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Abstract

Synaptic train stimulation (10 Hz x 25 s) in hippocampal slices results in a biphasic response of
NAD(P)H fluorescence indicating a transient oxidation followed by a prolonged reduction. The
response is accompanied by a transient tissue PO, decrease indicating enhanced oxygen
utilization. The activation of mitochondrial metabolism and/or glycolysis may contribute to the
secondary NAD(P)H peak. We investigated whether extracellular lactate uptake via
monocarboxylate transporters (MCTSs) contributes to the generation of the NAD(P)H response
during neuronal activation. We measured the effect of lactate uptake inhibition [using the MCT
inhibitor a-cyano-4-hydroxycinnamate (4-CIN)] on the NAD(P)H biphasic response, tissue PO,
response, and field excitatory post-synaptic potential in hippocampal slices during synaptic
stimulation in area CAL (stratum radiatum). The application of 4-CIN (150-250 pmol/L)
significantly decreased the reduction phase of the NAD(P)H response. When slices were
supplemented with 20 mmol/L lactate in 150-250 pmol/L 4-CIN, the secondary NAD(P)H peak
was restored; whereas 20 mmol/L pyruvate supplementation did not produce a recovery.
Similarly, the tissue PO, response was decreased by MCT inhibition; 20 mmol/L lactate restored
this response to control levels at all 4-CIN concentrations. These results indicate that lactate
uptake via MCTs contributes significantly to energy metabolism in brain tissue and to the
generation of the delayed NAD(P)H peak after synaptic stimulation.

Keywords
hypoglycemia; mitochondria; monocarboxylate transporters; a.-cyano-4-hydroxycinnamate

NAD(P)* is fluorescent in its reduced form (NAD(P)H) when excited by UV light at 360 nm
(Aubin 1979). Studying changes in NAD(P)H fluorescence in brain tissue allows for real
time monitoring of mitochondrial oxidative metabolism (Kann et a/. 2003; Foster et al.
2005), as well as CNS activity (Mironov and Richter 2001). In hippocampal slices brief
synaptic stimulation of the Shaffer collaterals in the CAL region results in a rapid decrease
in NAD(P)H fluorescence followed by a prolonged NAD(P)H fluorescence elevation
(Schuchmann et al. 2001; Shuttleworth et a/. 2003). This stimulus-induced NAD(P)H
biphasic change has been described in the brain slice preparation of the hippocampus
(Shuttleworth et al. 2003; Foster et al. 2005), the cerebral cortex (Lipton 1973), and the
brainstem (Mironov and Richter 2001).
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The application of both a-amino-3-hydroxy-5-methylis-oxazole-4-propionic acid (AMPA)
and NMDA glutamate receptor inhibitors prior to synaptic stimulation dramatically
decreased both components of the response (Shuttleworth et a/. 2003; Brennan et al. 2006).
These results suggest that the NAD(P)H signal depends upon neuronal post-synaptic
ionotropic glutamate receptor activation (Shuttleworth et a/. 2003). However, results from
other studies have suggested that the signal may depend on metabolic neuron—glia
interactions mediated by glutamate (Poitry ef al. 2000; Kasischke et al. 2004).

Several investigators have proposed that the initial decrease in NAD(P)H following synaptic
stimulation is due to mitochondrial oxidation of NAD(P)H to NAD(P)* and that this process
occurs predominantly in neurons (Shuttleworth et a/. 2003; Kasischke et al. 2004; Foster et
al. 2005). Neuronal depolarization because of synaptic stimulation (Schuchmann et a/. 2001)
or glutamate application (Shuttleworth et a/. 2003) results in rapid oxygen utilization (Foster
et al. 2005) and the oxidation of reduced cofactors such as NAD(P)H and FADH in the
electron transport chain to produce ATP.

However, the cellular mechanisms that may contribute to the secondary increase of
NAD(P)H fluorescence are still controversial. Imaging studies, using dissociated dorsal root
ganglion neurons (Duchen 1992) and organotypic hippocampal slice cultures double labeled
with cytosolic and mitochondrial Ca2* indicators (Kann et a/. 2003), have revealed that the
NAD(P)H overshoot is correlated with an increase in mitochondrial Ca2* accumulation
during stimulation (which was decreased in the absence of Ca?*) (Duchen 1992; Kann et a/.
2003). The authors have proposed that mitochondrial Ca2* accumulation, as a result of
neuronal depolarization, leads to the activation of Ca2*-dependent dehydrogenases in the
tricarboxylic acid (TCA) cycle and a subsequent NAD(P)H increase (Duchen 1992; Kann et
al. 2003). In contrast, data from a study using multiphoton microscopy and spatial three-
dimensional processing in the acute hippocampal slice suggested that the reduction phase of
the NAD(P)H response occurs primarily in astrocytes (Kasischke et al. 2004). These authors
proposed that the activation of astrocytic glycolysis after neuronal stimulation is responsible
for the net production of NAD(P)H prior to the conversion of pyruvate to lactate (in which
NAD(P)H is oxidized NAD(P)*).

Both glutamate application and intense neuronal activation promote glycolytic lactate
release from the glia, which can be taken up by neurons via specialized monocarboxylate
transporters (MCTs) (Elekes et al. 1996; Schurr et al. 1999a; Pellerin and Magistretti 2003).
Lactate can be used as an energy substrate and can support neuronal activity during or after
substrate deprivation (Schurr e al. 1988; Sakurai et al. 2002; Schurr 2006) or during intense
neuronal activation (Schurr ef al. 1999b) because it can be rapidly converted into pyruvate
by lactate dehydrogenase (LDH) without requiring ATP. As lactate can be an effective
energy source for neurons, we hypothesize that lactate uptake and metabolism contribute to
the NAD(P)H response following neuronal stimulation.

In order to investigate whether cellular lactate uptake is important for the secondary
NAD(P)H peak, we have monitored the effect of MCT blocker a.-cyano-4-hydroxy-
cinnamate (4-CIN) on NAD(P)H fluorescence changes, tissue oxygen levels, and field
excitatory post-synaptic potential (FEPSP) following synaptic stimulation in hippocampal
slices. Our studies indicate that blocking lactate uptake with 4-CIN (150-250 pmol/L)
significantly decreases the reduction phase of the NAD(P)H response after synaptic
stimulation, without affecting the early NAD(P)H oxidation phase, indicating that lactate
uptake into neurons via MCT may play an important role in this phase of the NAD(P)H
signal. In addition, our data support the hypothesis that lactate uptake from an extracellular
pool provides a rapid pathway for pyruvate and NAD(P)H generation for oxidative
metabolism after neuronal stimulation.
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Materials and methods

Tissue slice preparation

Hippocampal tissue slices were prepared from male Fischer 344 rats (75-150 g; Harlan,
Indianapolis, IN, USA). All animal use was approved by the Duke University Animal Care
and Use Committee. The rats were anesthetized with halothane (Abbott Laboratories, North
Chicago, IL, USA) in an anesthesia induction chamber until respirations ceased. The rat was
decapitated and the brain was removed from the skull and placed in ice-cold artificial CSF
(ACSF) oxygenated with 95% O,/5% CO, for 2 min. The ACSF solution consisted of (in
mmol/L): NaCl 124, KCI 3.0, NaH,PO,4 1.25, NaHCO3 24, CaCl, 2.00, MgSQ4 2.00, and
dextrose 10, pH 7.4. The hippocampus was rapidly dissected and transverse slices (400 pm)
were cut on a manual tissue chopper. Slices were transferred immediately to an oxygenated
holding chamber maintained at 22°C, and allowed to recover for 2 h. Slices were then
transferred to a recording chamber and submerged (~1 mm) in ACSF buffer which was
continuously perfused (1.5 mL/min) and aerated with 95% O,-5% CO, (Fayuk et a/. 2002).
The temperature in the chamber was kept at 36.5—-37°C for all experimental conditions.

Synaptic stimulation

The Shaffer collateral/commissural pathway was stimulated with a bipolar electrode situated
in the stratum radiatum of the CA1 hippocampal region. Stimulus current was adjusted using
single pulses (100 ps 0.1-0.3 Hz) to produce a fEPSP of nearly 50% of maximal amplitude.
fEPSPs were recorded using glass microelectrodes filled with 0.2 mol/L NaCl (4-8 mQ)
placed in the stratum radiatum. An extended synaptic stimulation was used to generate the
NAD(P)H biphasic response which consisted of a 25 s stimulus train (100 s pulses at 10
Hz) at the same amplitude.

To investigate the relative contribution of various metabolic pathways to the NAD(P)H
biphasic response hippocampal slices were exposed to pharmacological manipulation or
modified buffers. A stimulus train under control conditions (i.e. ACSF containing 10 mmol/
L glucose) was performed in each slice prior to pharmacological manipulation.

To assess the role of lactate uptake in regard to the NAD(P)H signals, we added the MCT
competitive antagonist 4-CIN (Halestrap et al. 1974; Broer et al. 1997, 1999) (Sigma, St
Louis, MO, USA). Lactate (20 mmol/L) or pyruvate (20 mmol/L) (Sigma) was added to the
ACSF in the presence of 4-CIN or during hypoglycemia (20 mmol/L of lactate or pyruvate
is an equicaloric concentration of glucose 10 mmol/L). In these experiments, the
concentration of NaCl was adjusted to maintain osmolarity. In addition, during any
pharmacological manipulation the pH of each solution was monitored and adjusted to pH
7.4 when necessary.

lonotropic and metabotropic glutamate receptor antagonists were used in a separate series of
experiments. The NMDA receptor antagonist D-(-)-2-amino-5-phosphonopentanoic (APV)
acid (100 wmol/L) was applied with kainate/ AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (50 wmol/L) to block ionotropic glutamate receptors. A
combination of (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA) (100 wmol/L) and (RS)-1-
amino-5-phosphonoindan-1-carboxylic acid (APICA) (50 (imol/L) was used to block group
I and Il metabotropic glutamate receptors; while (RS)-a-methylserine-o-phosphate (MSOP)
(100 pwmol/L) was used to block Group 111 metabotropic glutamate receptors (Tocris, St
Louis, MO, USA).

J Neurochem. Author manuscript; available in PMC 2012 May 01.
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NAD(P)H fluorescence imaging

Changes in NAD(P)H fluorescence in hippocampal slices were monitored using a 290-370
nm excitation filter and a 420 nm long pass filter for the emission (Omega Optical,
Brattleboro, VT, USA) as previously described by our laboratory (Foster et al. 2005). The
light source was a Lambda DG-4 (Sutter Instruments, Novato, CA, USA) equipped with a
stabilized xenon arc lamp. Slices were epiilluminated with an incident angle of 45° and
imaged through a Nikon upright microscope (UM-2) with a compound lens (4%, NA 0.13)
(Nikon Inc., Melville, NY, USA). Slices were imaged using a linear, cooled 12-bit CCD
camera (Cooke Instruments Sensicam QE, Auburn Hills, MI, USA) with 1280 x 1040 digital
spatial resolution. Because of the low level of fluorescence emission for this fluorophore,
NAD(P)H images were acquired every 5 s as 8 x 8 binned images (effective spatial
resolution is 160 x 130 pixels). These imaging specifications resulted in stable digital
images with high-quality signal/noise ratios, as well as shorter exposure time (~300 ms) to
avoid tissue damage. The images were stored on a computer as 12-bit files (4096 intensity
level). Each binned pixel corresponded to a slice region of 144 um?2. Only those slices with a
stable baseline, < 5% NAD(P)H fluorescence change in the initial baseline period (10 min),
and a fluorescence intensity between 1000 and 2000 optical density levels, were used for
data analysis. Changes in NAD(P)H were expressed as the percentage changes in
fluorescence over the baseline [(A A F) x 100].

When slices were incubated with either 4-CIN or low glucose (2.5 mmol/L), there was a
decline in the NAD(P)H baseline fluorescence over time that was steeper than control slices.
The decline of baseline fluorescence over a period of 15 min was 7% in control slices and
~12%, 14%, and 25% in the presence of 150, 250, and 500 pwmol/L 4-CIN, respectively.
This decline was probably related to a decrease in the NADH/NAD™ ratio, as previously
observed by other investigators after variation of substrate availability or hypoglycemia
(Garofalo et al. 1988; Scholz et al. 1995). As the decline in NAD(P)H fluorescence was
reversible after the slices were returned to the control buffer it is unlikely that it represents a
loss of the total NAD(P)H pool. The slow decrease of fluorescence was corrected using a
curve fitting program and linear regression (Prism; Graph Pad, San Diego, CA, USA). Data
were analyzed for statistical significance using anova followed by Tukey's multicomparison
test and are shown as mean + SEM.

Oxygen recording

A Clark-style oxygen microelectrode (737gc, tip diameter 10 um; Diamond General, Ann
Arbor, MI, USA) was used to measure brain tissue PO, (Foster et al. 2005). The electrode
consisted of a glass-insulated Ag/AgCl reference anode with guard cathode. The electrode
was connected to a polarographic amplifier (Chemical Microsensor Il; Diamond General)
and the cathode (noble metal type) was polarized at -800 mV in normal saline at 36°C for
up to 12 h before use. A two-point calibration (in mA) was performed following polarization
by inserting the electrode in normal saline solution (at 36°C) equilibrated with either 95%
0,-5% CO5 or 95% N,-5% CO,—0% O, (medical grade).

Calibrations were repeated after every slice to determine the PO, values, calibrated to
mmHg. Electrode drift was generally linear over the course of an experiment. The ampere
values obtained from the two calibration points in 95% and 0% O during an experiment
varied by 3.7 £ 2.7% and 8.8 + 7.4% h~1, respectively. Following calibration, the oxygen
electrode was positioned in the stratum radiatum in proximity to the recording electrode and
was then manually lowered into the tissue at 50 m intervals using a micrometer to a depth
at which the PO, was at the minimum (nadir) (Foster et a/. 2005). The amplitude of the PO,
transient as a result of synaptic stimulation was calculated by the equation: APO; =

[POZ (baseline) — PO, (stim)]-

J Neurochem. Author manuscript; available in PMC 2012 May 01.
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Results

Synaptic stimulation and effect of glutamate receptor antagonists

The stimulation of Schaffer collaterals (10 Hz, 25 s, ~50% of the maximum fEPSP) resulted
in a reproducible NAD(P)H biphasic response, recorded in stratum radiatum of the CA1
region (Fig. 1a). This response consisted of an initial decrease of NAD(P)H
autofluorescence intensity which peaked within ~10 s (representing the NAD(P)H oxidation
phase). This phase was immediately followed by a NAD(P)H fluorescence increase beyond
baseline which peaked at ~45 s and is indicative of an increase in the reduced state of the
pyridine nucleotide (reduction phase) (Schuchmann et a/. 2001) (Fig. 1b). The typical
control values in the stratum radiatum for the oxidation and reduction phases were —-3.1 +
0.3% and 3.8 + 0.2%, respectively (n=43).

Previous studies have demonstrated that the NAD(P)H biphasic response following
extended train stimulation is dependent on post-synaptic ionotropic glutamate receptor
activation (Shuttleworth et a/. 2003). However, the degree of sensitivity to glutamate
receptor antagonists varies depending on both the specific type of glutamate receptor
antagonist applied and the duration and intensity of the stimulation (Shuttleworth et a/.
2003; Kasischke er al. 2004; Brennan et al. 2006). Therefore, we tested the sensitivity of the
NAD(P)H biphasic response to the application of ionotropic glutamate receptor antagonists
under our experimental conditions. Consistent with previous studies we have found that both
phases of the response are significantly reduced after the application of NMDA and AMPA/
kainate receptor antagonists. The application of APV (50 pwmol/L) in combination with
CNQX (50 wmol/L) significantly attenuated both phases of the NAD(P)H biphasic response
to synaptic stimulation [oxidation phase —2.8 + 0.3% for control vs. —0.39 + 0.1% (APV +
CNQX); n=8, ***p < 0.001; reduction phase 3.73 £ 0.3% for control vs. 0.36 + 0.14%
(APV + CNQX); n= 8, ***p< 0.001 by ANOVA and Tukey's multicomparison test). In
contrast, the application of metabotropic glutamate receptor antagonist AIDA/RS-APICA or
MSOP did not affect the NAD(P)H response [oxidation phase —2.8 + 0.3% for control vs.
-3.13+0.7% (AIDA/RS-APICA); n=3, p>0.05; -2.7. £ 0.35% (MSOP); n=4, p> 0.05;
reduction phase 3.73 £ 0.3% for control vs. 1.88 + 0.16 (AIDA/RS-APICA); n= 3, p>0.05;
3.03. £0.51% (MSOP); n=4, p> 0.05 by anova and Tukey's multicomparison test].

Effect of monocarboxylate transport inhibitor 4-CIN on the NAD(P)H biphasic response

During intense stimulation in the brain, it is possible that in addition to glucose uptake cells
may also take up lactate from the extracellular pool and use it as an energy substrate (Schurr
et al. 1988; Pellerin and Magistretti 2003). To investigate the contribution of lactate uptake
to the NAD(P)H biphasic response we measured the effect of different concentrations of the
MCT inhibitor 4-CIN on the amplitude of the NAD(P)H biphasic fluorescence response.
This inhibitor has been shown to block the uptake of lactate in hippocampal slices (Schurr et
al. 1997, 1999a), but not the extrusion of lactate from glia (Volk et al. 1997). We perfused
hippocampal slices with ACSF containing 4-CIN for 15 min prior to the synaptic
stimulation. In the presence of 150 pmol/L 4-CIN the amplitude of the NAD(P)H overshoot
was significantly reduced (Fig. 1c) by ~70% (3.8 £ 0.2% for control, 7=43,vs. 1.29 +
0.22% for 4-CIN 150 wmol/L, n= 6). When we raised the concentration of 4-CIN to 250
pwmol/L the reduction phase of the NAD(P)H response was completely suppressed (Fig. 2a).
In contrast, the oxidation phase was not significantly affected by 4-CIN at these
concentrations (—3.06 + 0.17% for control, 7= 43, vs. =3.785 = 0.75% for 150 wmol/L 4-
CIN, n=6, and —2.32 % 0.4% for 250 mol/L 4-CIN, 7= 6; NS). In some cases, after the
application of 150-250 pmol/L 4-CIN the NAD(P)H oxidation phase was a little bit larger
and/or longer lasting (Figs 2a and 3), although these changes did not reach significance; this
trend might be because of the oxidation phase not being masked by the appearance of the
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large NAD(P)H overshoot (Shuttleworth et al. 2003). When the concentration of 4-CIN was
raised to 500 pmol/L we observed a significant decrease of the oxidation phase by ~75%.
The effects of different 4-CIN concentrations, compared with their paired control, on the
biphasic response are summarized in Fig. 3.

Effect of monocarboxylate transport inhibition by 4-CIN on the tissue PO, response during
synaptic stimulation

The application of 4-CIN may result in a severe restriction of pyruvate availability and
uptake by mitochondria by both limiting the lactate transport at the plasma membrane and
blocking pyruvate uptake at mitochondrial MCT (Halestrap 1975; McKenna et al. 2001).
Therefore, we monitored the tissue PO, response in hippocampal slices to investigate the
effect of MCT inhibition by 4-CIN on oxygen consumption. Previous studies have shown
that synaptic stimulation induces a rapid intracellular (mitochondria) O, uptake, leading to a
transient decrease in PO,, and therefore a net decrease in extracellular oxygen levels (Foster
et al. 2005; Offenhauser ef al. 2005). In control slices, the tissue PO, decreased as soon as
the stimulation was initiated but, after the end of the stimulation PO, returned to baseline
levels within ~70 s (Fig. 2b). In the presence of 150 wmol/L 4-CIN we observed a similar
oxygen transient following the stimulus train, although compared with the control condition
there was a ~30% decrease of the tissue PO, response during synaptic stimulation. A similar
effect was observed in the presence 250 wmol/L 4-CIN. The higher concentration of 4-CIN
(500 pmol/L) led to a 70% reduction of the PO, transient (Fig. 4b). The effect of 4-CIN on
the oxygen transient was completely reversible and after 15 min washout the amplitude of
the tissue PO, response was restored to control levels (Fig. 4a). The application of 4-CIN for
15 min did not result in any significant changes in fEPSP amplitudes at any concentration
used in this study (105.5% + 1.8 for ACSF vs. 143.4% = 23.87 for 4-CIN 150 pmol/L,
112.8 +13.19 for 4-CIN 250 wmol/L, 87.69 + 12.68 for 4-CIN 500 wmol/L; 7= 5-16, p>
0.05 by ANOVA and Tukey's multicomparison test, fEPSP amplitudes in the presence of 4-
CIN are expressed as the % of baseline and compared with controls).

The effect of lactate supplementation on the NAD(P)H biphasic response in the presence

of 4-CIN

The previous experiments suggested that the reduction phase of the NAD(P)H response is
primarily dependent upon lactate uptake via MCT. Therefore, we tested whether lactate
supplementation could overcome the competitive block of 4-CIN at the cell membrane
transporters and restore the NAD(P)H overshoot. We first addressed the possibility that
lactate supplementation alone may increase the amplitude of the NAD(P)H biphasic
response and therefore allow the recovery of the response by a different mechanism. In
control experiments the addition of lactate (10 and 20 mmol/L) to the control buffer without
4-CIN did not have any significant effect on the amplitude of either phase of the NAD(P)H
biphasic response (Fig. 5a).

Lactate (20 mmol/L) was added to the ACSF buffer in the presence of various 4-CIN
concentrations for 10 min before the stimulus train (4-CIN was added 15 min before the
stimulus train). Lactate supplementation restored the reduction phase of the NAD(P)H
response to control levels in the presence of 150 wmol/L 4-CIN (3.8 = 0.2% for control, 7=
43, vs. 3.14 = 0.25% for 150 pmol/L 4-CIN + 20 mmol/L lactate, n=9) (Fig. 5a). In the
presence of 250 wmol/L 4-CIN, lactate supplementation also resulted in a partial but
significant recovery of the reduction phase (Figs 2a and 5a) (0.021 + 0.34% for 250 pmol/L
4-CIN, n=17, vs. 1.358 * 0.2% for 250 pmol/L 4-CIN + 20 mmol/L lactate, 7= 14). In the
presence of 500 wmol/L 4-CIN, the reduction phase did not recover with lactate
supplementation. However, the early NAD(P)H oxidation phase, which was significantly
decreased only with 500 wmol/L 4-CIN, recovered significantly with lactate
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supplementation (-0.75 £ 0.25% for 500 wmol/L 4-CIN, n=5, vs. —2.75 = 0.59% for 500
pmol/L 4-CIN + 20 mmol/L lactate, n= 4) (Fig. 6a).

To determine if the ability of lactate to restore the reduction phase of the NAD(P)H response
was exclusively because of an increase of intracellular pyruvate concentration, after LDH-
mediated conversion of lactate to pyruvate, we incubated hippocampal slices with pyruvate
(20 mmol/L) in the presence of 4-CIN. Unlike lactate, pyruvate supplementation did not
restore the reduction phase of the NAD(P)H response (0.021 £ 0.34% for 250 wmol/L 4-
CIN, n= 20, vs. =0.173 + 0.3% for 250 wmol/L 4-CIN + 20 mmol/L pyruvate, n=4; p>
0.05 by ANOVA and Tukey's multicomparison test). Interestingly, pyruvate
supplementation, similarly to lactate, did result in the recovery of the NAD(P)H oxidation
phase in the presence of 500 wmol/L 4-CIN (=0.75 £ 0.25% for 500 pmol/L 4-CIN, n=15,
vs. =3.72 + 0.43% for 500 pmol/L 4-CIN + 20 mmol/L pyruvate, n=4; **p < 0.01 by
ANOVA and Tukey's multicomparison test).

It is possible that incubation with 20 mmol/L lactate may result in a larger lactate uptake by
astroglial cells which express predominantly low affinity MCTs (MCT1 lactate Ky, 3.5-8
mmol/L) (Broer et al. 1997, 1999), MCT4 K, 35 mmol/L (Dimmer et al. 2000), compared
with neurons which express predominantly high affinity MCTs (MCT?2 lactate K, 0.7
mmol/L) (Broer et al. 1999). Although, lactate has been proposed to being oxidized
predominantly by neuronal cells (Bouzier et al. 2000; Itoh et al. 2003), a recent report has
indicated that glial cells may oxidize up to 50% of lactate available in the brain (Zielke et al.
2007).

Therefore, to identify if astrocytic oxidative metabolism is involved in the recovery of the
biphasic response (when slices are supplemented with either 20 mmol/L lactate or pyruvate)
we have also perfused hippocampal slices with acetate (20 mmol/L) in the presence of 500
pmol/L 4-CIN. Acetate is metabolized only by glia cells within the TCA cycle after
selective uptake (Waniewski and Martin 1998; Lebon et a/. 2002). Supplementation with
acetate did not restore the NAD(P)H oxidation phase in the presence of 500 wmol/L 4-CIN
(=0.75 + 0.25% for 500 pwmol/L 4-CIN, n=5, vs. —0.29 + 0.5 for 500 pmol/L 4-CIN + 20
mmol/L acetate, 7= 4; p= 0.05 by ANOVA and Tukey's multicomparison test), indicating
only a minor role for glial oxidative metabolism in these circumstances.

The effect of lactate supplementation on the tissue PO, response during synaptic
stimulation in the presence of 4-CIN

We have also determined the affect of lactate (20 mmol/L) supplementation on the tissue
PO, response simultaneously to the NAD(P)H signal. The application of lactate (20 mmol/
L) to control slices did not cause any significant changes to the amplitudes of the tissue PO,
response during synaptic stimulation (Fig. 5b). In contrast, in the presence of 4-CIN, the
application of lactate (20 mmol/L) restored the amplitudes of the tissue PO, response to
control levels. The effect of lactate on the PO, transient was similar in the presence of all 4-
CIN concentrations (Figs 2b and 6b).

Effect of hypoglycemia and lactate/pyruvate substitution on NAD(P)H biphasic response

Synaptic activity stimulates glucose uptake and glucose utilization by both neurons and
astrocytes (Sokoloff 1999). Therefore, we investigated the effect of hypoglycemia (2.5
mmol/L glucose) on the NAD(P)H biphasic response. We chose moderate hypoglycemia
because under these conditions the synaptic responses were maintained, although the
amplitude of the fEPSP was reduced by ~50% after 30 min (100% + 12.09 for 10 mmol/L
glucose vs. 50.71% % 5.78 for 2.5 mmol/L glucose; 7= 5, p> 0.05, t-test). In addition, the
amplitude of fEPSPs recovered completely when the slices were returned to 10 mmol/L
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glucose after 60 min of exposure to hypoglycemia. In contrast, when slices were perfused
with ACSF containing 0 mmol/L glucose (at ~37°C) we observed a rapid and complete loss
of the field potential (Sadgrove et a/. 2007), which was irreversible. Thirty min after
hippocampal slices were exposed to hypoglycemia (2.5 mmol/L glucose), there was a
significant decrease by 60% in the reduction phase of the NAD(P)H response while the
oxidation phase was not affected (Fig. 7).

We next evaluated whether the metabolic intermediates lactate or pyruvate were able to
restore the NAD(P)H biphasic response during hypoglycemia. Pyruvate supplementation (20
mmol/L) was unable to restore the reduction phase of the NAD(P)H response to synaptic
stimulation. However, lactate supplementation restored the reduction phase to control levels
(ACSF 3.18 £ 0.38%, n= 13, vs. 2.5 mmol/L glucose + lactate 3.268 + 0. 37%, 1= 4) (Fig.
7). In addition, lactate supplementation prevented the decrease of the fEPSP amplitude
during hypoglycemia (50.71% % 5.78 for 2.5 mmol/L glucose vs. 123.3% + 15.69 for 2.5
mmol/L glucose + 20 mmol/L lactate; 7= 5, *p < 0.05, £test).

Discussion

Optical imaging techniques used to monitor changes in NAD(P)H reflect real time changes
in brain cell metabolic state. However, various metabolic pathways may underlie the
biphasic NAD(P)H changes following intense brain stimulation (Shuttleworth et a/. 2003;
Kasischke et al. 2004; Brennan et al. 2006). In this study, we have investigated for the first
time the role of lactate uptake via MCT in the generation of the NAD(P)H biphasic response
and tissue PO response following synaptic stimulation.

In the present study, low concentrations of 4-CIN selectively suppressed the reduction phase
of the NAD(P)H response, whereas the NAD(P)H oxidative phase was not significantly
altered and fEPSPs were maintained. The MCT inhibitor 4-CIN has been shown to inhibit
cellular lactate uptake in various brain preparations (Phillis et a/. 2001) as demonstrated by
the increased lactate levels after the application of 4-CIN in cortical superfusate from 2 to 14
mg/dL (Phillis et a/. 2001) and in hippocampal slices after hypoxia (Schurr et al. 1997).
Therefore, it is likely that cellular lactate uptake from the extracellular space and subsequent
metabolism has a role in the generation of the NAD(P)H response.

a-Cyano-4-hydroxycinnamate is a competitive inhibitor of various MCT isoforms including
MCT1, MCT2, and MCT4, all of which have been described in the CNS (Bergersen et al.
2002). However, several studies have shown that 4-CIN is a more potent inhibitor of lactate
uptake via MCT2 (ICsq 24 umol/L) (Broer et al. 1999), expressed predominantly in neurons
(Pierre et al. 2000; Bergersen et al. 2001; Rafiki et al. 2003), than via MCT1 and MCT4
(ICs0 425 and 350 pwmol/L, respectively) (Broer et al. 1999; Dimmer et a/. 2000), expressed
predominantly in astroglia (Gerhart et al. 1997; Rafiki et al. 2003).

Therefore, we would expect that at the lower concentrations of 4-CIN (150-250 pmol/L) the
significant decrease of the reduction phase of the NAD(P)H response observed in our
experiments is due predominantly to the inhibition of lactate transport into neurons via
MCT?2, rather than in glia via MCT1 and MCT4. This is consistent with previous
observations suggesting that lactate transport and oxidation of exogenous lactate occurs
predominantly in neurons (Larrabee 1995; Bouzier et al. 2000; Pellerin and Magistretti
2003; Bouzier-Sore et al. 2006; Aubert et al. 2007). However, without the application of
detailed single cell imaging we cannot rule out that part of the signal may also originate
from astrocytes.

Mitochondrial NADH turnover in the electron transport chain is intimately related to oxygen
consumption. Therefore, we measured tissue PO, in order to elucidate the relationship
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between oxygen consumption, the NAD(P)H biphasic response, and the effect of MCT
inhibition by 4-CIN in brain tissue. Previous studies performed /7 vivo have detected an
early increase in oxygen utilization during neuronal activation using functional magnetic
resonance imaging (Malonek and Grinvald 1996; Grinvald et a/. 2000) and Clark-style
polaro-graphic oxygen microelectrode measurements (Thompson et a/. 2003; Offenhauser et
al. 2005).

Similarly, we have found that synaptic stimulation (95% ambient oxygen) caused a transient
decrease in PO, which is temporally correlated with the NAD(P)H oxidation phase (Foster
et al. 2005). At low concentrations of 4-CIN we have observed a 30% decrease in the tissue
oxygen uptake compared with control slices whereas the amplitude of the early NAD(P)H
decrease was not changed. In contrast, when we raised the concentration of 4-CIN to 500
pmol/L both the tissue PO, response and NAD(P)H oxidation phase were decreased by
70%.

Studies have shown that in isolated liver mitochondria 4-CIN is a powerful inhibitor of
mitochondrial pyruvate uptake (Halestrap et al. 1974; Halestrap and Denton 1975).
Therefore, it is possible that 4-CIN prevents pyruvate, originating from both glycolysis and
lactate metabolism, from being utilized in the mitochondria.

Interestingly, in our study, 4-CIN at low concentrations did not significantly affect the
NAD(P)H oxidation phase or the fEPSP. Our findings are consistent with previous studies
that have demonstrated that in acute hippocampal slices, in the presence of 500 pmol/L 4-
CIN plus 10 mmol/L glucose, both fEPSPs (Izumi et a/. 1997; Tanaka et al. 2004) and ATP
levels were maintained (Cox et al. 1985). From the results of these studies investigators have
concluded that when used in brain preparations the inhibition of mitochondrial pyruvate
uptake does not appear to be the primary effect of 4-CIN (Cater et a/. 2001; Ogawa et al.
2005). Moreover, bioradiography experiments in brain slices have shown that the
application of 500 pwmol/L 4-CIN did not affect mitochondrial aerobic metabolism in
neurons or astrocytes (Tanaka et al. 2004; Ogawa et al. 2005).

In a study using both neuronal and astrocytic cultures investigators found that 4-CIN
decreased the rate of both lactate and glucose oxidation (McKenna ef a/. 2001). However, in
neurons the rate of lactate oxidation was more potently suppressed than the rate of glucose
oxidation (to 12% and 42% of control values, respectively) by 250 wmol/L 4-CIN. These
data confirmed the preferential surface MCT2 antagonism of 4-CIN over the mitochondrial
pyruvate transporter in neurons (McKenna et al. 2001). Therefore, the inhibition of lactate
transport into neurons would be largely responsible for the effect of 4-CIN that we observed
on both the decrease of oxygen utilization and the decrease of the reduction phase of the
NAD(P)H response, especially at the lowest concentration of the inhibitor (150 pmol/L 4-
CIN).

The reduction phase of the NAD(P)H response was restored in the presence 20 mmol/L
lactate, probably because of the competition of added lactate with 4-CIN at the surface
MCT?2. The ability of lactate to overcome the block by 4-CIN at MCT was concentration
dependent, as the reduction phase of the NAD(P)H response recovered to 80% of control
with 150 pmol/L 4-CIN and 30% with 250 pmol/L 4-CIN. But, in the presence of higher
concentrations of 4-CIN (i.e. 500 wmol/L) 20 mmol/L lactate could not overcome the 4-CIN
block and there was no recovery of the NAD(P)H overshoot. In contrast, the amplitude of
tissue PO, response was restored to control levels by lactate supplementation at all 4-CIN
concentrations. Lactate supplementation also restored the NAD(P)H oxidation phase which
was suppressed by 500 wmol/L 4-CIN. Likewise, pyruvate supplementation restored the
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oxidation phase (500 wmol/L 4-CIN), but not the reduction phase, of the NAD(P)H
response.

Lactate can contribute significantly to the mitochondrial NADH pool by providing
additional pyruvate for the TCA cycle. In addition, the LDH-mediated conversion of lactate
to pyruvate provides reducing equivalents (cytosolic NADH) in the first step of its
metabolism. Because cytosolic NADH cannot directly enter the mitochondria, reducing
equivalents are transferred to the mitochondria via the malate—aspartate shuttle, which will
contribute to generation of NADH in the mitochondria (Wiesner ef al. 1988; McKenna et al.
2006). This last mechanism may explain the ability of lactate compared with pyruvate to
restore the reduction phase of the NAD(P)H response.

Because there is no dose-response relationship for the recovery of the tissue PO, response
and the NAD(P)H oxidation phase, we have considered the possibility that lactate (at high
concentrations) accumulates within cells by other mechanisms that are not sensitive to MCT
inhibition by 4-CIN. For example, lactate and pyruvate can enter cells by free diffusion of
the undissociated form, especially at high concentration of these monocarboxylates (Poole
and Halestrap 1993; Juel 1997). Hale-strap and collaborators reported a 4-CIN-insensitive
lactate influx in liver cell exposed to 10 mmol/L lactate; however, the rate of this flux was
slower than MCT-mediated transport (Edlund and Halestrap 1988; Poole and Halestrap
1993; Jackson and Halestrap 1996).

Therefore, the exposure to high extracellular lactate concentrations could have resulted
lactate accumulation in both neurons and glia, even in the presence of 500 pmol/L 4-CIN. A
high intracellular lactate/pyruvate ratio will drive the LDH reaction towards pyruvate
generation (Lipton 1973; O'Brien et al. 2007) which will enter the mitochondria,
determining the recovery of both the tissue PO, response and the early NAD(P)H oxidation
phase. This possibility is supported by the finding that direct pyruvate supplementation also
resulted in the recovery of the early oxidation phase at 500 wmol/L 4-CIN. Slow lactate or
pyruvate accumulation occurring with the supplementation in the presence of 500 wmol/L 4-
CIN likely supports a pool of mitochondrial metabolic intermediates, which are likely
utilized early during the train stimulation, fueling oxidative phosphorylation. However, it
seems that a rapid lactate transport via MCT2 (Poole and Halestrap 1993) is necessary for
the generation of the NAD(P)H overshoot.

Results from /n vivo studies using an enzyme-based lactate sensor (Hu et a/. 1997), proton
magnetic resonance spectroscopy (Mangia et a/. 2003), and mathematical modeling studies
(Aubert et al. 2007) have all indicated that there is increase of lactate uptake during intense
neuronal activity; however, the exact kinetic of lactate transport in relationship to the
NAD(P)H and PO, response remain to be established (Korf 2006).

Previous studies have suggested that brain activation stimulates glucose uptake and
glycolysis, both in neurons and astrocytes (Chih and Roberts 2003). Following moderate
hypoglycemia (i.e. 2.5 mmol/L glucose for 30 min) fEPSPs were partially depressed (50%)
(Kamal et al. 1999; Sakurai et al. 2002), and the NAD(P)H overshoot was significantly
decreased (Sadgrove et al. 2007). These results are in contrast to a recent study that found
that a short exposure to hypoglycemia (0 mmol/L, up to 17 min) with or without the
glycolysis inhibitors 2-deoxyglucose and iodoacetic acid did not affect the amplitude of the
NAD(P)H response (Brennan et al. 2006). However, the experimental conditions in this
study were different because the slices were maintained at 25°C and were supplemented
with pyruvate. In addition, the adenosine receptor antagonist 8-cyclopentyl-1,3-
dipropylxanthine was added to the solution to prevent adenosine induced loss of synaptic
transmission (Brennan et al. 2006). Energy deprivation as a result of hypoglycemia causes
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the breakdown of intracellular ATP, which may result in an increase of adenosine, and
therefore an inhibitory effect on synaptic transmission (Martin ef al. 1994). The loss of
synaptic transmission also causes inhibition of the NAD(P)H biphasic response (Brennan et
al. 2006). The hypoglycemia-induced loss of synaptic transmission is preventable, however,
with substrate substitution such as lactate (Fowler 1993) and pyruvate (Izumi ef a/. 1997).
Similar to the 4-CIN results, the NAD(P)H overshoot recovered with lactate but not
pyruvate supplementation.

Glucose utilization in neurons plays a critical role in supporting synaptic function and
mitochondrial oxidative metabolism demonstrated by the observation that in the presence of
4-CIN both fEPSPs and the NAD(P)H oxidative phase were maintained. Our findings also
indicate that lactate uptake from the extracellular pool and its metabolism significantly
contribute to the reduction phase of the NAD(P)H response and metabolic intermediates
from lactate metabolism are utilized by mitochondria for oxidative metabolism.

Several authors have also shown that 4-CIN has no effect on anaerobic glycolysis (Schurr et
al. 1997) and glucose uptake remains constant in the presence of 4-CIN in brain cellular
preparations /n vitro (McKenna et al. 2001) and in brain slices ex vivo (Ogawa et al. 2005).
Therefore, if an increase of glycolysis alone was responsible for the NAD(P)H overshoot,
we would have expected the NAD(P)H peak to be maintained as a result of the application
of 4-CIN rather than being suppressed. In the case of lactate supplementation (during either
4-CIN or hypoglycemia), the elevated intra-cellular lactate concentrations would
presumably slow the rate of glycolysis by end-product inhibition (Itoh et a/. 2003).

Although, the NAD(P)H signal does not mirror glucose uptake and astrocytic glycolysis
activation after neuronal stimulation, these processes are key events sustaining CNS
metabolism and may contribute to the delayed increase in extracellular lactate levels (De
Bruin et al. 1990; Fellows et al. 1993).
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Abbreviations used

4-CIN a-cyano-4-hydroxycinnamate

ACSF artificial CSF

AIDA (RS)-1-aminoindan-1,5-dicarboxylic acid

AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
APICA (RS)-1-amino-5-phosphonoindan-1-carboxylic acid
APV o-(-)-2-amino-5-phosphonopentanoic

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

fEPSP field excitatory post-synaptic potential

LDH lactate dehydrogenase

MCT monocarboxylate transporter

MSOP (RS)-a-methylserine-o-phosphate

TCA tricarboxylic acid
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Fig. 1.

Series of images taken before, during, and after the stimulus train. (a) Un-subtracted image
indicates the region of interest (ROI) within the stratum radiatum (SR) of the CA1 region.
The recording electrode is indicated by the white asterisk. Scale bar = 500 um. Note: The
ROl is situated between the stimulating and recording electrodes. Stratum pyramidale (SP)
and stratum oriens (SO) are also indicated. (b) Control: NAD(P)H biphasic response
consisted of a brief decrease in NAD(P)H fluorescence (oxidation phase) (10 s), followed by
a more prolonged NAD(P)H fluorescence increase (reduction phase) (45 s). (¢) a-Cyano-4-
hydroxycinnamate (4-CIN): Effect of monocarboxylate transporter inhibition by 4-CIN on
the NAD(P)H biphasic response. Slices were incubated with 4-CIN 15 min prior to the
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stimulus train. In the presence of monocarboxylate transporter blocker 4-CIN (150 pmol/L),

the early oxidation (10 s) was not affected, while the secondary NAD(P)H fluorescence peak
was significantly decreased (45-80 s).
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Fig. 2.

Representative traces showing changes in NAD(P)H fluorescence, tissue PO, and
excitatory post-synaptic potential (EPSP) amplitude after brief synaptic stimulation. Slices
were incubated with a-cyano-4-hydroxycinnamate (4-CIN; 15 min) with or without lactate
(10 min) prior to the stimulus train. (a) In the presence of 4-CIN (250 wmol/L) the late
NAD(P)H peak was reduced, but was restored by lactate supplementation. (b) The transient
decrease in tissue PO, occurring during the stimulus train was reduced by 30% with 4-CIN
and restored to control values by lactate supplementation. (c) 4-CIN and lactate did not
significantly affect field EPSP amplitude. [Correction added after online publication
(18/10/07): at the top of the figure 25 Hz was changed to 10 Hz].
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Fig. 3.

Monocarboxylate transport inhibition by a-cyano-4-hydroxycinnamate (4-CIN) results in
the decrease of the NAD(P)H biphasic response. Various concentrations of 4-CIN were
applied to the hippocampal slice for 15 min before the stimulus train. (a) Representative
traces of the NAD(P)H biphasic response before, during, and after the application of
monocarboxylate transporter inhibitor 4-CIN (250 pwmol/L). (b) The effect of 4-CIN on the
NAD(P)H biphasic response is concentration dependent. The application of 150-250 pmol/
L 4-CIN significantly decreased the reduction phase of the NAD(P)H response while the
oxidation phase was not affected. At higher concentrations (i.e. 500 pmol/L) both reduction
and oxidation were significantly decreased. Data are the mean + SEM of 5-18 slices/
condition. ***p < 0.001 and **p < 0.01 versus control (ANOVA and Tukey's
multicomparison test).
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Fig. 4.

Effect of monocarboxylate transporter inhibitor a-cyano-4-hy-droxycinnamate (4-CIN) on
the tissue PO, response. Various concentrations of 4-CIN were applied to the hippocampal
slice for 15 min before the stimulus train. Twenty minutes after 4-CIN was removed from
the perfusion buffer the stimulus train was repeated to demonstrate that the effect of 4-CIN
on the tissue PO, response was reversible. (a) Representative traces of the tissue PO,
response before, during, and after the application of monocarboxylate transporter inhibitor
4-CIN (250 pmol/L). In the presence of 4-CIN, the PO, tissue response during a stimulus
train is reduced. The arrows (V) indicate when the stimulus train started. (b) The effect of 4-
CIN, on the tissue PO, response, was concentration dependent. Data are the mean + SEM of
4-12 slices/condition. ***p < 0.001 and **p < 0.01 versus control (ANOVA and Tukey's
multicomparison test).
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Fig. 5.

Hippocampal slices were supplemented with lactate (10-20 mmol/L) 10 min before the
stimulus train (10 mmol/L glucose). Lactate supplementation alone did not change the
amplitude of the NAD(P)H biphasic response (a) or the amplitude of tissue PO, response
(b). Data are the mean = SEM of four to six slices, NS p> 0.05 (ANOVA and Tukey's
multicomparison test).
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Fig. 6.

Effect of lactate supplementation on the NAD(P)H biphasic response and the tissue PO,
response in the presence of a-cyano-4-hydroxycinnamate (4-CIN). After synaptic
stimulation hippocampal slices were supplemented with lactate (20 mmol/L) 10 min before
the stimulus train in the presence of monocarboxylate transporter inhibitor 4-CIN. (a)
Lactate restored the reduction phase of the NAD(P)H response in the presence of 4-CIN at
lower concentrations. The early NAD(P)H oxidation phase was decreased only in the
presence of 500 wmol/L 4-CIN and was restored to control levels by lactate
supplementation. Data are the mean + SEM of 5-35 slices. ***p < 0.001 versus control, Tp<
0.05 versus 4-CIN (avova and Tukey's multicomparison test). (b) Lactate supplementation
restored tissue PO, response to control levels at all 4-CIN concentrations. Data are the mean
+ SEM of 4-13 slices. **p< 0.01, ***p< 0.001 versus control, Tp< 0.05 versus 4-CIN
(anova and Tukey's multicomparison test).
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Fig. 7.

Effect of hypoglycemia and lactate/pyruvate substitution on the NAD(P)H biphasic
response. Slices were incubated with 2.5 mmol/L glucose for 30 min before the stimulus
train and were returned to 10 mmol/L glucose after 60 min of exposure to hypoglycemia. In
some cases, slices were supplemented with pyruvate or lactate (20 mmol/L) during
hypoglycemia. Data are the mean £ SEM of 4-13 slices. *p < 0.05 versus control (ANOVA
and Tukey's multicomparison test).
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