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Abstract

Interictal spikes, ictal responses, and status epilepticus are characteristic of abnormal neuronal 

activity in epilepsy. Since these events may involve different energy requirements, we evaluated 

metabolic function (assessed by simultaneous NADH and FAD imaging and tissue O2 recordings) 

in the immature, intact mouse hippocampus (P5-P7, in vitro) during spontaneous interictal spikes 

and ictal-like events (ILEs), induced by increased neuronal network excitability with either low 

Mg2+ media or decreased inhibition with bicuculline. In low Mg2+ medium NADH fluorescence 

showed a small decrease both during the interictal build-up leading to an ictal event and before 

ILE occurrences, but a large positive response during and after ILEs (up to 10% net change). 

Tissue O2 recordings (pO2) showed an oxygen dip (indicating oxygen consumption) coincident 

with each ILE at P5 and P7, closely matching an NADH fluorescence increase, indicating a large 

surge in oxidative metabolism. The ILE O2 dip was significantly larger at P7 as compared to P5 

suggesting a higher metabolic response at P7. After several ILEs at P7, continuous, low voltage 

activity (late recurrent discharges: LRDs) occurred. During LRDs, whilst the epileptiform activity 

was relatively small (low voltage synchronous activity) oxygen levels remained low and NADH 

fluorescence elevated, indicating persistent oxygen utilization and maintained high metabolic 

demand. In bicuculline, NADH fluorescence levels decreased prior to the onset of epileptiform 

activity, followed by a slow positive phase, which persisted during interictal responses. Metabolic 

responses can thus differentiate between interictal, ictal-like and persistent epileptiform activity 

resembling status epilepticus, and confirm that spreading depression did not occur. These results 

demonstrate clear translational value to the understanding of metabolic requirements during 

epileptic conditions.
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Introduction

Epileptogenic brain regions display altered metabolism associated with structural damage, 

cell loss, or changes in vascular supply (Pan et al. 2008, Alavi et al. 2011). The increased 

energy demand associated with ictal activity is usually matched with an appropriate 

metabolic response (Duffy et al. 1975, Chapman et al. 1977, Folbergrova et al. 1985). For 

example, fluorodeoxyglucose (FDG) PET scans in humans show basal hypometabolic 

regions between seizure events, which convert to hypermetabolic conditions during and after 

a seizure (Pan et al. 2008, Alavi et al. 2011). The metabolic demands associated with 

interictal and ictal epileptiform events can be estimated in animal models using fluorescent 

FAD+ or NADH metabolic recordings (O'Connor et al. 1972, Schuchmann et al. 1999, 

Kovacs et al. 2001, Heinemann et al. 2002, Heinemann et al. 2002, Kann et al. 2005) (Dora 

1983) (Cooper et al. 2009, Zhao et al. 2011)), or cytochrome analysis with oxygen 

recordings (Kreisman et al. 1983). Additionally, the spread of ictal events can be estimated 

with intrinsic optical signal changes associated with cell swelling (Holtkamp et al. 2011)). 

Thus, estimates of metabolic demand, particularly NADH/FAD+ imaging and tissue oxygen 

levels, may help differentiate epileptiform states in an exposed brain (i.e., surgical 

exposure), the counterpart of FDG and oxygen uptake PET scans in a closed preparation and 

under clinical conditions.

Whereas both cytosolic and mitochondrial pathways generate the critical metabolic co-factor 

NADH (nicotinamide adenine nucleotide), metabolic FADH2 pathways and O2 consumption 

primarily occur within mitochondria (Foster et al. 2005, McKenna et al. 2006, Shetty et al. 

2012). Fluorescence of either NADH (at 460 nm) (Aubin 1979, Kasischke et al. 2011) or 

FAD+ (at 515 nm) (Zhao et al. 2011) can be used to monitor energy metabolism (Foster et 

al. 2005, Galeffi et al. 2007, Galeffi et al. 2011). NADH fluorescence levels also indirectly 

reflect oxygen availability to a critical inflection point (near 7.5 mm Hg O2), below which 

most NAD+ is converted to NADH (Erecinska and Silver 2001, Galeffi et al. 2011, 

Kasischke et al. 2011). Hence, NADH imaging and direct O2 tissue levels together provide 

an integrated estimate of neuronal metabolism. For example, in in vitro brain preparations 

(i.e., with no circulatory perfusion or hemodynamic response but with constant oxygen 

diffusion into the tissue) increased oxygen demand in the tissue leads to a lowered oxygen 

tension (Foster et al. 2005, Galeffi et al. 2007, Galeffi et al. 2011). Conversely, if oxygen 

demand is reduced (i.e., from cell death), the tissue oxygen tension can rise above baseline 

tissue levels (Foster et al. 2005). Depending on oxygen availability, heightened oxygen 

demand and utilization may be associated with either an NADH fluorescence decrease (i.e., 

a decreased NADH/NAD+ ratio) or an increase (Turner et al. 2007, Galeffi et al. 2011, 

Shetty et al. 2014). Thus, tissue oxygen recordings in concert with NADH/FAD+ imaging 

can reveal the level of ongoing oxidative metabolism. However, the pattern of oxygen 

responses differs significantly between intact (Kreisman et al. 1981) and in vitro 
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preparations (Foster et al. 2005) because the delivery of oxygen is different (active transport 

by blood circulation vs passive diffusion from artificial cerebrospinal fluid, respectively).

Seizure-like events (SLEs) can be induced in vitro with a variety of procedures, including 

nominally zero Mg2+ conditions (Mody et al. 1987, Dreier and Heinemann 1991, Gloveli et 

al. 1995), GABA-A antagonists (Cooper et al. 2009), and voltage gated potassium channel 

blockers [ie, 4-aminopyridine] (Schuchmann et al. 1999, Kibler and Durand 2011). These 

models of epileptiform activity display interictal-like events (IEs), SLEs (Gloveli et al. 1995, 

Heinemann et al. 2002), and late recurrent discharges (LRDs) reminiscent of status 

epilepticus (Dreier and Heinemann 1991, Schuchmann et al. 1999). Such patterns are similar 

to those induced in vivo (Chapman et al. 1977, Dora 1983, Folbergrova et al. 1985). The 

intact, immature hippocampus (in vitro) also demonstrates IEs, SLEs and LRDs in zero 

Mg2+ conditions (Quilichini et al. 2002, Quilichini et al. 2003, Dzhala et al. 2010, 

Quilichini et al. 2012). Clarifying energy metabolism during these various activities may 

provide a framework for the design of treatments which could prevent seizure-induced 

damage (Chen et al. 2007). We have used the intact immature hippocampus preparation in 

vitro for these studies because it preserves the hippocampal circuitry compared to brain 

slices (Schwartzkroin 1986), whilst remaining easily amenable to imaging and 

electrophysiological recordings.

Our hypotheses center on metabolic conditions underlying these epileptiform events, 

particularly that metabolic differences in tissue maturity underlay the transition to late 

recurrent depolarizations (LRDs) in P7 (more mature) hippocampus, that LRD occurrence 

is a nonconvulsive status response rather than a spreading depression response, and that 

there are critical differences in the metabolic responses to bicuculline (with disinhibition) 

and low Mg2+ conditions (with enhanced excitatory drive, particularly NMDA-mediated). 

To assess these hypotheses we analyzed energy metabolism (assessed by NADH/FAD+ 

fluorescence and tissue oxygen levels) during epileptiform events induced in low Mg2+ 

conditions or following blockade of fast GABAergic transmission with bicuculline. We 

show that metabolic activity and a moderate decrease in NADH fluorescence can precede 

synchronous discharge, whereas a rise in NADH tissue fluorescence and significant oxygen 

utilization occur together during and after epileptiform events, indicating a high level of 

metabolic demand. Both IE and ILE activities are similar in zero Mg2+ and bicuculline 

conditions with only difference in the oxidative phase, indicating that neuronal synchrony 

leads to intense metabolic demand. However, during LRDs in zero Mg2+ conditions NADH 

tissue fluorescence and oxygen utilization are considerably increased, to maintain low 

voltage but highly synchronized electrical activity, consistent with nonconvulsive status 

epilepticus.

Experimental Procedures

Immature hippocampus in vitro preparation

All protocols were designed and approved according to INSERM and international 

guidelines for experimental animal care and use. Experiments were performed on intact 

hippocampi taken from FVB NG mice between postnatal (P) day 5 and 7 (P0 was day of 

birth) (Quilichini et al. 2002, Quilichini et al. 2012). The immature mice were decapitated 
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rapidly after being cooled on ice as a temporary anaesthesia. The brain was extracted from 

the skull and transferred to oxygenated (95% O2 / 5% CO2) ice cold (4°C) artificial 

cerebrospinal fluid (aCSF) containing (in mM): NaCl 126; KCl 3.5; CaCl2 2; MgCl2 1.3; 

NaHCO3 25; NaHPO4 1.2; glucose 10 (pH=7.3). After at least 2 hours incubation at room 

temperature in aCSF, hippocampi were transferred to the recording chamber. To ensure a 

high perfusion rate we used a closed circuit perfusion system with recycling: 250 ml of 

solution were used per hippocampus and per condition. The pH (7.3) and temperature 

(33°C) were controlled during all experiments.

Induction of epileptiform events

Bicuculline (10 μM) was added to the ACSF after a 30 min baseline period, which generated 

both spontaneous interictal and ictal-like epileptiform responses (Cooper et al. 2009). In 

contrast, low Mg2+ media (zero added Mg2+) leads to more prolonged periods of 

hyperexcitability (ie, 60-90 sec) (Mody et al. 1987, Dreier and Heinemann 1991, Gloveli et 

al. 1995). After 30 min baseline recording in Mg2+ containing aCSF solution, the media was 

switched to one without added Mg2+ ion. In this condition, the extracellular concentration 

of Mg2+ may be influenced by other constituents of the aCSF, possibly near 0.08 mM 

(Mody et al. 1987). Therefore, we use the term low-Mg2+ aCSF rather than zero-Mg2+ 

aCSF. Because Mg2+ is a biologically active molecule for both membrane stability and 

enzyme activation (Altura and Altura 1996), the bicuculline condition provides an 

alternative mechanism for studying epileptiform activity and neuronal synchronization.

Physiological monitoring

Extracellular glass electrodes were placed into the mid CA1 region in each hippocampus, 

filled with low Mg2+ aCSF. The intact immature hippocampi were positioned within the 

chamber so that the CA1 area was up and the DG region down; the CA1 area was superficial 

and accessible for the recording electrodes and imaging using either transmission or 

epifluorescence. Local field potentials (LFPs; either spontaneous or evoked) were amplified 

with DAM-80 differential amplifiers (WPI) for AC-coupled recordings and a 

MultiClamp700B amplifier for DC-coupled recording, then digitized with a Digidata 1200B 

(Axon Instruments, Molecular Devices), stored on the hard drive of the personal computer 

and analyzed using PClamp 8.2 software (Molecular Devices). The extracellular 

spontaneous field potential was observed for epileptiform events.

NADH/FAD+ fluorescence imaging

NADH autofluorescence for large-scale imaging was measured using UV light emitted by a 

300W pre-centered mercury lamp (Nikon Intensilight C-HGFI) passed through a fiber-optic 

cable and a 290-370 nm excitation filter. After trying several configurations of transmitted 

and refracted light angles a direct transmitted approach through the bottom of the tissue gave 

the best signal to noise ratio, with recordings from above the tissue using either a dissecting 

microscope or a lens mounted directly on the camera with the emission filter (long pass > 

420 nm), due to the large field size needed to monitor the whole hippocampi (∼ 12 mm). 

This transmitted approach effectively averaged the NADH signal across the entire tissue 

depth of the intact hippocampus (∼ 1 mm). The emitted light was captured using a linear, 

cooled 12 bit CCD camera (PCO VGA Sensicam, Germany) equipped with 420 nm long 
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pass filter (Omega Optical, Brattleboro, VT, USA). Images were acquired using standard 

Sensicam software or ImageJ (NIH, USA).

An upright microscope with 4× lens was used for oxygen recordings, focused on the CA1 

region, with NADH imaged using epifluorescence. FAD+ was imaged also in this 

configuration, using an excitation filter of 400-450 nm and a long-pass emission filter 

greater than 515 nm. The two approaches (ie, transmission fluorescence or epifluorescence) 

led to similar imaging responses, indicating that the CA1 area was the origin of the tissue 

responses.

To acquire short sequences (10-15 minutes) of rapid changes in NADH fluorescence we 

used 200 ms exposure time, 4Hz imaging interval, high illumination level, and 2×2 binning 

(with 2 ND neutral density filter). To acquire longer lasting (90-150 minutes) sequences of 

NADH fluorescence images we used 1600 ms exposure time, 0.5 Hz time lapse interval, no 

binning and low illumination (to avoid phototoxicity, 8 ND neutral density filter). Special 

attention was attributed to the evaluation and subtraction of the NADH signal base line, 

which could drift over time. For this purpose we used a 30 min recording of the base line 

activity in regular aCSF, which was later fit with an exponential decay function if the drift 

was greater than 10% in the 30 min period. This function was extrapolated to include the 

entire recording time and was then subtracted from each frame of the recording. Such fit and 

subtraction procedures were made for each hippocampus depending on the degree of NADH 

signal drift. The field of the camera was measured by imaging a micrometer, and each pixel 

varied from 11-24 μm, depending on the binning (the magnification was fixed): at 640×480 

(bin = 1) the pixel size was 11μm/pixel or 94pixels/mm, whereas for 320×240 (bin of 2) 

there were 24 μm/pixel or 41 pixels/mm.

In these immature hippocampi transmitted UV excitation light provided an excellent 

fluorescent signal, since the tissue is highly translucent. To determine quantitatively the 

relative penetration of the UV excitation light through the tissue (< 1 mm depth total) we 

tested the signal arising from a highly fluorescent, opaque fragment of filter paper in the 

chamber, placed either above an immature hippocampus (to measure the loss due to the UV 

light transmission through the tissue) or just above the cover slip without the tissue in place 

(as a control), both conditions with aCSF media present. This quantitative comparison 

indicated how much UV light penetrated the full thickness of the hippocampus to excite 

fluorescence within the opaque filter paper, which is a worst case scenario compared to the 

hippocampus, where much of the UV light will excite NADH in the interior of the 

hippocampus. The intensity of UV light reaching the fluorescent paper over the intact 

hippocampus (compared to the media alone) averaged 40% compared to no hippocampus 

present, indicating that there is relatively good penetration across the entire hippocampus.

Regions of interest were applied to the imaging and the 12-bit values were averaged within 

these regions, then plotted as a function of time and directly compared to the physiological 

recording, using differences from the baseline just prior to the event. The 12-bit NADH 

images were analyzed using ImageJ (NIH, USA) by the difference from a control ROI or 

image, to eliminate the variable baseline fluorescence and to emphasize dynamic changes. 

Example images show only changes from the control to highlight the responses.
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Oxygen recordings

Glass oxygen microelectrodes (10 μm, Unisense, Denmark) were calibrated and then placed 

superficially into the CA1 region of the middle of the immature hippocampus (ie, < 100 μm 

depth). Depth profiles (Foster et al. 2005, Hajos et al. 2009) were also performed to assess 

the basal level of oxygenation within the entire hippocampus, particularly the superficial 

CA1 region. Note that in this in vitro preparation the tissue oxygen levels are limited by 

diffusion, and enhanced local tissue metabolic activity leads to tissue (ie, extracellular) 

oxygen reduction, due to unchanged diffusion into the tissue combined with increased 

oxidative phosphorylation and uptake into cells (Foster et al. 2005). In contrast, if there is 

reduced tissue oxygen demand (i.e., due to neuronal damage or mitochondrial toxins such as 

oligomycin) then tissue oxygen levels increase (Erecinska and Silver 2001, Foster et al. 

2006).

Statistical analysis

During incubation in low Mg2+ ACSF (70 minutes), 3 to 12 ILEs could occur. Only the first 

three ILEs were used to evaluate ILE-related parameters. The normality of data groups was 

tested with Shapiro-Francia test. If the normality was confirmed then the statistical 

significance was checked with one or two sample t-tests, otherwise non-parametric tests 

were applied (Wilcoxon signed rank one sample test, Wilcoxon Mann Whitney for two 

samples). Results are expressed as mean values ± SEM for the normally distributed data and 

median ± SEM otherwise; n is number of events observed in N experiments. In the cases 

where neither mean value nor median were representative (ie, a nonhomogeneous 

distribution) data were showed as the range between the minimal to maximal (min-max) 

values.

Results

Metabolic activity associated with low Mg2+ conditions at P5

Figure 1 illustrates a typical physiological response of an intact hippocampus at P5 in low 

Mg2+ conditions (Quilichini et al. 2002, Quilichini et al. 2003, Derchansky et al. 2004, 

Derchansky et al. 2006, Dzhala et al. 2008, Dzhala et al. 2010, Quilichini et al. 2012). Fig. 

1A shows an example of a simultaneous recording of local field potentials (LFPs) (dark grey 

traces) and NADH fluorescence (black trace, from regions of interest as shown in Fig. 2). In 

11 out of 14 experiments, NADH fluorescence started to decline immediately after the 

change in aCSF, reaching -3.8 ± 0.6 % (N = 11, Fig. 1A, B; p < 0.001), suggesting enhanced 

oxidative metabolism with the onset of hyperexcitability. After the introduction of low 

Mg2+, IE started to appear (in 12 out of 14 experiments), before the first ILE (Fig. 1A c1 

mark; 1B detail).

In all preparations, there was a transition from IE activity to ILEs, which started with 

epileptiform spikes occurring at a high frequency, followed by individual bursts during the 

initial tonic-clonic and later clonic phase (Fig. 1, A, C1, C2). Both the initial ILE and 

subsequent events were accompanied by a rapid NADH fluorescence increase (5.6 ± 0.25 %; 

n = 42, p < 0.001) (Fig. 1A, B), which was preceded by a short (4.2 ± 0.4 s, n=35, p < 0.001) 

and sharp negative drop in NADH fluorescence (-0.77 ± 0.07 %, n=35, p < 0.05). In some 
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ILEs (7 of 42) this initial drop was not detectable due to the high level of pre-ictal activity 

and related ongoing NADH oxidation (example shown in Fig. 1, C1).

The onset of ILEs coincided with a large NADH fluorescence increase (time delay of 0.6 ± 

0.9 s, n=42, p=0.5) defined as 2% per 10 s rise of the fluorescence (Fig. 1C1, C2). The 

NADH rise duration averaged 55 ± 3 s, reaching its maximal value after the end of the last 

population spike of the ILE then declining immediately (Fig. 1C1, C2). NADH rise duration 

was not different from ILE mean duration (64 ± 3 s, p = 0.22; n=42), suggesting that a high 

rate of NADH increase persisted during ILEs. Thus, the initial metabolic oxidation (i.e., an 

NADH decrease) occurred during interictal spikes preceding ILE onset, whereas the NADH 

overshoot began only after ILE onset and persisted throughout ILE time course. 

Measurements made in DC mode with an additional electrode (in 5 out of 14 experiments) 

revealed a small negative shift (-0.26 ± 0.8 mV, p<0.01, n=15) of the LFP baseline during 

each ILE (Fig. 1C1, C2, on the bottom), as previously reported (Heinemann et al. 2002, Jirsa 

et al. 2014). The field potential returned to baseline level within 1-3 min after ILE offset. 

The progressive increase in background NADH levels after recurring ILEs (Fig. 1A, noted 

by c2 mark) suggests a slow increase in metabolic debt arising from a lack of complete 

recovery after each subsequent ILE, whereas individual ILEs show similar NADH imaging 

characteristics (i.e., amplitude and duration) over time. However, this is in contrast to the 

progressive loss or rundown of NADH responses occurring during multiple ILEs noted in 

hippocampal slice cultures exposed to similar low Mg2+ conditions [Fig. 3 - (Kovacs et al. 

2002)].

Figure 2 shows the detailed NADH fluorescent images from two ILEs during the experiment 

shown in Fig. 1; the left panel corresponds to the first ILE (Fig. 1Ac1, C1) and the right 

corresponds to the fifth ILE (Fig. 1Ac2, C2). The bottom graphs show the NADH response 

over time but with the time points of the specific images shown by tics. The control image is 

shown on the upper right, illustrating the single hippocampus in the chamber in a reference 

view; the other images are subtraction difference images, with medium gray as no change 

(the entire scale is ± 10%, with white representing +10% and black -10% difference). 

During the first ILE, NADH is slightly decreased at 34 sec (in the tip of the hippocampus) 

and then largely increased (white) starting at image 44 inside the darker oxidation. The other 

ILE (right panel) shows a more uniform pattern with only a fringe of net decrease but a 

prominent overshoot. The ILE responses on NADH imaging were stereotyped and very 

similar at both P5 and P7 to those shown. The imaging rate and slow NADH changes were 

insufficient to give further detail on the spread of the signal along the septo-temporal axis of 

each hippocampus. Additionally, the CA1 region is in the middle of the intact hippocampus, 

where the signal is brightest, and the CA3 region is on the tissue edge medially (to the right 

in Fig. 2), indicating that most of the NADH signal arises from the CA1 region.

Metabolic activity associated with status epilepticus-like activity at P7

Experiments performed on intact hippocampi from P7 mice showed that low Mg2+ aCSF 

triggered 2-5 large amplitude ILEs (Fig. 3A b1 mark, B1), followed by smaller amplitude 

ILEs (37 ± 2 % of the initial ILE mean amplitude; N=7; Fig. 3A b2 mark, B2). Eventually, 

the ILEs disappeared and small amplitude (50-400 μV) oscillations dominated, with a 
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frequency of 0.6-1.2 Hz (N=7, Fig. 3A, c1 mark, C1), similar to the late recurrent discharges 

(LRDs) recorded in both organotypic hippocampal slices and combined entorhinal-

hippocampal acute slices (Dreier and Heinemann 1991, Kovacs et al. 2002, Holtkamp et al. 

2011). This low voltage, persistent oscillation (Quilichini et al. 2002) persisted even after 

reverting to regular Mg2+ containing aCSF (Fig. 3A, c2 mark, C2). The recording in DC 

mode showed that, as for P5 hippocampi, each ILE was accompanied by a small, persistent 

negative shift (lower traces in Fig. 3 A, B1, B2) as previously reported (Heinemann et al. 

2002). The electrical base line behaviour was similar to that observed at P5 when the first 

ILEs occurred (-1.2 ± 0.2 mV transient negative shift; N = 18, p<0.001). But, in P7 

hippocampi, the extracellular shift became larger in amplitude (-2.2 ± 0.4 mV; N = 7, 

p<0.001) and persistent even during the last large amplitude ILE (Fig. 3A, b1 mark lower 

trace). As the DC shift persisted, ILE amplitude decreased (Fig. 3A b2 mark, B2,) and then 

LRDs emerged (Fig. 3C1, after Fig. 3A b2 mark). The DC shift did not fully recover (-2.2 ± 

0.4 mV more negative than at the beginning of the experiment; N=7, p<0.001) even after 

reverting to regular aCSF (Fig. 3A, C2). Thus, LRD occurrence led to an irreversible field 

potential baseline shift during the persistent epileptiform activity, even after removing the 

epileptogenic condition. This small DC shift occurs with ongoing electrical activity, is 

commonly noted with epileptiform events, likely due to synchrony amongst cell populations, 

and is much smaller than the DC shift heralding spreading depression (Hablitz and 

Heinemann 1989, Galeffi et al. 2011).

At this stage of development (P7), the transition to Mg2+ free solution led to an increased 

NADH background fluorescence level during the initial interictal spiking activity prior to 

ILE occurrence (Fig. 3A, b1 mark). Similar to what occurred at P5, each field potential 

change associated with an ILE occurrence coincided with a rapid increase in NADH signal 

(Fig. 3A, B1, B2), which peaked until the last population spike, before decreasing. The 

mean amplitude of the NADH fluorescence transient corresponding to the initial ILEs was 

6.29 ± 0.46 % (p<0.001, n=18). During subsequent ILEs, NADH increases were less 

pronounced (Fig. 3B2) as the DC shift was maintained, suggesting a saturation of the 

NADH response associated with the baseline change in extracellular field potential. Further 

ILEs also led to a gradual increase in baseline fluorescence, reaching a maximal value of 7.1 

± 2.5 % (N=7, p < 0.001) at the time of transition to LRD activity, but not in synchrony with 

the extracellular field, which showed a decrease at the time of LRD initiation. As in the case 

of P5 hippocampus, these NADH responses are very different than those observed in 

hippocampal slice cultures (Kovacs et al. 2002), which show a progressive decline of NADH 

transient responses with multiple ILE occurrence, particularly after 15 ILEs.

Thereafter, NADH fluorescence slowly decreased during LRD persistence (between Fig. 3A 

b2 and c1 marks), remained above baseline (3.7 ± 0.5 %; p<0.001, N=7), before declining to 

the initial level after reverting to regular aCSF (Fig. 3A c2 mark). After switching back to 

normal aCSF, LRDs increased in amplitude in 4/7 experiments (Fig. 3 C2 compared to C1, 

note the different scale). The NADH fluorescence responses suggest that at P7 the metabolic 

activity increased not only with each ILE occurrence but also was further enhanced during 

LRD initiation. However, the decrease in the NADH fluorescence during the LRD phase 
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suggested slow normalization of the metabolism over time in spite of persistent demand 

from the continuing abnormal, epileptiform activity.

Tissue oxygen recordings show persistent oxygen utilization during ILEs and LRDs

Although NADH fluorescence levels suggest enhanced oxygen utilization, in some 

situations increased NADH fluorescence follows a period of oxidative metabolism (as a 

recovery phase), and NADH fluorescence alone cannot indicate ongoing oxygen utilization 

(Galeffi et al. 2011). Therefore, we recorded tissue oxygen levels in the CA1 region at a 

depth of ∼ 100 μm (Fig. 4 blue traces) together with the field responses in DC mode (Fig. 4, 

black traces) to determine the underlying degree of tissue oxygen utilization (Foster et al. 

2005, Galeffi et al. 2011), comparing responses at P5 (upper panel) and P7 (lower panel). 

Oxygen levels directly parallel the NADH fluorescence responses shown above. 

Epileptiform activity was associated with a pronounced decrease in the tissue pO2, 

indicating a marked increase in oxygen utilization associated with synchronous neuronal 

firing but with restricted constant diffusion, as expected for an in vitro preparation (Foster et 

al. 2005, Galeffi et al. 2011). The base line pO2 within the CA1 region was similar in both 

age groups (P5: 163 ± 27 mm Hg; P7: 112 ± 25 mm Hg; p=0.3) indicating that the 

experimental conditions provided sufficient oxygen in the CA1 region, always above the 

critical hypoxia threshold of 7.5 mm Hg (Erecinska and Silver 2001, Kasischke et al. 2011). 

At P5, there was a consistent, net oxygen decrease and NADH rise with each ILE (Fig. 4 P5 

panel lower trace; NADH, red trace), coincident with ILE onset, indicating a marked 

increased oxygen utilization within the tissue during each ILE (82 ± 4 mm Hg, n = 20, see 

also Fig. 5 E). At the end of each ILE, when NADH reached its maximum, the oxygen 

slowly returned to baseline levels (Fig. 4 P5, P7 insets). However, with later ILE 

occurrences at P5 the baseline oxygen tension between ILEs declined slightly, suggesting 

less than complete recovery from each ictal event (i.e., continued enhanced oxygen 

utilization) and/or more intense interictal activity, matching the slow upwards rise of the 

NADH response (Fig. 1A). Both the NADH baseline elevation and the progressive baseline 

decrease in the tissue O2 levels indicate a background increase in metabolism, reflecting 

both recovery from each ILE event as well as the ongoing epileptiform hyperactivity.

Figure 4 (P7 panel) shows the relative amplitude of the oxygen dip with the initial ILE in 

low-Mg2+ condition at P7, with a small, initial decline in the baseline oxygen level (prior to 

the occurrence of the first ILE), concurrent with a small, negative DC offset (Fig. 4 P7). The 

oxygen dip persisted longer with each ILE at P7 as compared to P5, indicating a more 

prolonged period of increased oxygen utilization at P7. Further, the LFP base line did not 

entirely recover after each ILE (see also Fig. 3), eventually leading to a notable negative DC 

shift at the onset of LRDs. Additionally, after the occurrence of the last ILE and during the 

transition into LRDs, there was a pronounced, persistent oxygen decrease (residual pO2 was 

8-64 mm Hg, N=5) suggesting a high level of ongoing metabolism during the LRD events, 

concurrent with the large rise in NADH (Fig. 3). The pO2 increased slightly after reverting 

to regular aCSF (by 32 ± 8 mm Hg, N=5) but did not recover to the initial level, confirming 

that the metabolic oxygen utilization declined slightly with the change back to normal 

medium, and that the tissue could still respond to the change in Mg2+ levels. Note that the 

tissue oxygen response stays well above zero at both P5 and P7 with a rapid rebound during 
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the ILE occurrences, again indicating sufficient oxygen flux into the tissue so that there is no 

hypoxia at any point throughout this epileptiform process (Foster et al. 2005, Galeffi et al. 

2011). The tissue O2 levels clarify the significant, ongoing metabolic requirements 

associated with the hyperexcitability, and the elevated NADH baseline, indicating a 

persistent, high level of metabolic activity.

Comparison of NADH and O2 Transients at P5 and P7

Figure 5A shows the oxygen depth profile under baseline conditions at both P5 and P7, 

slowly advancing the oxygen electrode progressively deeper into the tissue, beginning at the 

CA1 ventricular surface. In spite of the high aCSF flow rate there is a rapid falloff within the 

tissue, to nearly zero at a depth of 300 μm, similar to submerged (Hajos et al. 2009) but not 

interface (Foster et al. 2005) brain slices. At this stage of development, the thickness of the 

CA1 area (i.e., from the alveus to the hippocampal fissure) is ∼ 150 μm. Thus, the CA1 

region is well oxygenated (i.e., above 100 mm Hg at baseline; Fig. 5A framed points). pO2 

depth profiles are similar at both ages, indicating that the experimental conditions provide an 

equivalent oxygenation of the intact hippocampi at P5 as well as at P7. This profile is similar 

to submerged adult tissue slices (Hajos et al. 2009) and organotypic hippocampal cultures 

(Heinemann et al. 2002, Kovacs et al. 2002) but different than interface tissue slices (Foster 

et al. 2005), which show a U-shaped profile since there is oxygen-rich media below the slice 

as well as a high concentration of oxygen at the upper slice surface.

Fig. 5B shows a comparison of ILE durations across the two age groups, indicating a wide 

range of ILE length in both conditions. Two sample t-test did not reveal any age related 

difference in ILE durations (56 ± 2 s at P5 vs 57 ± 2 s at P7; p=0.72, n=32). Figure 5C 

shows typical averaged (black) NADH responses during ILE events for P5 (left) and P7 

(right), as well as the variability of individual responses (gray). The amplitude of the initial 

NADH decrease was larger at P5-6 than at P7 (-0.77 ± 0.07 % vs -0.4 ± 0.05 %, p<0.0001, 

n>24, Figure 5D). The amplitudes of the NADH increase phases were similar (5.59 ± 0.25 

% at P5, vs 6.29 ± 0.46 %; p= 0.09, n>24, Figure 5). Although there was no difference in 

ILE duration, the amplitude of the oxygen transient associated with ILEs was larger at P7 

than at P5-6 (119 ± 6 mm Hg vs 82 ± 4 mm Hg; p<0.0001, n>14) suggesting a higher 

oxygen consumption probably due to the more intense neuronal activity and synchrony 

during ILE generated at P7, probably reflecting the maturation of the hippocampal circuitry 

(Fig. 5E).

FAD+ and tissue oxygen recording confirm enhanced metabolism during ILEs and LRDs

Since NADH fluorescence imaging can differ from oxygen utilization and oxidative 

phosphorylation, and to also differentiate metabolic NADH from NADPH (Galeffi et al, 

2011), we wanted to assess mitochondrial contribution also measuring FAD+, which 

mediates electron transport at complex II within mitochondria. In contrast to NADH, which 

has similar spectral properties to NADPH, but which is less metabolically active, FAD+ 

relates directly to oxidative phosphorylation (Huchzermeyer et al. 2008, Zhao et al. 2011). 

In several recent reports the NADH and FAD+ responses to synaptic trains were nearly 

symmetric (Shuttleworth 2010, Ivanov et al. 2014) whereas in another report there were 

clear differences in waveform shape between NADH and FAD+ (Rosner et al. 2013). 
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Further, a recent report showed differences in metabolic responses between NADH and 

NADPH, when separated using different time responses during NADH lifetime imaging, 

indicating that the NADPH component was minimally metabolically active on a short time 

scale (Blacker et al. 2014). Thus, the major aspect of the metabolically active NAD(P)H 

responses on a rapid time scale (ie, seconds) clearly is attributable to NADH, whereas 

NADPH shows less metabolic involvement and is subtracted out using our difference 

imaging approach. Hence, we designate our metabolic imaging responses to primarily 

NADH (Shuttleworth 2010).

We combined FAD+ imaging and tissue oxygen measurements at both P5/P6 and P7 (Fig. 6; 

n = 4). Note that FAD+ responses are inverted as compared to NADH since the oxidized 

form of the FAD+/FADH2 pair is the fluorescent chromophore, in contrast to NADH, which 

is the reduced form of the NAD+/NADH pair. We found a sustained FAD+ decrease (Fig. 6 

green traces) with each ILE together with a large oxygen transient response (Fig. 6 blue 

traces), consistent with and nearly mirroring the NADH responses. At P7 there was an initial 

decrease associated with the onset of low Mg2+ perfusion (opposite of NADH, where a 

decrease was noted under some conditions at P5), then a persistent, maintained FAD+ 

decrease and significant oxygen utilization associated with the onset of LRDs (Fig. 6 P7 

panel). These results confirm the presence of a persistently elevated metabolism during 

LRDs, whilst the activity is of low voltage. FAD+ fluorescence consistently paralleled the 

pO2 response and independently verified the NADH fluorescence changes, indicating 

minimal if any role for non-metabolic fluorescence from NADPH.

Metabolic activity associated with bicuculline induced epileptiform activity

Since removal of Mg2+ from the ACSF medium can affect excitatory neurotransmission [ie, 

enhance NMDA receptor function, possibly at extrasynaptic receptors - (Hardingham et al. 

2002)] and membranes in a non-specific way (Altura and Altura 1996), we wished to 

validate our results using a different “epilepsy” model, i.e. pathological activity induced by 

the perfusion of bicuculline, a GABAA receptor antagonist. Since bicuculline is a model of 

disinhibition there is no direct change in excitatory, glutamatergic synaptic function in the 

hippocampus. Addition of 10 μM bicuculline to the intact, immature (P7) hippocampus led 

to IE activity (Fig. 7) (Cooper et al. 2009). Shortly after starting bicuculline, but prior to 

occurrence of either ILE or IE events, NADH fluorescence showed a small decrease (-1.6 ± 

0.4 %; p<0.01, N=6; Fig. 7A arrows), suggesting a diffuse, increased metabolic activity 

during the initial blockade of inhibition, i.e. a circuitry build-up phase (Cohen et al. 2006). 

Subsequently, bicuculline led to a rapid rise in NADH fluorescence (0.8 ± 0.2 % per 10 s, 

N=5) and short ILEs (27 ± 4 s, n=25), IEs, or both. Details are given in Fig. 7B for the short 

ictal-like events and Fig. 7C for interictal events, comparing the LFP responses with spikes, 

the NADH responses (with a brief oxidation then reduction) and tissue oxygen levels 

(showing a transient decrease correlating with the duration of the event).

Figure 7D-F shows the companion FAD+ imaging responses, in comparison to the NADH 

imaging responses in Fig.'s 7A-C. The FAD+ imaging shows nearly symmetrical metabolic 

responses, confirming that the majority of the NADH responses are both mitochondrial and 
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metabolic nature and that any slower, non-metabolic NADPH contribution is effectively 

subtracted out.

LFP recordings in DC mode showed a small, reversible DC shift during ILEs (-0.25 ± 0.07 

mV, p<0.001, n=16). As in low magnesium conditions, the NADH responses to bicuculline-

induced ILE started with a decrease (-1.39 ± 0.07 %; n=16, p<0.001) followed by a rapid 

NADH overshoot (4.65 ± 0.44 %; p<0.001, N=16; Fig. 7B red trace). After ILE offset, high 

NADH levels persisted, or decreased slowly without returning to initial levels. Metabolic 

activity during ILEs was confirmed by oxygen consumption: tissue pO2 showed a decrease 

of 80 ± 6 mm Hg (N=18; Fig. 7B blue trace). When compared to ILEs, IEs were short 

events (0.64 ± 0.22 s, n=101). However, they produced detectable changes in both NADH 

fluorescence and tissue oxygen. Each IE was accompanied by a sharp drop in NADH levels 

(-1.10 ± 0.04 %; p<0.001, n=35) followed by a rise, which could overshoot (0.67 ± 0.07 %; 

p<0.001; n=35; Fig. 7C red trace). The mean amplitude of the pO2 transient responses was 

-8.8 ± 0.4 mm Hg (p<0.001, N=35; Fig. 7C blue trace).

Comparison of Metabolic Activity: Bicuculline and Low Mg2+ Conditions

In ten P7 mice, we prepared one hippocampus (called ipsilateral) for perfusion with 

bicuculline, whilst the other hippocampus (contralateral) was perfused with low magnesium 

ACSF. Experimental conditions were strictly identical for both treatments, including 

application time, extracellular electrodes, optical recording configuration, temperature, 

perfusion rate, aCSF pH and osmolarity. Bicuculline treatment (for > 50 min) never 

triggered LRDs, in contrast to low Mg2+ ACSF application for 18-45 minutes (31 ± 7 min, 

N=10). We thus only compared ILE duration, NADH signalling and pO2 changes in first 5 

paired experiments (Fig. 8) and FAD signalling in five others. As Fig. 8A shows, the ILEs 

induced by low Mg2+ were longer than those found in bicuculline (54 ± 5 s vs 34 ± 4 s, 

respectively; p < 0.001, N =14). The oxygen consumption during these epileptiform events 

was higher when ILEs were induced by magnesium removal than by GABAA inhibition: 

pO2 decrease of -114 ± 6 mm Hg vs -76 ± 6 mm Hg, respectively (p < 0.001, n =14, Fig 

8B).

Figure 8C illustrates averaged traces of the NADH transients evoked by low Mg2+ aCSF 

(left hand side panel, black trace) and bicuculline (grey trace). The only difference is in the 

amplitude of the initial NADH decrease, which was larger when ILEs were induced by 

bicuculline than by magnesium removal (-1.54 ± 0.1 % vs -1.03 ± 0.1 %; p < 0.001, n =15). 

Figure 8D illustrates averaged traces of the FAD transients evoked by low Mg2+ aCSF (left 

hand side panel, black trace) and bicuculline (grey trace). As in the case of NADH, the 

oxidative peak of FAD transients (corresponding to NADH oxidative deep) recorded in 

bicuculline (left hand side panel, grey trace) was significantly larger that observed in low 

Mg2+ (2.85 ± 0.41 % n=11 vs 0.57 ± 0.20 %, n=8, Fig. 8D, left hand side panel). The 

reduction phases amplitudes were not significantly different: 7.09 ± 1.23 %, n=8 in low 

Mg2+ vs 5.45 ± 0.49 %, n=11 in bicuculline (Fig. 8D, left hand side panel). Both NADH 

and FAD imaging suggest that in bicuculline model of ILE the oxidative phosphorylation at 

the beginning of epileptiform event has a metabolic rate higher than in low Mg2+. 
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Interestingly pO2 transients had no difference in decay rate probably due to the sensing 

capabilities of the oxygen sensing probe.

Discussion

These results establish a taxonomy of metabolic responses during various forms of epilepsy-

related activities, comparing two different models of epileptiform events, low Mg2+ and 

bicuculline. First, there is a robust oxidative metabolic response occurring during each ictal-

like event (ILE), revealed by large tissue oxygen decrease (indicating enhanced cellular 

oxygen utilization) with a combination of a biphasic NADH/FAD responses as expected 

from previous in vitro and in vivo studies (Pan et al. 2008, Alavi et al. 2011). In general this 

oxidative response is similar in both low Mg2+ and bicuculline conditions, confirming that 

it is not just a consequence of the specific type of convulsant. However in bicuculline the 

NADH/FAD+ oxidative phase is more pronounced than in the low Mg2+ condition, 

suggesting a higher rate of oxidative phosphorylation at the beginning of each epileptiform 

event. Second, the late recurrent depolarization occurring in sufficiently mature tissue with 

low Mg2+ conditions (LRD, at P7) demonstrates a high degree of oxidative metabolism 

with persistent (and partially reversible) oxygen utilization and increased NADH together 

with synchronized neuronal activity.

These results confirm our hypothesis that a large difference in metabolism (reflecting 

circuitry maturation and changes in ionic concentrations, chloride pumps and ligand-gated 

receptors) occurs between P5 and P7, likely leading to the LRD occurrence at P7 (Wahab et 

al. 2011). Indeed, at P7, ILEs are of the same duration as at P5 but are accompanied by 

higher oxygen consumption. Further, the high degree of metabolic activity associated with 

LRD occurrence indicates this is clearly a form of status epilepticus, similar to non-

convulsive status associated with hippocampus in vivo (Sutter and Kaplan 2013). We 

confirm that LRD activity meets the electroencephalographic criteria for nonconvulsive 

status epilepticus (Meierkord and Holtkamp 2007, Sutter and Kaplan 2012): duration of 

abnormal synchronized electrical activity > 5 min and preferably > 30 min (Chen et al. 

2007) and an activity pattern consistent with limbic status (Sutter and Kaplan 2012, Sutter 

and Kaplan 2013), which often includes a persistent low voltage hypersynchrony epileptic 

pattern. These metabolic changes with LRD also did not lead to spreading depression 

(Galeffi et al. 2011, Shetty et al. 2014), as ongoing, hyperactive neural activity was still 

present, confirming our last hypothesis.

Likewise, LRD was not associated with cell death either (Quilichini et al. 2002), as the 

decreased tissue oxygen levels, physiological function and maintained NADH responses 

confirmed ongoing cellular metabolism, whereas cell death would elevate tissue oxygen 

levels (Foster et al. 2005). These results are consistent with those reported in organotypic 

hippocampal slices (Heinemann et al. 2002, Heinemann et al. 2002) and also acute 

combined entorhinal-hippocampal slices (Mody et al. 1987, Dreier and Heinemann 1991, 

Holtkamp et al. 2011). However, we show more robust NADH responses (ie, less decay) 

than present in organotypic hippocampal tissue slices under low Mg2+ conditions (Kovacs 

et al. 2002), the clear absence of spreading depression [unlike that predicted by Mody et al 

(Mody et al. 1987)] and the absence of “metabolic failure” (Heinemann et al. 2002). Thus, 
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our data extend far beyond previous reports with a more robust preparation (ie, the intact 

immature hippocampus), the extension of NADH imaging to FAD+ imaging as a 

comparison, the addition of tissue O2 recordings, all demonstrating a coherent and important 

metabolic element to epileptiform responses. Though we have analyzed epileptiform activity 

on immature tissue, the hyperactivity remains similar to that in more mature tissue as well 

(Mody et al. 1987, Gloveli et al. 1995). A similar metabolic response to ILE generation was 

also found using another convulsant, 4-aminopyridine (Schuchmann et al. 1999). However, 

in neocortex picrotoxin was associated with episodes of spreading depression due to K+ 

dysregulation (Hablitz and Heinemann 1989).

We have demonstrated that imaging NADH and FAD+ metabolic fluorescence in intact, 

immature hippocampi correlates well with electrophysiological epileptiform activity and that 

together NADH and FAD+ fluorescence and oxygen recordings confirm the high metabolic 

demand associated with the epileptiform events. A net NADH oxidation preceded overt 

epileptiform activity with both bicuculline and low Mg2+ conditions (O'Connor et al. 1972), 

suggesting that circuitry build-up upon initiation of hyperexcitable conditions leads to 

intense metabolic activity, mainly glycolytic since the activity was not associated with 

significant (detectable) oxygen utilization and FAD rise at this early stage. However, both 

interictal and ILE responses demonstrate an intense metabolic demand, as indicated by the 

combination of NADH/FAD changes together with decreased tissue oxygen, associated with 

enhanced neuronal synchrony. The NADH imaging technique can also resolve timing in 

coordination with the physiology, for example the NADH oxidation preceding overt ILE 

occurrence (O'Connor et al. 1972, Schuchmann et al. 1999, Heinemann et al. 2002, Kann et 

al. 2005). However, NADH imaging does not have sufficient time resolution for imaging 

seizure spread, since metabolic events require seconds for development; to achieve 

improved time resolution, voltage sensitive dyes and faster imaging techniques are required 

(Derchansky et al. 2006, Kibler and Durand 2011, Ma et al. 2013).

These simultaneous electrophysiological and NADH fluorescence results in low-Mg2+ 

epileptiform conditions are consistent with previous reports using NADH or other metabolic 

imaging in mature hippocampal-entorhinal slices and slice cultures, where brief SLEs 

(duration ∼ 20-40 sec) occur spontaneously (Heinemann et al. 2002, Heinemann et al. 

2002). Although NADH imaging in mature combined slices revealed a patterned decrease/

increase with each SLE similar to that noted in immature tissue, a pattern of fatigue was also 

noted over time, with eventually decreased fade in the NADH response (note Fig. 1, 

Heinemann et al. 2002b) (Heinemann et al. 2002). In contrast, we found a progressive 

elevation of the NADH baseline, which may due to the different preparations and their 

relative metabolic conditions (severed tissue for slices vs an intact structure as used here), 

whereas in organotypic slices Kovacs et al reported a “rundown” of NADH responses, 

particularly after ∼ 15 ILE events (Kovacs et al. 2002).

The FAD+ responses are similar to those recorded in neocortex with epileptiform events 

(but referred to as “AFI” in that paper (Zhao et al. 2011) and also during spontaneous 

network activity at different oxygen concentrations (Huchzermeyer et al. 2008). During a 4-

AP seizure (lasting ∼ 60 sec with a single, monophasic field potential) induced in intact 

neocortex the focus showed an initial FAD+ oxidation then after 2-5 sec a switch to 
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reduction (Zhao et al. 2011); the complex surround area showed opposite effects. We 

observed minimal initial FAD+ oxidation (small even in the NADH imaging) in low Mg2+ 

conditions but this oxidation was very pronounced in bicuculline. However, the oxygen 

levels and responsiveness are very different in intact, in vivo cortex as compared to in vitro 

preparations, which may distort the NADH/FAD+ waveforms (Turner et al. 2007, Galeffi et 

al. 2011). The overall correlation between the NADH fluorescence and the integrated field 

potential (obtained solely from CA1) strongly suggests that the intact hippocampal CA1 

region remains viable during these epileptiform conditions, however, arguing against any 

damaging “hypoxia” resulting from the limited oxygen availability. This viability in CA1 is 

further reinforced by the oxygen profile data (Fig. 5A) confirming the suitable, 

physiological oxygen levels at baseline within the more superficial CA1 region.

Several physiological events in hippocampus lead to measurable NADH responses, 

including physiological train stimulation (Galeffi et al. 2007, Galeffi et al. 2011), 

epileptiform events (Heinemann et al. 2002), and spreading depression (Foster et al. 2005, 

Galeffi et al. 2011). In moderate physiological train stimulation (at 10 Hz) under well-

oxygenated conditions, for example, the NADH response demonstrates a maintained 

oxidation for the duration of the train, similar to NADH responses recorded in vivo (Galeffi 

et al. 2011). However, if the oxygen level is reduced so oxygen availability is restricted then 

the NADH biphasic response emerges in response to an identical train, with an initial, brief 

oxidation followed by a prolonged reduction. Thus, the morphology of the NADH responses 

to metabolic activation can vary depending upon relative oxygen availability in the absence 

of hypoxia (Erecinska and Silver 2001, Galeffi et al. 2011, Kasischke et al. 2011). Another 

source of mismatch can be high metabolic demand even in readily available oxygen 

conditions, as is the case with spreading depression, where the NADH oxidation is curtailed 

and a prolonged, heightened reduction rapidly follows (Galeffi et al. 2011). Thus, the 

NADH response can be misleading if there is a mismatch between oxygen supply and 

demand, particularly under in vitro conditions where oxygen supply is usually limited by 

diffusion as in this intact hippocampus preparation. Overall, the NADH/FAD+ responses 

together with the tissue oxygen measurements confirm primarily oxidative metabolism 

during IEs, though it may difficult to distinguish an NADH cytosolic component to the 

responses (McKenna et al. 2006, Galeffi et al. 2007).

Ictal and interictal like activities induced by bicuculline do not typically lead to a prolonged 

or irreversible condition as noted with low Mg2+-induced LRD (Mody et al. 1987, Gloveli 

et al. 1995, Quilichini et al. 2002). The LRD condition begins during low Mg2+ conditions 

and persists even after removal of the epileptogenic condition, when normal Mg2+ 

concentration (1.3 mM) is restored. This means that persistent LRD activity after return to 

normal Mg2+ levels is no longer sustained by an external factor so LRDs reflect the intrinsic 

property of the hippocampal network, after being modified by the low Mg2+ condition and 

ILE generation. Thus, at P7 the low Mg2+ condition (in contrast to bicuculline-induced 

ILEs) irreversibly modifies neuronal and/or astrocytic functioning (Quilichini et al. 2002, 

Quilichini et al. 2003). This suggests that molecular pathways activated during ILE in 

bicuculline are not the same as in the case of low Mg2+.
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With NADH/FAD imaging we revealed at least one difference in the intracelluar signalling 

associated with low Mg2+ versus bicuculline conditions: the rapid oxidation of FAD+/

NADH at the beginning of ILE is either low amplitude or non-existent in low Mg2+ but is 

always present and has significantly higher amplitude in bicuculline. This indicates a higher 

rate of mitochondrial oxidative phosphorylation during bicuculline compared to low Mg2+ -

induced ILEs, possibly due to different forms of hypersynchrony and differences in Ca2+ 

entry (Griffiths and Rutter 2009). Decreased magnesium enhances the sensitivity of NMDA 

receptors to the ambient glutamate at resting membrane potentials, which stimulates calcium 

entry mainly through NR2B/NR2D - containing extrasynaptic NMDARs, because they have 

a higher affinity to the neurotransmitter and are more permeable for Ca2+ then synaptic 

NR2A- containing receptors (Erreger et al. 2007). In contrast, the network disinhibition with 

bicuculline increases synaptic activity and therefore stimulatesCa2+ entry, mainly through 

synaptic NMDARs (Ivanov et al. 2006). Synaptic and extrasynaptic NMDARs lead to 

opposing actions on intracellular signalling pathways and activate distinct genomic 

programs (Hardingham and Bading 2010). Therefore, the extrasynaptic calcium entry 

induced by magnesium removal may modify mitochondrial metabolism in a manner separate 

from synaptic calcium entry during bicuculline application, which could differentially 

modify neuronal properties and enhance network susceptibility to the generation of LRDs.

NADH persisted as an increase throughout the LRD phase (Fig. 3A) while oxygen remained 

depressed below the initial level (Fig. 4 P7). This confirms that direct pO2 measurement can 

provide a better estimate of overall network activity than LFP alone: the tightly 

synchronized, low voltage neuronal activity during the LRD phase may be superficially 

interpreted as less intense physiologically, as compared to ILE occurrences, or a tissue 

fatigue response (Galeffi et al. 2011). Indeed, when compared with ILEs the LRD event 

seems to only consist of low amplitude fluctuations therefore the associated high energy 

consumption is rather unexpected.

However, as shown in Figs. 3 LRDs are accompanied by a DC offset that could be 

indicative of the massive depolarization and extracellular potassium increase associated with 

low Mg2+ conditions (Gloveli et al. 1995, Heinemann et al. 2002). However, the maintained 

physiological and metabolic activity precludes a spreading depression occurrence (Mody et 

al. 1987, Gloveli et al. 1995), unlike which occurs in neocortex in a different 

hyperexcitability model, picrotoxin (Hablitz and Heinemann 1989). Certainly in the LRD 

condition energy dependent mechanisms such as ionic pumps and exchangers are activated 

to maintain physiological membrane potential (Schuchmann et al. 1999). Interestingly, the 

transition into the LRD state was not observed at P5, consistent with previous reports in rat 

isolated hippocampi (Quilichini et al. 2002, Quilichini et al. 2003), possibly due to further 

developmental maturation of hippocampal circuitry by P7 (Wahab et al. 2011).

If ILEs were maintained (as in the P7 experiments – Fig. 3) then this persistent high 

metabolic activity would likely create an energy deficit, possibly leading to neuronal and 

tissue damage, as measured by Heinemann et al in organotypic hippocampal slices exposed 

to low Mg2+ (Heinemann et al. 2002, Heinemann et al. 2002). Clearly, the LRD condition 

demonstrates a high metabolic demand due to the persistently lowered oxygen and 

maintained NADH/FAD+ reduction, indicating that this condition is similar to 
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nonconvulsive status epilepticus, as suggestive by multiple reports (Dreier and Heinemann 

1991, Heinemann et al. 2002, Holtkamp et al. 2011). The persistent LRD state is also similar 

in duration and electrical morphology to nonconvulsive status epilepticus (though of course 

without the behavioural consequences) (Wasterlain et al. 1993, Chen et al. 2007, Meierkord 

and Holtkamp 2007, Sutter and Kaplan 2012). Even in vivo under intact conditions 

persistent seizure behaviour may lead to an accumulating metabolic deficit and tissue 

damage due to paralysis of neurovascular coupling, the frequent ultimate outcome of status 

epilepticus (Duffy et al. 1975, Chapman et al. 1977, Folbergrova et al. 1981, Zilberter et al. 

2010, Sutter and Kaplan 2012). Whether this deficit contributes to the postictal state remains 

an intriguing question, since it is not clear if seizures stop solely due to build-up of ionic 

shifts (Krishnan and Bazhenov 2011) or due to tissue metabolic exhaustion (Theodore 

2010).

Diagnosis and treatment of epilepsy has often involved metabolic approaches. In most in 

vivo studies of seizures neurovascular coupling correspondingly leads to enhanced substrate 

to at least theoretically match the heightened metabolism required for seizures, though the 

postictal state may represent “exhaustion” to a point (Theodore 2010, Zhao et al. 2011). Cell 

damage with status epilepticus could arise following depletion of critical energy substrates 

(Duffy et al. 1975, Chapman et al. 1977). Further, several metabolic approaches have been 

clinically used for seizure treatment and prevention, with an interest in ketogenic diet and 

use of 2-DG to partially block glycolysis and hence reduce epileptic threshold (Stafstrom et 

al. 2008, Milder and Patel 2012)). For example, the ketogenic diet has several possible 

metabolic mechanisms, including changes in the relative balance of aerobic glycolysis and 

oxidative metabolism due to the relative hypoglycemia which occurs in this diet. 

Additionally, both iodoacetate in vivo and 2-DG partially block glycolysis in a direct manner 

(Dora 1983).

In summary, the density of synchronized, epileptiform activity can be discriminated on the 

basis of metabolic demand, with low-Mg2+ induced ILEs showing less oxidative 

metabolism than the long-lasting LRD condition, demonstrating a continuous high 

metabolism and constant seizure state associated with persistently high oxygen demand. The 

tissue oxygen recordings substantially enhance the NADH/FAD+ fluorescence 

measurements in metabolic analysis. The intact hippocampus, in spite of its immature 

developmental stage, encompasses sufficient circuitry for the full development of 

spontaneous seizure-like events and status epilepticus, as compared to tissue slices of 

hippocampus alone, hence provides an adequate substrate for analysis of critical factors 

underlying epileptiform activity (Schwartzkroin 1986).
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NADH nicotine adenine dinucleotide

FAD+ flavin adenine nucleotide

ILEs ictal-like events

LRD late recurrent depolarization

aCSF artificial cerebrospinal fluid
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Highlights

1. Interictal epileptiform activity in P5-P7 hippocampus includes an NADH 

decrease.

2. Ictal-like activity (ILEs) in low Mg2+ shows a large NADH, oxygen uptake 

increase.

3. Both low Mg2+ and bicuculline epilepsy models lead to similar ILE metabolic 

activity.

4. Late, recurrent discharges (LRDs) show persistent, maintained oxidative 

metabolism.

5. Low voltage LRDs are metabolically consistent with hyperactive status 

epilepticus.
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Figure 1. Biphasic NADH changes during interictal- and ictal-like events
Simultaneous recordings of electrical and metabolic activity are shown as overlapping 

traces. An intact hippocampus from a P5 mouse was perfused with low magnesium aCSF. 

Magnesium removal first led to a build-up of IE (indicated by a hashed bar) before the onset 

of the intermittent, spontaneous ictal like discharges (ILEs). The first ILE is shown in c1 (A, 

grey trace). In B a detail is shown of this build-up period prior to the first ILE, which 

consists of interictal field potential responses and a slowly decreasing NADH fluorescence 

level (black trace). Each individual ILE was accompanied by a rapid increase in NADH 
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fluorescence, usually preceded by a short negative drop in NADH fluorescence (as detailed 

in C1 and C2 below). ILEs started 6 ± 8 s after the NADH increase onset, which was often 

preceded by a small NADH decrease (i.e., an oxidation), indicating that the NADH 

fluorescence signalled the metabolic build-up prior to the overt ILE onset. The NADH rise 

reached its maximal value and started to decline right after the end of the ILE (C1, C2). The 

heightened metabolic activity (NADH reduction) persisted during the entire ILE and only 

slowly declined afterward. Measurements in DC amplifier mode (lower aspects of C1 and 

C2, grey traces) were performed using an additional extracellular electrode, revealing a 

negative shift (-0.26 ± 0.8 mV) of the extracellular potential baseline during each ILE. This 

shift recovered to its initial level within 1-3 min after the end of the ILE.
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Figure 2. P5 ILE NADH Imaging
This group of NADH fluorescence images show the two ILE's highlighted in Fig. 1 C1 (left) 

and Fig. 1 C2 (right), with the NADH traces shown below for comparison. The control 

(unsubtracted) image is shown on the upper right and the other images are shown as 

normalized images with respect to the control image (i.e., image-control, divided by 

control). The scale of these subtracted images is +/- 10% from the control image, with 

lighter values as increased NADH fluorescence and darker as decreased NADH 

fluorescence. Note the large increases of NADH fluorescence during both ILE occurrences 
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over time, with the times shown next to the individual images in sec (and shown as vertical 

hash marks on traces below). The increased NADH signal appears to be uniform over the 

entire hippocampus except at 44 sec (left) where there is a slight septal preponderance. The 

scale bars below show 150 ms and 10% difference amplitude vertically. The white scale bar 

within the images (lower images at 150 and 200 sec) shows 5 mm in the chamber. The 

NADH time courses were derived from regions of interest in the middle of the hippocampal 

images.
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Figure 3. Low Mg2+ condition at P7
Simultaneous recording of the electrical (local field potential, LFP) and metabolic activity 

(NADH fluorescence) are shown from an intact hippocampus of the P7 mouse in low 

magnesium aCSF. Experiments conducted on older, P7 mice showed that the application of 

low Mg2+ aCSF initially induced the generation of 2-5 large amplitude ILEs (A, b1; detail 

in B1), then progressively the ILEs decreased in amplitude (A, b2; detail in B2), and 

transformed into low amplitude (50-400 μV) oscillations, with a frequency of 0.6-1.2 Hz 

(N=7; A, c1; detail in C1). This low amplitude oscillation, late recurrent depolarization 
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(LRD), persisted even after the switch back to the regular, Mg2+ -containing aCSF (A, c2; 

detail in C2). Field potential recordings performed in DC mode showed that, similar to 

experiments in P5 hippocampi, each ILE was accompanied by a baseline negative shift (A, 

b1, b2: lower trace). The base line behaviour was similar to that observed at P5 during the 

first 1-2 ILEs (Fig. 1). However, the negative electrical baseline shift grew larger in 

amplitude (1-3 mV) and irreversible during the last large amplitude ILE (A, b1 lower trace). 

After this large, negative decrease in the LFP trace the ILE amplitudes decreased (ie, A, b2 

as opposed to b1), leading to emergence of LRD behaviour (A, between b2 and c1).

The LFP base line did not completely recover even after the switch to the regular aCSF 

(between A: c1, c2), continuing 0.5- 1.4 mV more negative that at the beginning of the 

experiment. The interictal-like events preceding each individual ILE onset were 

accompanied by a rise in NADH fluorescence (after A, b1), different than the initial, 

decreased NADH leading up to ILEs in P5 hippocampi (Fig. 1 C1, C2 versus A: c1, c2). The 

mean amplitude of the NADH fluorescence transient corresponding to the first few ILEs 

averaged 4.3 ± 1.5% (N=7), but the subsequent ILE transients were smaller in amplitude 

(B2 vs B1). However, the baseline fluorescence gradually increased over the duration of the 

exposure to low Mg2+ media, reaching a maximal value of 7.1 ± 2.5% (N=7) at the moment 

of transition to the LRD generation (A, after b2). Thereafter, the NADH fluorescence 

remained elevated during the LRD phase (remaining above baseline), and decreased to near 

the initial value only when the perfusion solution was changed to the regular aCSF (A, after 

c1). This NADH profile suggests that at P7 the metabolic activity increases not only during 

each ILE, but also rises prior to ILE occurrence (during the build-up of interictal activity), 

and continues to increase in the transition to LRD activity, when ILEs are starting to fade. 

This maintained high NADH level during the transition into LRD activity suggests a 

profound metabolic demand associated with the ongoing epileptiform activity during this 

phase.
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Figure 4. Tissue Oxygen Recordings during P5 and P7 ILEs
These examples demonstrate tissue oxygen levels (blue trace for both P5 [upper panel] and 

P7 [lower panel]) before and during low Mg2+ aCSF (ambient O2 of 95%). Note that there 

is an oxygen dip associated with each ILE occurrence, indicating a large, increased 

metabolic demand during each ILE (lower traces show detail for P5 and P7 panels). Note 

that the overall oxygen tension baseline declines slightly after multiple ILEs, suggesting an 

increased overall oxygen debt within the tissue over time. In the P5 experiments the ILE 

oxygen dip remained nearly constant over the low Mg2+ exposure, averaging near 80 mm 
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Hg overall (Fig. 5E). In the P7 experiments the oxygen dips associated with each ILE were 

slightly larger, averaging near 120 mm Hg (Fig. 5E). After several ILE occurrences at P7 the 

tissue response to the low Mg2+ changed, turning into more diffuse, smaller amplitude and 

nearly continuous epileptiform spikes (termed LRDs, see also Fig. 3 A, c1 and C1). At this 

transition the tissue O2 remained at a low level (but still above zero), only slightly 

increasing even after the low Mg2+ condition was reversed back to normal aCSF, coincident 

with the ongoing, irreversible LRD activity. This marked increase in tissue O2 utilization 

suggests considerably increased tissue oxygen demand (and a high metabolic rate) 

associated with the highly synchronous (but low voltage) LRD events, suggesting nearly 

continuous epileptiform events. The maintained oxygen utilization during the later phase of 

P7 experiments correlates well with the heightened NADH levels, both confirming intense 

metabolic need during the LRD phase. The lower traces for both P5 and P7 show details of 

the field potential activity, oxygen and NADH, indicating that the oxygen dip coincided with 

the start of the ILE.
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Figure 5. Tissue Oxygen Profiles and ILE Responses at P5 and P7
Panel A shows the depth profile associated with the submerged intact, immature 

hippocampi, beginning at the ventricular CA1 surface, which is positioned upwards within 

the chamber. At this age range (P5-P7) the entire depth of the CA1 region is within 150 μm 

from the surface, indicating that the region being recorded is well oxygenated, above the 100 

mm Hg level at rest. The only difference between the two ages is at 150 μm depth. Panel B 

shows the duration of ILE events, which are similar at P5 and P7. Panel C shows details of 

individual ILE occurrences at P5 and P7, showing a trend to slightly more oxidation 

preceding the reduction at P5, confirmed with a bar plot in Panel D. Panel E shows that there 
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is enhanced oxygen transient with each ILE at P7, suggesting increased physiological 

synchronization and enhanced energy demand at P7 compared to P5, coincident with 

maturation of the tissue.
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Figure 6. FAD and Tissue Oxygen Levels at P6 and P7
To complement the fluorescent NADH imaging (ie, Fig.'s 1,2,3) FAD imaging 

measurements (blue) were used in conjunction with field potential measurements (black) 

and tissue oxygen levels (green). In the upper panel the low Mg2+ conditions were tested at 

P6, showing repeated interictal like events (ILEs) with FAD showing primarily reduction 

events (ie, less oxidized FAD) and no initial oxidation with each ILE. At P7 the ILE event 

appears similar to P6, but once the late recurrent depolarization events begin then there is a 

persistent reduction (similar to the NADH), suggesting a high rate of ongoing metabolism, 
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as noted by the persistent low O2 level. These FAD recordings confirm the NADH 

fluorescence findings.
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Figure 7. Bicuculline Epileptiform Responses
Application of the GABAA receptor inhibitor bicuculline (10 μM) induced interictal like 

events (IEs) and a slow, metabolic transition noted in the NADH, FAD+ and oxygen 

recordings. Panel A shows a comparison of electrical activity, NADH and tissue O2 levels. 

Bicuculline application induced first a decrease (-1.6 ± 0.4 %; p<0.01, N=6, A arrows) then 

a rapid rise in NADH fluorescence (average rate 0.8 ± 0.2 % per 10 s, A: red trace) and 

generation of either occasional, short ictal-like events (ILEs) or mainly interictal population 

spikes (A: black trace). Panel B demonstrates one detailed example of NADH imaging (red 
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trace) and pO2 profile (blue trace) corresponding to the first bicuculline - induced ILE 

(black traces), demonstrating an initial oxidation then a progressive reduction and profound 

O2 consumption as the abnormal epileptiform activity ensues. In contrast, Panel C shows the 

pattern of interictal responses most commonly noted in bicuculline, with small tissue oxygen 

and NADH fluorescence dips with each interictal response. Panel D shows an example of 

FAD+ recording corresponding to one ILE followed by multiple IEs. Panel E demonstrates 

one detailed example of FAD imaging (green trace) corresponding to the first bicuculline - 

induced ILE (black traces), demonstrating an initial oxidation (FAD peak) then a 

progressive reduction (FAD undershoot) during entire ILE. Panel F shows the pattern of 

FAD fluorescence induced by interictal events. Each IE is accompanied by biphasic FAD 

signal: fast peak (FADH2 oxidation) and slow undershoot (FAD reduction).
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Figure 8. Comparison of Ictal-Like Events evoked in low Mg2+ aCSF or by bicuculline 
application
Panel A shows a comparison of ictal-like events (ILEs) from both low Mg2+ and bicuculline 

conditions, indicating that ILE duration was significantly longer in the low Mg2+ condition. 

Panel B shows a larger tissue oxygen transient in low Mg2+ conditions than with 

bicuculline-induced ILEs, likely due to the longer duration of the ILE events in low Mg2+ 

conditions (A). Panel C compares averaged NADH fluorescence responses for the two 

conditions. Although the NADH overshoot peak amplitude seems to be larger in low Mg2+ 

condition, it is mainly explained by a difference in ILE duration, because there is no 

difference in NADH relative fluorescence intensity at 20 s (mean duration of bicuculline 

induced ILE) after onset of the reduction phase (3.4+/-0.22% in low Mg2+ vs 3.3+/-0.42 in 

bicuculline; double head arrow on the averaged NADH traces shows where measurements 

were done). However, the mean oxidative dip was larger in bicuculline (-1.54 ± 0.1 % vs 

-1.03 ± 0.1 %; p < 0.001, n =14). Panel D compares averaged FAD fluorescence responses 
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for the two conditions. As in the case of NADH overshoot the FAD undershoot time-course 

is similar in low Mg2+and bicuculline, at least during first 20 s (double head arrow on the 

averaged FAD traces and box plot on right hand side panel). The mean oxidative peak was 

significantly larger in bicuculline (2.85 ± 0.41 % n=11 vs 0.57 ± 0.20 %, n=8, left hand side 

panel).
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