the first 10−20
min of OGD, ROS production is mitochondrial and correlated
with the presence of inner mitochondrial membrane (IMM)
depolarization. After about 25 min (longer than our OGD
period), Abramov et al. found that there is a phase during
which ROS are produced in the cytoplasm by the xanthine/
xanthine oxidase system.74 During RP, ROS generation occurs
in the cytoplasm from the NAD(P)H oxidase system. We
observed that the mitochondrial GSH system becomes more
reduced quite rapidly at the onset of OGD and that this more
reducing status is maintained during OGD. A negative shift in
EroGFP2 could be caused by a number of factors, for example,
import of GSH from cytoplasm,80 reduction of mitochondrial
GSSG, or indeed an increase in local pH. We note that
Abramov et al.74 in primary cultures and others on
OHSCs81−83 have seen rapid IMM depolarization during

OGD. This would decrease the local pH in the matrix. Thus, we
can be reasonably sure that the response of mito-Grx1−
roGFP2 during OGD represents an increase in the ratio
[GSH]2/[GSSG]. That is, the GSH system becomes more

Figure 5. Quantitative analysis of GSH redox changes during OGD/
RP. Superfusion system [O+V] described in Figure 1 is used. (a)
Ratiometric images of Grx1−roGFP2 in mitochondria (mito) and
cytoplasm (cyto) at different points in the OGD/RP procedure. (b)
Mitochondria (data shown in black) show a different response during
OGD/RP than cytoplasm (data shown in red). Real time data traces
are represented. The data in the last 5 min of each condition
(indicated by the gray bar) from the traces are averaged and plotted
with error bars. The data are compared with the control data (ns, no
significant difference, p > 0.05; ***p < 0.001, n = 30 data points,
ANOVA). All terms used are defined in eqs S2−S7 in Supporting
Information. The curves shown here are representative examples from
five sets of measurements on five different OHSCs.
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reduced. Recall that in primary cultures Abramov et al.74 see a
significant increase ROS during OGD, which seems in a sense
inconsistent with our observations on GSH. Funke et al.53

compared the responses of roGFP1 (i.e., the cytoplasm-resident
redox responsive GFP with no Grx1) and HEt in primary
cultures of hippocampal neurons and glia under various
treatments. Indeed, while several treatments led to qualitatively
equivalent responses from each sensor, that is, both indicating
more oxidizing conditions or more reducing conditions,
exposure to glutamate and (separately) uncoupling with
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) showed opposite responses, more ethidium fluo-
rescence but a more reduced roGFP. In this same work, a 5 min
exposure to anoxia led to the same gross changes in roGFP
response as we observed though on a much slower time scale.
Thus, we are in qualitative agreement with Funke et al., who
used the slower, less selective, cytoplasm-resident roGFP1. We
conclude that the difference in the ethidium response seen by
Abramov et al. and what we have detected during OGD is not
likely due a technical issue. While certainly more work is
required to understand the contrasting observations, the
response of Grx1−roGFP2 may be dominated by increased
reducing power during brief OGD rather than by the more
oxidizing environment due to excess ROS. There are two
contributions to increased reducing power. One is that the pH
change from about 8 to about 7 as a result of IMM
depolarization increases the difference in redox potentials of
the NADP+/NADPH and the GSH systems making the
reduction of GSSG by NADPH more thermodynamically
favorable (see Supporting Information). In addition, the
abundance of NADH from the absence of oxidative
phosphorylation can lead to more NADPH production by
transhydrogenase84,85 and thus more GSH from GSSG.
During RP, we find a sharp change in the mitochondrial

sensor to more oxidizing potentials. Abramov et al.74 see an
increase in HEt fluorescence as well. This is consistent with the
discussion above: the supply of reducing equivalents ultimately
derived from fuel and then becoming NADH is a significant
factor in mitochondrial GSH status. In the early stages of OGD,
without oxygen present, the mitochondrial matrix concen-
tration of NADH should be relatively high, and during RP with
the reintroduction of oxygen, it should drop. Thus, the supply
of NADPH for acting to reduce GSSG to GSH via glutathione
reductase may dictate, at least qualitatively, the GSH system’s
status.
It is surprising not to find changes in cytoplasmic GSH

during OGD/RP. Perhaps cytoplasmic GSH, which has a much
larger antioxidant capacity than the mitochondrial GSH
system,74,86 can maintain homeostasis when facing increases
in ROS generation in the mitochondria or the cytoplasm.74 It
might be also reasonable to attribute the lack of response in the
cytoplasmic GSH system during OGD/RP to the absence of
cytoplasmic ROS. According to Abramov et al.,74 the
cytoplasmic sources do not emerge until 25 min of OGD,
while our OGD time frame is only 20 min. But H2O2 is
membrane permeable, so peroxide formed in mitochondria will
find its way to the cytoplasm readily. While cytoplasmic
generation of ROS may not occur on the 20 min time scale, we
would expect the existence of peroxide in the cytoplasm if it is
generated in mitochondria. On the other hand, during RP, we
would expect to see changes in the cytoplasmic GSH system if
indeed superoxide is being formed from NAD(P)H oxidase.74

In summary, in order to report OxDroGFP2 and EGSH in tissue
cultures during OGD/RP, we optimized the OGD/RP protocol
in several important ways. (1) We improved the delivery of
oxygen and glucose to the tissue cultures so that the time scale
of the changes reflect those found in vivo. (2) We optimized the
transfection protocol to yield neurons expressing the Grx1−
roGFP2 in a narrow range of depths in OHSCs. The chosen
range of depths corresponds to a range in which changes in pO2
are reproducible. (3) Deriving OxDroGFP2 and EGSH requires a
redox insensitive marker to act as a reference intensity during
the calibration process following OGD/RP. We introduced
tdTomato, a redox insensitive fluorescent protein, specifically to
eliminate the apparent effect of changes in cell size on the
fluorescent signal of Grx1−roGFP2. Using this optimized
protocol, we found that the time dependence of the redox
status of the GSH system provides new and perhaps
complementary information to that obtained by more classical
fluorescence-based techniques. During nonlethal OGD/RP,
single CA1 pyramidal neurons show rapid changes in the GSH
system in mitochondria. The mitochondria become more
reducing during OGD and more oxidizing during RP. The
status of the GSH system is dictated by the rates of GSH and
GSSG creation and removal. It is possible that changes in the
supply of reducing equivalents, not the supply of oxidizing
equivalents, that is, ROS, is the dominant factor determining
the redox status of the GSH system during OGD/RP. This
method could be broadly applied to other types of studies, for
example, pharmacological investigations of GSH-related
enzymes.87

■ METHODS
Superfusion System. OHSC or HeLa cells were placed in a

homemade slice chamber and superfused at a flow rate of 4 mL/min
driven with a peristaltic pump (Sci-Q 400DM2, Watson-Marlow, Inc.
MA). Solution temperature was maintained at 35 °C by an inline
solution heater, SH-27B, under the control of temperature controller,
TC-324B (Warner Instruments, LLC. CT, USA). Solution was gassed
by an OX miniature gas exchange oxygenator (Living Systems
Instrumentation, VT, USA) or by direct bubbling. Gas flow was set to
1.5 L/min with an OMA-1 gas flowmeter (Dwyer Instruments, Inc.).
Artificial cerebrospinal fluid88 (ACSF) is 125 mM NaCl, 2.5 mM KCl,
1.25 mM NaH2PO4, 25 mM NaHCO3, 1.0 mM CaCl2, 4.0 mM
MgCl2, and 10 mM glucose. Modifed ACSF (MACSF) substitutes 10
mM sucrose for 10 mM glucose. The osmolarity of these solutions was
between 290 and 300 mOsm. ACSF gassed with 95% O2/5% CO2 and
MACSF gassed with 95% N2/5% CO2 were alternately introduced into
the slice chamber during the control period, OGD, and RP as
commonly practiced.89−93 In the [O+V] system (Figure 1a), we
aspirate the solution in the slice chamber by vacuum at the time that
the peristaltic pump begins drawing solution from a new reservoir
(e.g., from control to OGD). The oxygen partial pressure was
monitored (Supporting Information) with an oxygen sensor (OX-25,
Unisense, Denmark) connected to a potentiostat (LC-4C ampero-
metric detector, BASi, IN, USA) with the working and guard
electrodes at −800 mV with respect to the OX-25 built-in reference
electrode. The oxygen sensor was calibrated with zero-oxygen solution
(0.1 M NaOH + 0.1 M sodium ascorbate) and ACSF saturated with
95% O2/5% CO2. There is no difference in the pO2 measured in
MACSF saturated with 95% O2/5% CO2 vs that measured in ACSF.
The electrode tip was placed in an OHSC at a particular depth with
the aid of a micromanipulator (MP-285, Sutter Instruments). Values of
pO2 in tissue were recorded at various depths with the four
superfusion procedures as a function of time.

Expression of the Fluorescent Sensor in OHSCs. Organotypic
hippocampal slice cultures (OHSCs) were prepared based on a
method modified from Gogolla’s protocol.94 OHSCs are harvested
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from postnatal 7-day old Sprague−Dawley rats (Charles River,
Pittsburgh). The surgery protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of
Pittsburgh. Preparation details are described in Supporting Informa-
tion. Cells were then transfected with Grx1−roGFP252 or tdTomato70
or both by biolistic transfection95 or single cell electroporation96

(Supporting Information).
Imaging. All imaging experiments were carried out on a Leica TCS

SP5II broadband confocal microscope. Cells were imaged with an
HCX PL FLUOTAR 5× objective lens with N.A. = 0.15 and an HCX
APO L U−V−I water immersion 63× objective lens with N.A. = 0.90.
Only images taken with the 63× lens were used for quantitative
analysis. Grx1−roGFP2 was excited at 405 and 488 nm, and emission
was collected in the range of 500−530 nm. The red fluorescent protein
(RFP), tdTomato, was excited at 561 nm, and emission was acquired
between 580 and 600 nm. Imaging was carried out by alternately
exciting at 488, 405, and 561 nm. The Leica confocal microscope was
set up to reduce z-direction shifts with an autofocus algorithm and the
hyperdynamic detector. Shifts in the x−y plane were corrected by
postprocessing (ImageJ Plugin-Template Matching and Slice Align-
ment97). Image series were acquired every ∼8 s. Raw image files were
processed by modules in ImageJ (http://imagej.nih.gov/ij/). Slices in
the time-lapse videos were realigned using ImageJ Plugin-Template
Matching and Slice Alignment97 before extracting numerical data for
405, 488, and 561 nm signals. Cell area changes in the time-lapse video
were measured with built in functions in ImageJ as follows:
autothreshold the images to make the cell area distinguishable from
its background, then apply the function module “analyze particle” to
measure the cell area within the specified threshold range. Ratiometric
images in “Fire” false-color were created by ImageJ.52 Fluorescence
data were processed to obtain the ratio R405/488, the oxidation degree of
Grx1−roGFP2 (OxDroGFP2), the natural logarithm of the ratio
([GSH]2/[GSSG]), and the redox potential of glutathione (EGSH),
according to eqs S2−S7, which are derived from equations described
by Meyer and Dick73 and Gutscher et al.52 (Supporting Information).
Additional Methods. Description of oxygen measurement,

cloning of plasmids, cell and OHSC preparation and transfection,
characterization of Grx1−roGFP2, calculation of redox information,
and OGD/RP experiments are available in Supporting Information.
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