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Abstract
Monitoring changes in the fluorescence of metabolic chromophores, reduced nicotinamide adenine
dinucleotide and flavin adenine dinucleotide, and the absorption of cytochromes, is useful to study
neuronal activation and mitochondrial metabolism in the brain. However, these optical signals
evokedby stimulation, seizures and spreading depression in intact brain differ from those observed
in vitro. The responses in vivo consist of a persistent oxidized state during neuronal activity
followed by mild reduction during recovery. In vitro, however, brief oxidation is followed by
prolonged and heightened reduction, even during persistent neuronal activation. In normally
perfused, oxygenated and activated brain tissue in vivo, partial pressure of oxygen (PO2) levels
often undergo a brief ‘dip’ that is always followed by an overshoot above baseline, due to
increased blood flow (neuronal–vascular coupling). By contrast, in the absence of blood
circulation, tissue PO2 in vitro decreases more markedly and recovers slowly to baseline without
overshooting. Although oxygen is abundant in vivo, it is diffusion-limited in vitro. The disparities
in mitochondrial and tissue oxygen availability account for the different redox responses.

Changes in redox level of mitochondrial respiratory chain components can
be monitored in live brain tissue by optical imaging

Changes in fluorescence of metabolic cofactors [i.e. reduced nicotinamide adenine
dinucleotide (NADH)‡ and flavin adenine dinucleotide (FAD)] involved in energy
processes, and in the absorption spectrum of cytochromes, provide a measure of their redox
level. Mitochondrial energy metabolism is tightly coupled with neuronal activity, and
changes in metabolic activity alter the redox level of these cofactors. Optical changes related
to redox state have been used for many years to gauge the metabolic activity in brain and in
other organs. Relating redox responses to electrical, mechanical or secretory processes has
provided a rich source of data on the coupling of metabolic activity to their function. Such
investigations in mammalian brain shed light on the mechanism of seizures, of spreading
depression (SD) and of hypoxia and ischemia. Recently, however, a discrepancy has become
apparent between the pattern of redox changes in intact, perfused brain ‘in vivo’*, and
isolated preparations of central neurons, tissue slices and slice cultures maintained ‘in vitro’†

in an organ bath. This essay aims at resolving the apparent discrepancy.

Corresponding author: Turner, D.A. (dennis.turner@duke.edu).
‡The term ‘reduction’ is used to denote shifts in redox state away from oxidation, not a decrease in a variable.
*To avoid ambiguity, we use ‘in vivo’ to mean brain tissue in its anatomical location (in situ) and perfused by blood, usually studied
in an anesthetized animal with functioning lungs, heart and autonomic reflexes.
†‘In vitro’ means isolated cells, tissue slices, cell cultures and organotypic slice cultures maintained in an oxygenated, saline-perfused
organ bath.
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Mitochondrial oxidative metabolism utilizes the substrate pyruvate, derived from glucose, to
generate the reduced form of the coenzyme NAD (NADH) from its oxidized form NAD+, in
addition to reduced FAD (FADH2) from FAD in the tricarboxylic acid (TCA) cycle (Figure
1). NADH is also produced during glycolysis, and intercompartmental redox gradients can
be resolved between the cytosol and mitochondria through the malate–aspartate shuttle. The
subsequent oxidation of NADH and FADH2 in the electron transport chain establishes a
potential across the inner mitochondrial membrane, which enables the production of ATP
[1,2].

Because NADH is fluorescent when excited with UV light (at 340–370 nm, emission at 450
nm) while NAD+ is not, NADH oxidation leads to a decrease in fluorescence. FAD is
fluorescent (excitation at 450 nm and emission above 510 nm), so that oxidation of FADH2
to FAD causes an increase in its fluorescence [3–9]. The fluorescence of NADH cannot be
separated from that of NADPH, but the two cofactors are known to act in concert [10]. The
fluorescence of FAD cannot be distinguished from other flavoproteins, but presumably the
fraction of the signal that varies with metabolic activity is derived from the FADH2–FAD
pair [11].

Cytochrome a,a3 acts at the last step in electron transport, the reduction of O2 to water at
complex IV, while NADH–NAD+, at the other end of the transport chain in complex I,
mediates the entry of reducing equivalents (Figure 1) [2]. Changes in redox level of the
respiratory chain pigments cytochrome a,a3 can be detected by spectrophotometry, but a
cannot be distinguished from a3. The two subunits are, however, functionally yoked within
complex IV (Figure 1). The light absorption maximum for the reduced form of cytochrome
a,a3 is at 603–605 nm. Fluctuations in the light absorption at these wavelengths are directly
related to the redox state of these respiratory pigments and can be detected as the difference
in reflected light intensity between two different spectral bands, one at the specific
wavelength for the cytochrome absorbance and the other at a ‘neutral’ (isosbestic)
wavelength, which serves as a reference [5].

Redox levels of the metabolic cofactors NADH, FADH2 and cytochromes have been
presumed to be related to the activation of, and net flux in, metabolic pathways (glycolysis,
TCA cycle, mitochondrial electron transport), and hence to the production of ATP [12–14]
(see also Discussion and conclusions). Jöbsis and associates [4,5] attributed the observed
NADH fluorescence in intact cortex primarily to the mitochondrial fraction rather than to the
cytosolic fraction, as the close interaction between the high concentration of NADH
molecules in the matrix and associated dehydrogenase enzymes can enhance the
fluorescence compared with that in free solution, such as in cytosol (see also Refs [16,17]).
The signals attributed to FAD and cytochromes originate entirely from mitochondria where
these cofactors are confined as long as mitochondria are intact. Jöbsis and associates also
point out that in mammalian neocortex, 91% of the mitochondria reside in neurons and only
a minority are found in glial cells (e.g. Ref. [5]; but for hippocampal neuropil, see Ref. [18]).

Various technical difficulties complicate the imaging of redox levels. Non-metabolic
chromophores and tissue light scattering can interfere with the monitoring of NADH, FAD
and cytochromes. In intact brain, hemoglobin (Hb) in the microvessels is the most important
source of interference because it absorbs excitation light and quenches the emitted
fluorescence [4]. Also, NADH in red blood cells can interfere with the measurement of
NADH in tissue when blood flow is changing [4]. To correct for the interference by Hb, the
light reflected at the isosbestic wavelength of Hb is subtracted from the fluorescence or
absorbance signal at the wavelength relevant to the redox state of the compound that is being
studied. Effectiveness of the correction was demonstrated by the intra-arterial injection of a
bolus of saline to dilute Hb, which brightened the cortical surface yet did not affect the
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corrected NADH signal [19]. Also, during both hypoxia or ischemia, NADH and
cytochrome a,a3 redox levels became reduced, even though blood volume increases in the
former but decreases in the latter case [5,20–23].

Except for minimal residual amounts in small vessels in tissue slices, Hb is absent in
preparations in vitro but changes in light scattering and reflectance can still interfere with
the NADH and FAD fluorescence in tissue slices and cultures [24]. Fluorescence can
decrease not only owing to redox level change but also if the total pool (NAD+ + NADH, or
FAD + FADH2) is depleted, such as with irreversible neuronal damage manifested by loss
of evoked neuronal responses (e.g. Refs [25,26]).

Redox responses in excited brain tissue in vivo
Autofluorescence of NADH in cerebral cortex of anesthetized animals was first recorded
decades ago by Jöbsis and collaborators [3,4,27]. Neuronal activation was induced by
electrical stimulation, seizure discharges (Figure 2) or spreading depression (SD). SD
involves massive depolarization of neurons and glial cells, leading to redistribution of ions
and cell swelling [28]. Each of these interventions caused a decrease in corrected NADH
fluorescence, indicating NADH oxidation (Figure 2). During the period of recovery
following activation, NADH fluorescence returned to a level slightly higher than baseline
(increased reduction). The responses were consistently oxidative as long as cerebral blood
flow (CBF) and oxygen supply were adequate. By contrast, during moderate hypoxia or
impaired CBF, the NADH baseline redox level became reduced and neuron excitation was
accompanied by a further transient reduction [20,22,27,29,30].

To monitor the redox state of cytochrome a,a3, Jöbsis, Rosenthal and collaborators used
variations in its absorbance spectrum (detected as changes in reflected light) [5]. Similarly to
NADH, cytochrome a,a3 also became oxidized during electrical stimulation, seizures and
SD in normally oxygenated cortex, but was reduced in response to the same stimuli during
hypoxia or when tissue perfusion became insufficient [22,20,31]. Jöbsis and associates
showed that 20–40% of the ‘labile’ (i.e. utilizable) fraction of cytochrome a,a3 was in the
reduced form in the ‘resting’ (unstimulated and anesthetized) cat, rabbit and rat neocortex
[5,12,23].

Combining optical with electrical recording, a three-way correlation was detected among the
oxidative responses of NADH, the increases in interstitial potassium [K+]o and the sustained
[direct current (DC)] negative potential shifts evoked by repetitive electrical stimulation
[15,32,33] (Figure 2a,b). Only during seizure discharges was the correlation broken: NADH
oxidation exceeded what could have been expected from the increase in [K+]o. It was
inferred that the metabolic response was in large part determined by the demands of
restoring ion distributions, but that during seizures more than the usual fraction of the energy
was expended on processes other than ion transport.

Numerous reports confirmed that neuronal excitation in intact brain was accompanied by
sustained oxidation of NADH [19,30,34–45]. A close correlation was also observed between
NADH oxidation and oxygen consumption in cat and rat neocortex [46,47]. Following brief
(∼5 s) direct electrical stimuli in intact cortex, the initial oxidation was followed by a slight
reduction and oxygen consumption was elevated only during the initial oxidation [46].

Of particular importance are the recent studies by Strong et al. [40,41,48], who imaged
NADH fluorescence in the region surrounding ischemic or traumatized brain foci, and
tracked the course of peri-infarct depolarization (PID) waves. PID waves are similar to SD.
NADH fluorescence increased transiently while a PID propagated within the penumbral
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region (see also Ref. [49]), whereas NADH fluorescence decreased with each wave as it
emerged into adjacent healthy, well-perfused cortex [40,48].

Vascular responses and tissue oxygen tension appear to vary among species. In gerbil
neocortex, Hashimoto et al., [50] found NADH fluorescence increased during the
depolarization phase of SD, and then decreased (oxidation) during the recovery. In this
species, however, unlike in cat and rat, during the depolarization, the blood flow did not
change, but it increased during the subsequent recovery, coincident with NADH oxidation.
Earlier, Mayevsky et al. [51] reported that during SD, the gerbil cortex was more prone to
hypoxia than rat cortex. In a recent paper, Takano et al. [52] report that in mouse neocortex,
partial pressure of oxygen (PO2) decreased precipitously during the passage of an SD wave
in spite of the increased blood flow. The NADH response was recorded at high spatial
resolution by two-photon microscopy. The response varied from one micro-region to the
next. In the close vicinity of a blood-perfused capillary, NADH became oxidized during the
SD-related voltage shift and reduced thereafter, but at some distance from O2 sources
NADH was reduced directly after the onset of the SD.

Recently Shibuki et al. [53] recorded flavoprotein (mainly FAD) fluorescence changes from
rat sensory cortex in response to direct cortical as well as peripheral sensory stimulation. An
increase in fluorescence (oxidation) (uncorrected fluorescence recording) outlasted the
stimulation. Other studies have shown biphasic stimulation-evoked responses of
flavoprotein fluorescence in rat sensory cortex [54] and in mouse cerebellar cortex [55].
During stimulation, fluorescence briefly increased, indicating oxidation, and then decreased.
Weber et al. [54] consider it plausible that the apparent delayed decrease in light intensity
was in fact caused by interference by Hb. However, Reinert et al. [55] report evidence that
the delayed decrease in FAD fluorescence (reduction) after the stimulation was due neither
to changes in blood flow nor to Hb oxygenation.

In summary, many reports agree that NADH, FADH2 and cytochrome a,a3 become oxidized
during electrical or ‘physiological’ stimulation as well as seizure discharges and SD in the
intact brain, provided that vascular responses and oxygen supply respond normally.
Thereafter, during recovery, redox levels shift into a reduced state in some, but not in all,
cases. Careful control experiments show that these recordings were not significantly
contaminated by artifact.

Redox responses of mitochondrial cofactors in isolated neurons and brain
tissue in vitro

Duchen adapted optical detection methods to gauge the redox state of mitochondrial
cofactors in isolated cells [6]. Depolarization of dissociated dorsal root ganglion neurons
was associated with an initial brief oxidation followed by a more prolonged reduction
(increased NADH fluorescence) of the NADH–NAD+ pair. This response was related to
mitochondrial depolarization and it appeared to be calcium dependent [56].

Subsequently, several laboratories recorded NADH and/or FAD fluorescence responses in
brain tissue slices and in organotypic slice cultures. Typically, investigators have found that
electrical stimulation in vitro was accompanied by transient oxidation followed by amore
prolonged shift to the reduced state of both the NADH– NAD+ and FADH2–FAD pairs [7–
9,13,17,18,25,57–59]. Seizure-like discharges and spreading depression were also
accompanied by these biphasic NADH and FAD responses (Figure 3). The initial oxidation
rapidly reached maximum and then started to diminish, crossing the baseline to shift to
reduction in a few seconds, even if the neuronal activity (or SD) continued. The reduction
phase consistently outlasted the electrical activity (Figure 3). Except for very short stimulus
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trains, the duration of the transient oxidation was independent of the duration of the
stimulation. The more intense the neuronal activation, the larger and more prolonged was
the reduction phase. Consistent with these findings, Shibuki et al. [53] reported primarily
oxidation of flavoprotein in rat cortical slices during very brief (1 s) electrical stimulation,
but the recordings were not sufficiently long to detect any later flavoprotein reduction.

Whereas in cat cortex, in vivo NADH oxidation was linearly related to the increase in [K+]o
[15] (Figure 2), in rat organotypic slice cultures, the reduction following the oxidation was
correlated with [K+]o [7]. When NADH and FAD were recorded simultaneously, the FAD
optical signal evoked by stimulation was similar to the NADH signal but it was inverted.
Because the two fluorescence signals move in opposite directions, it is unlikely that non-
metabolic optical effects produced the biphasic sequence, although light scattering changes
might have influenced their magnitude. Kosterin et al. [60] also observed in nerve fiber
terminals in isolated mouse neurohypophysis oxidation of NADH and FADH2 during brief
(up to 2 s) stimulation that outlasted the stimulus train but that was then followed by a
delayed, large persistent reduction. In cultured embryonal mouse Purkinje cells, Hayakawa
et al. [61] recorded NAD(P)H oxidation correlated with calcium-induced mitochondrial
depolarization.

The origin of the reduction phase of the in vitro NADH– NAD+ response is controversial.
Kasischke et al. [18], using high resolution imaging, concluded that the early oxidation
originates in neuronal mitochondria, while the later reduction is generated by glycolysis in
astrocytic cytoplasm. However, Brennan et al. [17] concluded that both the oxidation and
the reduction phase of the fluorescent signal represent mainly neuronal mitochondrial
processes (see also Ref. [59]). However, it appears that little oxygen is utilized during the
recovery (i.e. reduction) phase that follows stimulation in both in vivo and in vitro
preparations [46,59], perhaps suggesting that this phase represents the restoration of the
previously depleted reduced fraction of metabolic intermediates.

Thus, reports from numerous laboratories agree that, in isolated neurons or brain slices
maintained in an organ bath, stimulation evokes transient oxidation NADH and FADH2
initially, which is followed by reduction even if the excited state persists.

Oxygen availability – resolving the discrepancy between in vivo and in vitro
preparations

Similarly to the redox response in vivo, the onset of neuronal stimulation in vitro is
accompanied by an immediate oxidation of metabolic cofactors. However, there are two
crucial differences: (i) in the intact brain, oxidation continues for as long as the tissue is
excited (Figure 2c), whereas in vitro it is limited in duration (Figure 3); (ii) the delayed
phase of reduction is weak in vivo and it occurs only during the recovery that follows
activation, whereas in vitro the reduction is frequently larger in amplitude than the oxidation
and it occurs earlier, regardless of the duration of the excitation. In this article, we suggest
that these differences can be explained by the relative oxygen availability in each situation.

Neuronal stimulation in the intact brain frequently causes a brief decrease in tissue PO2
which is referred to as the ‘initial dip’ [62,63]. According to Offenhauser et al. [63], the dip
is more pronounced in cerebellar cortex than elsewhere in the central nervous system (CNS),
presumably because of different neuronal–vascular coupling. They suggest that the dip
occurs while neurons are using up tissue oxygen reserve [63]. The dip is not detected under
all conditions or in all regions [64], and is generally followed by overabundant blood flow
and an overshoot of PO2. Leão [65] first observed that during SD cerebral veins fill with
bright red oxygenated blood, indicating an increase in blood flow in excess of the oxygen
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demand. An ‘oversupply’ of oxygen has been confirmed for all forms of increased neuronal
excitation, evoked by ‘physiological’ stimulation as well as by seizures and SD, except in
cases of circulatory or respiratory failure. It can be detected both as an increase in tissue PO2
above its ‘resting’ level and also in so-called blood oxygen level dependent (BOLD) signals
(see e.g. Refs [63,64,66–71] and many others). The increase in blood flow and hence of
tissue oxygen availability can, however, be suppressed by blocking the production of the
vasodilator agent nitric oxide [63]. When neuronal–vascular coupling is so prevented, the
stimulus-induced PO2 decrease (‘dip’) is enhanced and prolonged, resembling in vitro
conditions [59]. In the case of SD, hyperemia predominates while neurons are depolarized
but this is usually followed by prolonged hypo-perfusion [72–78]. The late hypo-perfusion
following SD can cause delayed reduction of NADH–NAD+ [44]. In the cortex of
anesthetized mice, the response varies among micro-domains, according to the distance from
capillaries [52].

In contrast to the intact brain, vascular responses are absent in brain slices, and oxygen
availability is diffusion limited. The gas phase of the tissue chamber (for interface slices)
usually contains 95% O2, resulting in a PO2 in the bathing fluid that is much higher than
physiological conditions in vivo. However, within a 350–450 μm thick tissue slice or 500–
600 μm thick neurohypophysis the distance for O2 diffusion is much greater than from
capillaries to neurons in gray matter in vivo, depressing the PO2 deep within the tissue
[9,59,79,80]. Additionally, in the absence of Hb, the amount of oxygen dissolved in an
aqueous solution at equal partial pressure is much lower than blood oxygen content.

A PO2 gradient exists within unstimulated tissue slices, declining from 500 mmHg at the
surface to less than 200 mmHg in the center of a slice [59]. The PO2 measured with similar
polarographic microelectrodes or electron paramagnetic resonance in cerebral cortex in vivo
varied between 15 and 80 mmHg when blood oxygen level was normal [79,81,82]. During
excitation in hippocampal tissue slices, rapid uptake of O2 into mitochondria results in a
profound decrease in local tissue PO2 (Figure 4) [59]. In relating PO2 microelectrode
recordings to NADH autofluorescence one must ask whether the two signals originate from
comparable components in the tissue. The depth from which fluorescence of ultraviolet
excitation light can be collected has been variously estimated to be effective within 0.4 to
1.2 mm from the surface (refer to Refs [3,13,83]). The signal decreases with distance. For
the trials shown in Figure 4, the O2 electrode was inserted to a depth of ∼280 μm. At a more
superficial depth of 110 μm, the pre-stimulus baseline PO2 was higher but the stimulus-
induced PO2 change was similar to the one recorded deeper [59]. The PO2 signal was
therefore well within the layers of origin of the NADH autofluorescence. It should also be
remembered that the excitation light for FAD is of a longer wavelength than the ultraviolet
light required for NADH excitation, hence it penetrates deeper, yet it shows oxidation–
reduction responses comparable to NADH.

It therefore appears that local oxygen availability becomes low in vitro during and after
stimulation (although not necessarily ‘hypoxic’ – see Discussion), compared with the excess
of oxygen supply in vivo. In the intact brain during hypoxia, reduction replaces the normal
oxidation. Similarly, lowering the ambient oxygen concentration in tissue slices augmented
the reduction phase (Figure 4) [59]. Also, the amplitude of the reduction phase in
neurosecretory terminals in vitro was significantly lower in the presence of 95% oxygen
than in room air [60] indicating that local oxygen availability can modulate the NADH
signal.

During stimulation of blood-perfused brain tissue, the rise in PO2 begins at a time
comparable to the onset of local oxygen decrease in isolated brain tissue preparations,
regardless of the PO2 level that prevailed before the stimulus (Figure 4). Correspondingly, in
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intact brain the oxidation of metabolic cofactors persists, whereas in vitro the redox signals
convert to a reduction. The differences in local oxygen availability can thus account for the
consistently observed differences in the sequence of redox responses.

Discussion and conclusions
During intense neuronal activity, increased energy demand stimulates both the reduction of
oxygen to water and the generation of reduced cofactors such as NADH in glycolysis, in
addition to NADH and FADH2 in the TCA cycle. But at the same time, as the production of
ATP in the electron transport chain accelerates, excess NADH and FADH2 are oxidized to
NAD+ and to FAD (Figure 1). Both Ca2+ influx and increase in ADP are important
mediators of enhanced ATP production and of TCA cycle activation [2,14,57,60,84].

The autofluorescence of NADH and FAD is related to the (weighted) average redox levels
of these compounds in the cell. The rate at which ATP is being produced does not depend on
the average redox level of metabolic cofactors, but on the net flux and turnover of reducing
equivalents in the electron transport chain. The rates of both oxidation and reduction
accelerate the demand for metabolic energy increases, but the rates are, apparently, not
exactly balanced. If NADH and FADH2 utilization in the electron chain lead while
dehydrogenase and TCA cycle stimulation follow, a temporary imbalance of the redox ratios
occurs, resulting in the observed initial oxidation. Fast Ca2+ influx stimulates the
mitochondrial electron transport chain [25,56,57,60], which can account for the rapid shift in
the direction of oxidation. Preponderance of oxidation can be maintained as long as oxygen
supply remains abundant. When O2 availability decreases, more reducing equivalents
accumulate at the other end of the reaction chain so that average redox levels become more
reduced. Yet the gradient required for electron transport and ATP production can remain
adequate even if the O2 level in the extracellular fluid decreases below the ‘resting’ baseline
level. It is not the external concentration (or partial pressure) that is critical [21], but the
flow of O2 from the extracellular phase to the inner mitochondrial membrane. Pathological
hypoxia arises only if the turnover of the metabolic cofactors in energy-generating metabolic
processes becomes insufficient.

In summary, the metabolic pathways involved in the turnover of metabolic cofactors during
neuronal activation are similar for both in vitro and in vivo preparations. Therefore, findings
from both preparations reflect oxidative metabolism and neuronal activity. Advantages of
the in vitro preparations include the ability to both monitor and directly manipulate the
biochemistry and physiology of the tissue, and the exclusion of the effects of vascular
reactivity. However, during synaptic stimulation in vitro, the local tissue PO2 diminishes,
advancing the onset and amplitude of the reduction phase. O2 decreases in vitro at the time
when the vascular response would normally augment the oxygen availability in the intact
brain. Therefore, we propose that differences observed in the changes of NADH and FAD
redox levels between intact brain and in vitro preparations arise from the differences in
oxygen diffusion and local mitochondrial oxygen availability.
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Figure 1.
Simplified diagram of sites of reduction and oxidation in energy metabolism. NADH and
FADH2 are generated during glycolysis and in the TCA cycle. NADH is oxidized at
complex I of the electron transport train. FAD is reduced in the TCA cycle and oxidized by
complex II. Molecular oxygen is reduced to H2O by complex IV (cytochrome a,a3).
Abbreviation: cyt. a,a3, cytochrome a,a3.
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Figure 2.
NADH fluorescence recorded in vivo in anesthetized cat neocortex decreases in response to
electrical stimulation and during seizure discharge, signaling oxidation. (a) NADH
fluorescence corrected for changes in reflectance, and voltage of K+-selective electrode.
Each trace is the average of eight responses to 3 s stimulus trains. The fluorescence decrease
is delayed relative to the increase in [K+]o. (b) The three-way correlation of the maximal
amplitudes of the fluorescence decrease, the peak extracellular potassium concentration
([K+]o) and the negative DC potential shift (Vo). The stimulus intensities and train durations
were varied for each point in the graph. Each point represents a single response, all from one
cortical site. (c) Corrected NADH fluorescence, Vo shift and K+-selective electrode
potential during a seizure induced by i.v. administration of pentylenetetrazol (PTZ). The
original experiments shown were performed in the laboratory of our late colleague, Frans
Jöbsis, to whose memory this article is dedicated. Modified, with permission, from Ref.
[15].
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Figure 3.
Changes in NAD(P)H fluorescence, extracellular potassium and DC field potential, during
low Mg2+-induced epileptiform activity in a hippocampal slice under interface conditions.
Note the short NAD(P)H oxidation and prolonged reduction during each burst of seizure-
like discharge. Abbreviation: f.p., field potential. Adapted, with permission, from Ref. [13].
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Figure 4.
Partial pressure of oxygen (PO2) and change in NADH fluorescence induced by electrical
stimulation in a hippocampal tissue slice at different ambient oxygen levels. (a) PO2
recorded by micro-polarography at ∼260 μm depth in stratum radiatum in the CA1 region.
Stimulation of Schaffer bundle by eight consecutive 30 s trains is indicated by short bars
above traces. Oxygen fraction in gas phase was decreased in steps between stimulations. (b)
NADH fluorescence responses in the same region of the same slice as in (a). Initially NADH
responses are biphasic indicating oxidation-reduction sequence but, as ambient O2 levels are
decreased, the oxidation is suppressed and the reduction enhanced. The asterisk marks the
onset of hypoxic spreading depression. (c) and (d) are superimposed, expanded versions of
the 1st and 7th responses in (a) and (b) [identified by rectangles in (b)]. Modified, with
permission, from Ref. [59].
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