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Abstract
Neurons exhibit a high energetic need, and the question arises as how they meta-
bolically adapt to changing activity states. This is relevant for interpreting functional 
neuroimaging in different brain areas. Particularly, neurons with a broad firing range 
might exhibit metabolic adaptations. Therefore, we studied MNTB (medial nucleus 
of the trapezoid body) principal neurons, which generate action potentials (APs) at 
frequencies up to several hundred hertz. We performed the experiments in acute 
brainstem slices of the Mongolian gerbil (Meriones unguiculatus) at 22.5–24.5°C. Upon 
electrical stimulation of afferent MNTB fibres with 400 stimuli at varying frequencies, 
we monitored autofluorescence levels of NAD(P)H and FAD and determined the ex-
tremum amplitudes of their biphasic response. Additionally, we compared these data 
with alterations in O2 concentrations measured with an electrochemical sensor. These 
O2 changes are prominent since MNTB neurons rely on oxidative phosphorylation as 
shown by our pharmacological experiments. We calculated the O2 consumption rate 
as change in O2 concentration divided by stimulus durations, because these periods 
varied inversely with stimulus frequency as a result of the constant number of 400 
stimuli applied. The O2 consumption rate increased with stimulation frequency up to 
a constant value at 600 Hz; that is, energy demand depends on temporal characteris-
tics of activity despite the same number of stimuli. The rates showed no correlation 
with peak amplitudes of NAD(P)H or FAD, whilst the values of the two molecules 
were linearly correlated. This points at the complexity of analysing autofluorescence 
imaging for quantitative metabolic studies, because these values report only relative 
net changes of many superimposed oxidative and reductive processes. Monitoring 
O2 concentration rates is, thus, an important tool to improve the interpretation of 
NAD(P)H/FAD autofluorescence data, as they do not under all conditions and in all 
systems appropriately reflect the metabolic activity or energy demand.
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1  |  INTRODUC TION

The brain consumes a major fraction of the body's energy, 
even though it accounts for only 2% of the human body weight 
(Camandola & Mattson, 2017; Mink et al., 1981). Energy in form of 
adenosine triphosphate (ATP) is crucial for neurons to perform their 
electrical tasks and to sustain housekeeping processes (Howarth 
et al., 2012). Dysfunctions in neuronal metabolism can contribute 
to neurodegenerative disorders such as Alzheimer's or Parkinson's 
disease (Butterfield & Halliwell, 2019; Koopman et al., 2013; Lin & 
Beal, 2006; Schon & Przedborski, 2011; Watts et al., 2018) and can 
cause damage after seizures or traumatic brain injuries (Karelina & 
Weil, 2016; Stovell et al., 2018; Zsurka & Kunz, 2015). Furthermore, 
neuronal metabolism represents the base for non- invasive func-
tional neuroimaging (Raichle & Mintun, 2006; Shulman et al., 2014). 
Therefore, understanding the relationship of neuronal activity 
and metabolism is a prerequisite for analysing neuroimaging data 
(Raichle & Mintun, 2006; Shulman et al., 2014). The principles of this 
relationship are important, since neuronal activity patterns, energy 
consumption and the correlation between them can vary substan-
tially between different brain regions (Sokoloff, 1981). Changes in 
brain activity were shown to result in alteration of cellular metabo-
lism (Dienel & Cruz, 2016; Zuend et al., 2020).

We were interested whether neurons with a broad activity range 
would adapt their metabolism to changes in firing frequency. Such 
an adaptation might represent a kind of optimisation of the energy 
supply dependent on the activity state. Energy- efficient optimisa-
tion was shown on different levels in neurons, for instance for action 
potential (AP) generation (Alle et al., 2009; Hallermann et al., 2012). 
So far, only a few studies compared different stimulation frequen-
cies and regimes to study potential adaptation of metabolism to 
neuronal activity (Brennan et al., 2006; Brosel et al., 2018; Galeffi 
et al., 2011; Ivanov et al., 2014; Ivanov & Zilberter, 2011; Özugur 
et al., 2020). We studied the medial nucleus of the trapezoid body 
(MNTB) in acute brainstem slices of the Mongolian gerbil (Meriones 
unguiculatus; Figure 1). The MNTB is part of the superior olivary 
complex (SOC), which is contributing to sound source localisation 
(Grothe et al., 2010). Its principal neurons represent the only neu-
ron type in the MNTB and are functionally well- described (Borst 
& van Hoeve, 2012; von Gersdorff & Borst, 2002). They are capa-
ble of generating synaptically driven APs with frequencies of up 
to 1000 Hz (Kopp- Scheinpflug et al., 2003; Taschenberger & von 
Gersdorff, 2000) and exhibit a very low membrane resistance allow-
ing for extraordinary temporal precision (Borst & van Hoeve, 2012; 
von Gersdorff & Borst, 2002). MNTB neurons become less reliable 
at stimulation frequencies above 300 Hz; that is, because of synap-
tic failures, not every individual pre- synaptic stimulus will elicit a 
post- synaptic AP (Kopp- Scheinpflug et al., 2003). It was suggested 

that biophysical specialities of MNTB neurons might be the reason 
for the high energy demand of the MNTB reported by Sokoloff 
(Sokoloff, 1981). Several studies provided further evidence for this 
assumption and showed that the MNTB represents a relevant model 
for neuroenergetics (Lucas et al., 2018; Lujan et al., 2016, 2021; 
Trattner et al., 2013).

We addressed the question of metabolic alterations related to 
different firing frequencies by monitoring autofluorescence inten-
sity of the reduced forms of nicotinamide adenine dinucleotide 
(NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) 
and of the oxidised form of flavin adenine dinucleotide (FAD) as 
important molecules in metabolic pathways. A major advantage of 
this autofluorescence approach is its independence of an uptake of 
a sensor molecule and the possibility to record simultaneously from 
a large neuron population. Throughout the manuscript, we will use 
the term NAD(P)H when talking about imaging data, because NADH 
and NADPH can normally not be distinguished in autofluorescence 
imaging. However, only NADH levels change quickly upon energy 
consumption by AP generation (Shuttleworth, 2010). Both, FADH2 
(reduced form of flavin adenine dinucleotide) and NADH are oxi-
dised in the electron transport chain in the mitochondria to produce 
ATP during oxidative phosphorylation (OxPhos). This process is ac-
companied by a reduction of O2 to water. Therefore, we additionally 
monitored juxta- cellular O2 concentrations with an electrochemi-
cal sensor at the site of NAD(P)H/FAD imaging (Brosel et al., 2018; 
Huchzermeyer et al., 2013). NADH and FADH2 are regenerated by 
reduction in the tricarboxylic acid (TCA) cycle and for NADH in sev-
eral additional metabolic pathways (e.g. glycolysis). The majority of 
the NAD(P)H autofluorescence originates from mitochondria, be-
cause of an increased fluorescence lifetime of protein- bound NAD(P)
H in this organelle (Schaefer et al., 2019; Shuttleworth, 2010). 
Therefore, we detected mainly changes in NADH levels during TCA 
cycle activity and OxPhos, similar to the FAD levels. The measured 
autofluorescence levels of NAD(P)H and FAD reflect the net balance 
of all their oxidative and reductive processes. Upon stimulation, the 
rapid oxidisation of NADH/FADH2 sets in, followed by their reduc-
tion (Schaefer et al., 2019; Shuttleworth, 2010) resulting in a net bi-
phasic response with a NAD(P)H dip and a FAD peak. However, as 
the biphasic response is the result of the complex superposition of 
different reduction and oxidation processes, we compared the net 
peak/dip amplitudes with O2 level changes as quantitative measure 
for oxidative processes. In the lateral superior olive (LSO), an audi-
tory brainstem nucleus with biophysical similarities to the MNTB, 
we found a non- linear response of changes in NAD(P)H and FAD 
levels with increasing stimulation frequency. Therefore, we were in-
terested whether such a frequency dependency is a general feature 
in auditory nuclei with specialised neurons. We stimulated MNTB 
neurons via their afferent fibres and applied different stimulation 
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protocols (continuous stimulation duration, fixed number of stimuli 
and burst- like stimuli), since theoretical considerations predicted a 
stronger influence of firing rate than of firing pattern to neuronal 
energy demand (Yi & Grill, 2019).

Glucose concentrations in experimental studies differ sub-
stantially. In most electrophysiological in vitro studies using brain 
slices, a glucose concentration of 10 or even 25 mM was utilised 
(Hollnagel et al., 2020; Lourenço et al., 2019). In our metabolic LSO 
study (Brosel et al., 2018), we used only 2 mM glucose, which cor-
responds to the physiological glucose concentration in vascularised 
brain tissue. However, this has to be seen under the assumption that 
diffusion in the slice does not limit glucose provision. One major 
difference between acute slices and the brain in vivo is the miss-
ing circulation in slices, in which nutrients (e.g. glucose) and O2 are 
provided by diffusion out of the bath solution. Only a few studies 
have addressed this issue so far and studied the impact of varying 
concentrations of glucose and/or O2 (Foster et al., 2005; Galeffi 
et al., 2011; Huchzermeyer et al., 2008; Ivanov et al., 2014; Ivanov 
& Zilberter, 2011; Özugur et al., 2020; Sünwoldt et al., 2017). We, 

therefore, compared measurements with 2 and 10 mM glucose in the 
MNTB.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

The experiments complied with regional regulations (District 
Government of Upper Bavaria, ‘Regierung von Oberbayern’), na-
tional laws (§4 of the German Animal Welfare Act; no ethics approval 
number allocated) and with the European Communities Council 
Directive (2010/63/EU). Mongolian gerbils (Meriones unguiculatus) 
of either sex bred in our certified in- house breeding facility (German 
Animal Welfare Act, 4.3.2–5682/ Ludwig- Maximillians- Universität 
(LMU) Munich /Faculty of Biology) were used for the experiments. 
Groups of 3 to 4 gerbils were housed in Makrolon™ cages (Typ IV 
2000P; Tecniplast; ground area, 2065 cm2; height, 256 mm with 
12 h light/dark cycles at 22.4°C and 66% humidity). We used a total 

F I G U R E  1  Monitoring of NAD(P)H and FAD autofluorescence in the MNTB during neuronal activity. (a) Schematic of the brain of a 
Mongolian gerbil in lateral view. The black line represents the position of the acute slices used. ROI, region of interest. (b) Brainstem slice 
with the MNTB, other SOC nuclei and major connections between the nuclei. The concentric bipolar stimulation electrode is placed at the 
midline to activate the fibres of the globular bushy cells leading to the MNTB. MNTB, medial nucleus of the trapezius body; MSO, medial 
superior olive; LSO, lateral superior olive; VNTB, ventral nucleus of the trapezius body; CN, cochlear nucleus. (c, d) Bright- field images of 
an acute auditory brainstem slice with a stimulation (Stim.) electrode placed in the midline. Image at 5× magnification with MNTB, MSO 
and LSO (c) and at 20× magnification showing the MNTB (d; magnification of area in rectangle in (c)). (e) Time course of a typical NAD(P)H 
and FAD autofluorescence recording with electrical stimulation for 5 s (at 5 V/200 Hz shown as red horizontal line). The net oxidative phase 
is labelled as dark grey area, the net NAD(P)H reductive phase in light grey. FAD peak amplitude is depicted as vertical blue line, NAD(P)
H peak amplitude as red line labelled with ‘P' and NAD(P)H overshoot as red line with the label ‘O'. Note that in the initial components of 
the net oxidative phase (starting at stimulus onset) from baseline to the peaks (to the left of the red/blue lines), oxidation greatly exceeds 
reduction, whereas after attaining the peak values, reduction exceeds oxidation and the fluorescence values return towards baseline (to 
the right of the red/blue lines). (f) The heatmap (same region as in (d)) shows for each ROI the sum of the peak amplitudes of NAD(P)H and 
FAD autofluorescence. FAD, oxidised form of flavin adenine dinucleotide; NAD(P)H, reduced form of nicotinamide adenine dinucleotide and 
nicotinamide adenine dinucleotide phosphate.
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number of 26 animals (5 animals for every different experiment, 6 
animals for the experiment with increased glucose concentration) 
with an age range between post- natal day 30 and 40 (P30- P40).

2.2  |  Brain slice preparation

The animals were anaesthetised with isoflurane and then decapitated. 
The brain was removed and transferred to ice- cold slicing solution. 
The slicing solution contained (in mM) 143 sucrose, 25 NaCl, 2.5 KCl, 
4 MgCl2, 0.1 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, 2 glucose, 3 myo- 
inositol, 2 pyruvic acid and 0.4 ascorbic acid (Sigma- Aldrich). To adjust 
a pH of 7.4, the solution was aerated with carbogen (95% O2, 5% CO2). 
Using a VT1200S Vibratome (Leica Microsystems GmbH, Wetzlar, 
Germany), we cut six 200 μm thick transverse slices enclosing the 
MNTB. Slices were incubated for 15 min at 36°C in artificial cerebro-
spinal fluid (ACSF) solution containing (in mM): 23 sucrose, 125 NaCl, 
2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 25 NaHCO3 and 2 glucose 
(Sigma- Aldrich; Brosel et al., 2018). A pH of 7.4 was adjusted by aera-
tion with carbogen. Thereafter, slices were kept at room temperature 
(23.5°C ± 1°C). The time from decapitation to the start of slice incuba-
tion was approximately 15–20 min. The time interval between cutting 
of first and last slice was 15–20 min.

2.3  |  Autofluorescence imaging

Slices were submerged in a recording chamber and constantly super-
fused with ACSF on the top face. We performed all measurements at 
room temperature (23.5°C ± 1°C) for a maximum of 5 h after death. The 
recording chamber is part of our imaging system, which was in detail 
described by Direnberger et al. (2015). NAD(P)H and FAD were ex-
cited with light- emitting diodes (LEDs) at 365 and 470 nm, respectively 
(Brosel et al., 2018; Huchzermeyer et al., 2008; Schaefer et al., 2019; 
Shuttleworth, 2010), through a tube lens (425308) and a 20×/1.0 W 
Plan- Apochromat water- dipping objective (Carl Zeiss Microscopy, 
Göttingen, Germany). A program using LabVIEW 8.0 (National 
Instruments, Austin, TX, USA) controlled the objective's z- motion. 
We recorded the NAD(P)H and the FAD fluorescence images with a 
camera equipped with a metal–oxide–semiconductor sensor (pco.edge 
5.5; PCO AG, Kelheim, Germany) alternatingly every 250 ms with an 
acquisition time of 20 ms. Fluorescence signals were recorded from 
the top layer (50–100 μm) of the slice. The illumination was pulsed to 
minimise photobleaching in the tissue. TTL pulses controlled by the 
PATCHMASTER software and produced by an EPC10 amplifier (both 
HEKA, Multi Channel Systems MCS GmbH, Reutlingen, Germany) trig-
gered LEDs, camera and electrical stimulation. We used a multiband 
filter for excitation (AHF F69- 390) and emission (AHF F72- 622; AHF 
analysentechnik AG, Tübingen, Germany). The autofluorescence was 
recorded in total for 90 s. After 15 s of the measurement, the axon 
bundle leading to the MNTB neurons was stimulated with a bipolar 
tungsten electrode (stimulation amplitude, 5 V; tapered tip concentric 

microelectrodes, MicroProbes, CEA200) placed at the midline. The 
stimulation frequency was varying in the range of 10–1000 Hz and ei-
ther the stimulation duration (Figure 2a) or the total number of stimuli 
was constant (majority of experiments). In these experiments with 
400 stimuli, the duration was between 0.4 and 40 s according to the 
stimulation frequency (Figure 2b). After a stimulation experiment, we 
waited for 5 min before the next stimulation to allow metabolic re-
covery, that is for instance replenishment of tissue levels of O2 and 
glucose from the medium after depletion by the stimulation. This pro-
cess is diffusion- limited as can be deduced from our O2 measurements 
(Figure 3a). The series of varying frequencies was randomly chosen 
in each set of experiments to exclude an impact of the series (Brosel 
et al., 2018). We captured autofluorescence signals of the entire nu-
cleus. Although, for further analysis, we identified the region, where 
the sum of the amplitudes of NAD(P)H and FAD extrema was highest 
(Figure 1c–f; see Section 2.4).

2.4  |  Pre- processing and data analysis

Autofluorescence videos were analysed using a self- written Python 
script, which we will share upon reasonable request. The script di-
vided each image into 192 (16 × 12) rectangular regions of interest 
(ROI) with a size of approximately 50 × 50 μm. The ROI with the largest 
sum of NAD(P)H and FAD peak amplitude in most experiments of the 
session was chosen for analysis, because we assumed that this was 
the region to which most of the excited axons projected (Figure 1f). 
This ROI was used for all subsequent experiments with different fre-
quencies on the same brainstem slice. To correct the bleaching of the 
autofluorescence, we fitted a linear function to the data points of the 
first 15 s before the stimulation. The change in autofluorescence ΔF 
was calculated as the difference between the measured fluorescence 
and this linear correction function. The fluorescence signals were 
presented as ΔF/F0 with F0 being the fluorescence at the beginning 
of the stimulation. From the time course of ΔF/F0 for the two metab-
olites, we calculated the amplitudes of the net extrema (Figure 1e). 
To compare them, we analysed the values of the NAD(P)H dip and 
refer to them as net peak amplitudes for simplicity. Since we used 
a multiband filter to monitor NAD(P)H and FAD in the same experi-
ment, FAD got excited at 360 nm as well. Therefore, a bleed- through 
of FAD fluorescence in the NAD(P)H images occurred. To correct for 
this bleed- through, we subtracted a calculated FAD autofluorescence 
image from the NAD(P)H autofluorescence image. Details on the cor-
rection can be found in the supplement. This correction causes an 
underestimation of NAD(P)H as our verification of the calculation 
showed. However, the correction clearly reduced a much larger over-
estimation by 99% (compared to an underestimation of 23% without 
correction). In addition to peak amplitudes, we determined the rise 
time to the extremum (t20/80), which refers to the period when the 
values rise from 20% to 80% of the extremum amplitude. For NAD(P)
H, we tracked the overshoot of the time course after the first recov-
ery difference between baseline and maximal overshoot (Figure 1e). 
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    |  667PALANDT et al.

For FAD, we did not observe any overshoot in the MNTB in contrast 
to other brain regions (Brosel et al., 2018; Shuttleworth, 2010).

2.5  |  Oxygen electrode recordings

Extracellular O2 was recorded with electrochemical O2 microelec-
trodes with a 10 μm- diameter tip (Unisense A/S, Aarhus, Denmark; 
90%- response time, 1–3 s; detection limit, 0.3 μM; Brosel et al., 2018; 
Huchzermeyer et al., 2013). We calibrated the microelectrodes ac-
cording to the manufacturer's instruction with a 3- point calibration 
using 0.1 M ascorbic acid in 0.1 M NaOH (0%/0 μM O2), air- bubbled 
ACSF (20%/265 μM O2) and carbogen- bubbled ACSF (95%/1350 μM 
O2). The electrode tip was placed exactly at the same level of the 
slice from which we recorded NAD(P)H and FAD autofluorescence 
and in the ROI used for analysis, to allow for a correlation of O2 and 
NAD(P)H/FAD. The voltage signals of the microelectrode were re-
corded by means of a microsensor multimeter and the SensorTrace 
Profiling software (both Unisense). We calculated absolute O2 con-
centrations by applying the 3- point calibration in the software. From 
these absolute values, O2 level changes (ΔO2) were calculated as the 
difference between O2 concentrations before and at its minimum 

after stimulation. Using this value, we calculated the O2 consump-
tion rate as ΔO2/(stimulus duration) for each individual recording.

2.6  |  Pharmacology

To block Complex I, III and IV of the oxidative phosphorylation 
(OxPhos) we used 10 μM rotenone (Sigma- Aldich; cat. No. 45656 
(year 2019); stock solution 5 mM in ethanol), 10 μM antimycin A 
(Sigma- Aldrich; Cat. No. A8674 (year 2019); stock solution 90 mM 
in ethanol) and 10 μM potassium cyanide (Sigma- Aldrich; stock solu-
tion 10 mM in H2O). The blockers were added to the ACSF and auto-
fluorescence measurements were taken every 5 min after the start 
of the washin. After 20 min, the blocker solution was replaced with 
normal ACSF (washout for 15–20 min). For these measurements, we 
stimulated the fibres with 50 Hz for 8 s applying 400 APs.

2.7  |  Statistical analysis

We have chosen a number of n = 9–10 independent experiments  
based on the minimal number of 5–8 experiments per condition found 

F I G U R E  2  Frequency dependence of NAD(P)H and FAD responses for different stimulation patterns. (a) Peak amplitudes of NAD(P)H 
and FAD autofluorescence for a 5- s stimulation (inset) at various frequencies and consequently with a differing number of stimuli (see b). (b) 
Comparison of total number (#) of stimuli for the 5- s stimulation paradigm (data in (a)) and of stimulation duration for experiments applying 
a fixed number of 400 stimuli (data in (c)). (c) Analysis of NAD(P)H and FAD autofluorescence whilst stimulating MNTB fibres with different 
frequencies to apply always 400 stimuli (inset) revealing changes in peak amplitudes (Ca) and peak rise time (t20/80; Cb). (Cb) Frequency 
dependence of peak rise time (t20/80) of NAD(P)H, FAD (same recordings as in Ca) as well as O2 concentration (ΔO2; Figure 3b) after 400 
stimuli. The grey bars show the stimulation (stim.) duration in comparison to the rise times (y- axis cut at 25 s despite a stim. duration of 
40 s for 10 Hz. Data points represent mean +/− SEM; (a), n = 9; (c), n = 10 independent experiments in 5 brain slices; each from an individual 
animal. FAD, oxidised form of flavin adenine dinucleotide; NAD(P)H, reduced form of nicotinamide adenine dinucleotide and nicotinamide 
adenine dinucleotide phosphate.
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in the literature on autofluorescence imaging (Brennan et al., 2006; 
Foster et al., 2005; Galeffi et al., 2011; Huchzermeyer et al., 2008, 
2013; Ivanov et al., 2014; Ivanov & Zilberter, 2011; Liotta et al., 2012) 
and on our experience in another auditory nucleus (Brosel et al., 2018). 
In the literature, no sample calculations were found and we have not 
performed a power calculation. From each individual animal, we used 

one brain slice for experiments. On each slice, we performed two 
independent sets of experiments when the tissue showed no detri-
mental alteration after the first set of stimulations and when the con-
trol measurement of the second set entailed similar peak amplitudes. 
We did not pre- determine any exclusion criteria and did not exclude 
any data. No randomisation and no blinding was performed in this 
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study. All data are presented as mean +/− SEM (standard error of the 
mean). Autofluorescence data (NAD(P)H and FAD) were normalised 
to baseline before stimulation. In Figure 3c, we normalised the peak 
amplitudes with pharmacological blockers to the control condition 
to visualise the effect of inhibiting OxPhos and, therefore, applied a 
one- sample t- test. Statistical analysis was performed in the language 
package R (www. R-  proje ct. org; R Core Team, 2023) or in GraphPad 
Prism 9.5.1 (GraphPad Software, Boston, MA). Normal distribution of 
the data was analysed using a Q- Q plot and the Shapiro–Wilk test. 
We tested statistical significance with a double- sided t- test. To test 
for correlations (Figure 2Cb, 3d–f), we calculated the Pearson correla-
tion coefficient and applied linear regression in some experiments. In 
all statistical analyses, a p- value <0.05 was considered significant. The 
results of statistical testing can be found in the respective section in 
Results and in the Figure Legends.

3  |  RESULTS

3.1  |  Frequency dependence of metabolic 
responses

In the first set of experiments, we chose a stimulation duration of 5 s 
according to our previous study in another auditory brainstem nucleus, 
the lateral superior olive (LSO; Brosel et al., 2018). At low frequencies, 
the net peak amplitudes of NAD(P)H and FAD rise first from 10 to 
400 Hz and then are stable for higher frequencies (Figure 2a) – very 
similar to recordings in the LSO (Brosel et al., 2018). The rise in net 
peak amplitudes with increasing stimulation frequency can have two 
obvious reasons. (1) A direct frequency- dependent process, that is an 
immediate consequence of the need for more ATP per second because 
a rising frequency entails more APs per second. (2) A trivial implica-
tion of the increased total number of APs because of the constant 5 s 
stimulation period (from 50 stimuli at 10 Hz to 5000 stimuli at 1000 Hz; 

Figure 2b, middle row). To identify whether one of these explanations 
– or both – are valid, we changed the stimulation protocol in such a 
way that we applied exactly 400 stimuli to the fibre at all frequencies 
(Figure 2c). Consequently, the stimulation duration varied between 40 s 
(10 Hz) and 0.4 s (1000 Hz; Figure 2b, bottom row). Similar to the exper-
iments with a constant stimulation period (Figure 2a), at first the net 
peak amplitudes increase with stimulation frequencies (Figure 2Ca). 
However, rising the frequency further above 200 Hz resulted in their 
decrease. As the time course of NAD(P)H and FAD autofluorescence 
reflects the superposition of various reductive and oxidative pro-
cesses—with mitochondrial pathways (TCA cycle, OxPhos) being the 
most visible ones—analysis of other parameters might provide further 
insights (Brosel et al., 2018). Therefore, we have analysed the peak rise 
time t20/80 that represents the time during which the fluorescence in-
tensity changes from 20% to 80% of the peak amplitude (Figure 2Cb). 
With increasing stimulation frequency, t20/80 was getting shorter and 
stayed constant for 200 Hz and above. However, at low frequencies 
the stimulation periods are rather long (grey bars in Figure 2Cb) and for 
≤100 Hz even longer than the respective t20/80 values. The t20/80 values 
showed a significant correlation with the stimulus duration (NAD(P)
H, Pearson correlation coefficient r = 0.7715, p < 0.0001; NAD(P)H, 
r = 0.8678, p < 0.0001; 80 data pairs for both). Therefore, the interpre-
tation is difficult and will be presented in the context of O2 measure-
ments described in the Section 3.2.

3.2  |  Oxygen consumption and contribution of 
oxidative phosphorylation

In Figure 3a, typical normalised O2 concentration changes with time 
are depicted for different stimulation frequencies. At all frequencies, 
the values continued to decrease after the stimuli ceased and stayed 
below starting values for durations that greatly exceeded those of 
the stimuli. In contrast to NAD(P)H/FAD recording, the t20/80 values 

F I G U R E  3  Oxygen consumption and role of OxPhos. All data presented in this Figure were obtained by applying a fixed number of 400 
stimuli at varying frequencies. (a) Example of time course of the O2 concentration after stimulation (Stim. start) with different frequencies 
normalised to the value at the start of the recording (t = 0 s). The varying stimulus duration is listed in Figure 2b (bottom row) and depicted as 
horizontal colour bars in the graph for the three frequencies with the longest duration (10, 50 and 100 Hz). (b) O2 concentration drop (ΔO2) 
and O2 consumption rate (ΔO2/stim. duration) for varying stimulation frequencies. ΔO2 values represent the difference in O2 concentrations 
between minimum and start of stimulation. The O2 consumption rate was calculated by dividing the ΔO2 values by the varying stimulus 
(stim.) durations (Figure 2b, bottom row). Depicted are the mean values +/− SEM for the respective frequencies. (c) Pharmacologically 
blocking of OxPhos with rotenone, antimycin A and potassium cyanide (10 μM each for 20 min; block) in experiments applying 400 stimuli 
at 50 Hz entailed a pronounced reduction in NAD(P)H and FAD peak amplitudes. The values were normalised to the respective control 
values before application of blockers. Points represent individual experiments and the bars mean values. All values are significantly different 
(*) from 1, i.e. the unblocked control condition as tested by one- sample t- test (p values: NAD(P)H block, 0.0015, df = 4, t = 7.708; NAD(P)
H wo, 0.0089, df = 3, t = 6.09; FAD block, 0.0001, df = 4, t = 14.47; FAD wo, 0.0035, df = 3, t = 8.429). The washout (wo; 15–20 min) was 
significantly different from blocking for FAD (paired t- test, p = 0.0070, df = 4, t = 6.642) and showed a tendency for NAD(P)H (p = 0.0654, 
df = 3, t = 2.844). (d–f) Correlation between O2, NAD(P)H and FAD responses. Grey dots represent individual data, whereas coloured dots 
the mean values (+/− SEM) for the respective frequencies. Linear regression for NAD(P)H vs. FAD peak amplitudes (f) resulted in p < 0.0001, 
R2 = 0.563, df = 78. Data points represent mean +/− SEM; n = 10 independent experiments in 5 brain slices; each from an individual animal. 
(g) Estimation of O2 consumption rate per AP for a fixed number of 400 stimuli. The graph shows data based on stimulation- induced 
changes in O2 consumption rate (ΔO2/stimulation (stim.) duration; Figure 3b) divided by the estimated number of APs (black dots and line). 
FAD, oxidised form of flavin adenine dinucleotide; NAD(P)H, reduced form of nicotinamide adenine dinucleotide and nicotinamide adenine 
dinucleotide phosphate.
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for O2 recordings did not depend on stimulus duration and only the 
10- Hz values were in their range (Figure 2Cb). Including the 10- Hz 
values, t20/80 for O2 was significantly correlated with stimulus dura-
tion (Pearson correlation coefficient = 0.4692, p < 0.0001, 80 data 
pairs), whilst without them no correlation was observed (r = −0.1010; 
p = 0.4053; 70 data pairs). In contrast, t20/80 values for NAD(P)H 
and FAD were significantly correlated also without the 10- Hz val-
ues (NAD(P)H, r = 0.7561, p < 0.0001; FAD, r = 0.7148, p < 0.0001; 
70 data pairs for both). We calculated the stimulation- induced O2 
concentration difference (ΔO2) and – to account for the varying 
duration of the electrical stimuli – the O2 consumption rate (ΔO2 
divided by the stimulus duration; Figure 3b). This rate clearly rose 
with stimulation frequencies up to 600 Hz and was constant above. 
We observed a discrepancy between the frequency dependency of 
autofluorescence imaging (Figure 2Ca) and O2 recordings. The net 
peak amplitudes of NAD(P)H and FAD do not show any significant 
correlation with the O2 consumption rates (Figure 3d,e; NAD(P)
H, Pearson correlation coefficient r = −0.0028, p = 0.980; FAD: 
r = −0.0835, p = 0.461; 80 data pairs for both), whereas the NAD(P)
H values are significantly correlated with those for FAD (Figure 3f; 
r = 0.7504, p < 0.0001, 80 data pairs).

To show the importance of OxPhos in MNTB principal neurons, 
we applied 400 fibre stimuli at 50 Hz before and during blockage 
of OxPhos with rotenone, antimycin A and potassium cyanide (each 
10 μM for 20 min). The stimulation- induced net peak amplitudes 
of both NAD(P)H and FAD were decreased in the presence of the 
OxPhos inhibitors as can be seen from the values normalised to their 
respective amplitudes under control conditions (Figure 3c). Washout 
of the blockers for 15–20 min entailed a significant recovery for FAD 
and at least a tendency for NAD(P)H peak amplitudes.

3.3  |  Estimation of the number of APs at high 
stimulation frequencies and consequences for the 
frequency dependency of metabolic responses

At stimulation frequencies above 300 Hz, it is difficult to distinguish 
between a potential metabolic adaptation and the MNTB principal 
neurons firing less reliably (see Sections 1, 4 and 4.1). As we have 
not measured the AP response to different stimulation frequencies, 
we estimated the number of APs in relation to the number of stimuli 
based upon in vivo data (Borst & van Hoeve, 2012; Kopp- Scheinpflug 
et al., 2003, 2011; Taschenberger & von Gersdorff, 2000) and in vitro 
cell- attached recordings (Grande & Wang, 2011). It is important to 
determine the failure rate based on these measurements with undis-
turbed intracellular state. Up to 300 Hz, we equated firing frequency 
with stimulation frequency. Above this limit, we assumed that the 
neurons fire on average with only 300 Hz irrespective of the stimula-
tion frequency. Applying this simple assumption, we calculated the 
estimated number of APs (black dots and lines in Figure 3g). Based 
on these values, we calculated the O2 consumption rate (ΔO2/stimu-
lation duration) per AP, which continuously increased with stimula-
tion frequency (Figure 3g).

3.4  |  Burst stimulation

Many neurons, especially those capable of high- frequency firing, are 
not only continuously active but often show a bursting activity pat-
tern. A computational study has shown that in thalamocortical relay 
neurons the mean firing rate determines energetic needs more than 
the temporal firing pattern (Yi & Grill, 2019). To simulate more physi-
ological conditions, we applied 400 stimuli over a constant stimula-
tion period of 5 s for all frequencies (Figure 4a). These 400 stimuli 
were applied in bursts containing 5 stimuli at the respective stimula-
tion frequency, which are separated from the next burst by breaks 
with varying duration, dependent on the frequency. Stimulation fre-
quencies below 100 Hz were not applied, because a stimulation pe-
riod longer than 5 s would have been necessary for 400 stimuli. The 
changes in NAD(P)H and FAD net peak amplitudes showed no obvi-
ous difference to the values for the temporally equally distributed 
application of 400 stimuli except for the 1000- Hz data (Figure 4b,c; 
two- sided t- test: FAD, p = 0.024; NAD(P)H, p = 0.055).

3.5  |  Glucose dependency of NAD(P)H/FAD 
responses at different stimulation frequencies

We examined the impact of two different glucose concentrations  
on the changes in NAD(P)H and FAD amplitudes with 400 stimuli 
at different frequencies. In all our experiments presented so far, 
we used solutions with 2 mM glucose like in our study on the LSO 
(Brosel et al., 2018). In comparison, we applied a solution with 10 mM 
glucose and no sucrose. The curves exhibit a similar frequency de-
pendency of NAD(P)H and FAD net peak amplitudes (Figure 4d,e). 
The NAD(P)H net peak amplitudes showed no significant difference, 
however, the FAD values are significantly smaller for the higher glu-
cose concentration except for 200 Hz and 1000 Hz (double- sided t- 
test, see Figure legend). Amplitudes of the NAD(P)H overshoot are 
clearly smaller for the higher glucose concentration (Figure 4f; see 
Figure legend). For FAD autofluorescence, no overshoots were ob-
served at all.

4  |  DISCUSSION

4.1  |  Experimental approach and its limitations

The advantages of monitoring the autofluorescence of NAD(P)H 
and FAD are its non- invasive nature, a temporal resolution in the 
range of seconds and the possibility to record from a large cell 
population. There has been an extensive discussion on the inter-
pretation of autofluorescence data and the cellular and subcellular 
origin of the signals. As the major NAD(P)H autofluorescence sig-
nal originates from mitochondria because of the increased fluo-
rescence lifetime in this environment, its changes reflect mainly 
NADH oxidation during OxPhos to regenerate ATP and its reduc-
tion in the TCA cycle; just like for FAD, which is not involved in other 
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cytoplasmic processes (Schaefer et al., 2019; Shuttleworth, 2010). 
Therefore, the peak amplitudes of NAD(P)H/FAD are often 
quantified as a measure of ATP generation (Shuttleworth, 2010). 
However, many metabolic processes determine the intracellular 
levels of NAD(P)H and FAD, and at equilibrium state, which relates 
to baseline measurements before stimulation, the net reaction of 
oxidation and reduction is zero. As the involved metabolic pro-
cesses can vary with respect to their amplitude and timing, the 
peak amplitudes might be substantially affected and, thus, do not 
necessarily reflect the amount of ATP produced. In our imaging 
experiments—like in most published studies, we did not distin-
guish whether autofluorescence arose from neurons, astrocytes 
or other cell types. Despite having subcellular resolution in our 
setups, we have no possibility to identify different cell types in 
our images. Unfortunately, NAD(P)H and FAD autofluorescence 
monitoring does not allow for measurement of absolute concen-
trations in the equilibrium, because of the presence of many other 

fluorescent molecules (e.g. porphyrins, lipoproteins and collagen; 
Schaefer et al., 2019; Wagnières et al., 1998).

We performed quantitative O2 recordings at the site of auto-
fluorescence imaging to compensate for the lacking quantification 
of NAD(P)H/FAD values and—more important—because the peak 
amplitudes only represent the net changes because of superim-
posed oxidative and reductive processes. However, O2 recordings 
have also disadvantages since they are extracellular and punctual 
compared to the autofluorescence imaging of entire populations. 
We observed that the rates of O2 consumption rose with stimula-
tion frequency (Figure 3b), contrasting the decrease of autofluo-
rescence peak amplitudes above 100 Hz (Figure 2Ca). This finding 
points at autofluorescence imaging being not always an appropriate 
measure for metabolic changes and the need for additional quan-
titative readouts (for discussion see Section 4.2). The relevance of 
O2 consumption is given by the importance of OxPhos, which is im-
portant for ATP regeneration in MNTB neurons (Figure 3c) like in in 

F I G U R E  4  Influence of burst mode stimulation and of different glucose (glc) concentrations. (a) Stimulation pattern of burst mode. The 
400 stimuli were divided into 80 bursts with 5 stimuli per burst. Consequently, the breaks between two consecutive bursts vary, because 
the stimulation duration was always 5 s. (b, c) Peak amplitudes of NAD(P)H (b) and FAD (c) for different frequencies in burst mode (Burst 
stim.). For comparison, we replotted the data for continuous stimulation (Cont. stim.) with 400 stimuli (Figure 2Ca). Only the values at 
1000 Hz were significantly different (*; FAD: p = 0.024, df = 12.305, t = 2.573; NAD(P)H: p = 0.055, df = 6.124, t = 2.367). Data points (in 
B, C) represent mean +/− SEM; n = 7 independent experiments (600 and 800 Hz, n = 3) in 5 brain slices (3 for 600 and 800 Hz); each from 
an individual animal. (d–f) Frequency dependency of autofluorescence responses at different extracellular glucose (glc) concentrations 
after 400 stimuli continuously applied. (d, e) Peak amplitudes of NAD(P)H (D) and FAD (E) for a glucose concentration of 2 mM (same data 
as shown in Figure 2Ca) and 10 mM. NAD(P)H, no significant difference; FAD, 10 Hz, p = 0.064, df = 12.264, t = −2.034; 50 Hz, p = 0.028, 
df = 16.8, t = −2.404; 100 Hz, p = 0.017, df = 17.646, t = −2.626; 200 Hz, p = 0.222, df = 8.434, t = −1.317; 400 Hz, p = 0.006, df = 16.813, 
t = −3.129; 600 Hz, p = 0.007, df = 14.489, t = −3.117; 800 Hz, p = 0.019, df = 15.832, t = −2.6; 1000 Hz, p = 0.228, df = 16.686, t = −1.25; double- 
sided t- test; *p < 0.05. (f) Analysis of the overshoot of the NAD(P)H time course (double- sided t- test; *p < 0.05: 10 Hz, p = 0.043, df = 16.69, 
t = −2.18; 50 Hz, p = 0.0004, df = 16.015, t = −4.5; 100 Hz, p = 0.003, df = 13.503, t = −3.57; 200 Hz, p = 0.003, df = 15.903, t = −3.532; 400 Hz, 
p = 0.015, df = 12.908, t = −2.807; 600 Hz, p = 0.013, df = 16.341, t = −2.8; 800 Hz, p = 0.011, df = 16.442, t = −2.866; 1000 Hz, p = 0.200, 
df = 16.385, t = −1.317). Data points (in d–f) represent mean ±SEM; n = 10 (2 mM glc) and n = 9 independent experiments (10 mM glc), 
respectively in 6 brain slices (5 for 2 mM glc); each from an individual animal. FAD, oxidised form of flavin adenine dinucleotide; NAD(P)H, 
reduced form of nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate.
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many neuron types (Dienel, 2019; Hall et al., 2012; Huchzermeyer 
et al., 2013; Ivanov et al., 2014; Ivanov & Zilberter, 2011; Özugur 
et al., 2020; Yellen, 2018). As we did not record APs, we do not know 
whether in the presence of OxPhos blockers APs were reliably elic-
ited by each stimulus or whether the blockers induced spreading 
depolarization or epileptic activity as sometimes observed in the 
hippocampus (Kovacs et al., 2001; Malkov et al., 2014; Schuchmann 
et al., 2001). Therefore, we do not speculate on the quantitative 
contribution of OxPhos to MNTB metabolism, but only conclude 
that OxPhos is an important energy source for MNTB neurons.

Interestingly, the stimulation- induced O2 changes were rather 
delayed and longer lasting than the stimulus period and the auto-
fluorescence peaks (Figures 2Cb, 3a); an observation similar to the 
hippocampus (Foster et al., 2005; Galeffi et al., 2011) and the LSO 
(Brosel et al., 2018). The t20/80 value for the O2 drop was indepen-
dent on the varying stimulus duration (except for the 40- s stimu-
lus at 10 Hz), which is in contrast to the t20/80 values for NAD(P)H/
FAD that showed a clear correlation also for the other frequencies 
(Figure 2Cb). Potential causes for the slow O2 response might be a 
prolonged energy demand met by OxPhos, but also diffusional as-
pects might have a part, because the recorded O2 concentrations 
are the net result of diffusion from the medium into the slice and 
consumption by the cells. However, based upon our data we cannot 
say whether and to which extent these processes contribute to the 
observed alteration in O2 concentration. We exclude that there is a 
principal diffusional limit to O2- dependent reactions in our exper-
iments, since O2 concentrations at the minimum after stimulation 
were still in the range of 80 μM and the stimulated activity consumed 
maximal 15% of the available O2. Also, technical limitations of the O2 
electrodes are not likely, because they have a rapid response time 
(90%) of 1–3 s and a detection limit of 0.3 μM.

We performed all experiments at room temperature (22.5–
24.5°C), because of the longer viability of the slices at this tempera-
ture, which was crucial for applying the entire set of stimulations with 
5- min breaks. In our study in the LSO, NAD(P)H/FAD peak amplitudes 
showed quantitative but not qualitative temperature- dependent dif-
ferences (Brosel et al., 2018). We assume that temperature depen-
dence of AP shape (Kim & von Gersdorff, 2012) and, thereby, the 
energy necessary for restoring ion gradients had only a small effect 
on our data, because we have performed all measurements at the 
same temperature. The non- physiological recording temperature has 
an impact on the overall metabolic response because of the tempera-
ture dependency of enzymes. However, Ibrahim et al. found in the 
hippocampus that below 29°C a tight coupling between metabolic 
responses and local field potential signals exists with the strongest 
changes in peak amplitude at 25°C (Ibrahim et al., 2017).

4.2  |  Frequency dependency of metabolic 
responses in the MNTB

The O2 consumption rate rose continuously with stimulation fre-
quency up to 600 Hz and was constant above (Figure 3b). This 

frequency dependency is interesting for two reasons: (1) The energy 
demand fulfilled by OxPhos increased with frequency despite the 
fixed number of 400 stimuli; (2) This increase continued even above 
300 Hz, when not every stimulus elicited an AP because of synap-
tic failures. We, thus, propose that the temporal pattern of synaptic 
stimulation and not only the number of pre- synaptic stimuli is deter-
minative for the energy demand of MNTB neurons. Despite being 
extremely resistant to synaptic AP failures and synaptic fatigue, the 
MNTB is prone to electrophysiological adaptation at high stimula-
tion frequencies (Brosel et al., 2018; Krächan et al., 2017). Synaptic 
plasticity like depression for long- lasting stimulation trains and ac-
companying changes in AP shape (e.g. broadening will definitely 
have an—so far unknown—effect on metabolic responses, since they 
affect the disturbance of ion gradients over the plasma membrane 
by electrical activity).

Our O2 recordings exhibited an increase of O2 consumption 
rate with stimulation frequency similar to that of NAD(P)H/FAD 
net peak amplitudes only up to 100 Hz, but a pronounced mis-
match at higher frequencies (Figure 3d,e). Therefore, we conclude 
that net peak amplitudes are not under all circumstances an ap-
propriate readout for energy demand. The cause for the lacking 
correlation might be found in the nature of the peak amplitudes 
reflecting only net changes of NAD(P)H and FAD levels by many 
oxidative and reductive processes, which might change their mag-
nitude and timing with frequency. We suggest that with rising fre-
quency energy demand increases and, therefore, the rates of both, 
TCA cycle and OxPhos would become larger. The rise in OxPhos 
rate can be deduced from the increasing rate of O2 consumption. 
An even stronger increase in the rates of reductive processes 
might blunt the rise of net peak amplitudes as we observed for O2 
consumption rate. Another aspect to be considered is the small 
contribution (about 10%) of cytoplasmic NAD(P)H to the autoflu-
orescence signal (Schaefer et al., 2019; Shuttleworth, 2010), which 
might have a role in the lacking correlation between NAD(P)H and 
O2. This might hold especially for cellular compartments devoid 
of mitochondria, in which ATP is produced by glycolysis (Barros 
et al., 2021; Dienel, 2019; Yellen, 2018). The strong influence of 
the stimulus duration on the timing of the NAD(P)H/FAD peaks in 
contrast to O2 consumption (t20/80; Figure 2Cb) probably contrib-
utes to the mismatch as well.

The decreasing reliability of the MNTB synapse setting in around 
300 Hz would result in not every stimulus of a train eliciting a post- 
synaptic action potential and, thereby, larger stimulation than firing 
frequencies. To consider these failures, we estimated the number 
of potentially elicited AP based on the well- known electrophysiol-
ogy of MNTB principle neurons in in vivo and in vitro (Borst & van 
Hoeve, 2012; Grande & Wang, 2011; Kopp- Scheinpflug et al., 2003, 
2011; Taschenberger & von Gersdorff, 2000; von Gersdorff & 
Borst, 2002; Wang et al., 1998). Using these estimated number of APs, 
we analysed the O2 consumption rate (ΔO2/duration) per AP and found 
a continuous increase over the entire frequency range (Figure 3g). This 
result is in accordance with our assumption that the metabolism of 
MNTB neurons is more dependent on the firing rate than on the total 
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number of elicited APs per stimulation, which we estimated to even 
decrease above 300 Hz (black dots in Figure 3g). However, as we did 
not record APs, this has to be experimentally proven.

The calyx of Held contacting MNTB principle neurons is one 
of a few pre- synapses, which are electrophysiological accessible. 
Studies showed metabolic flexibility and a changing contribution of 
glycolysis and OxPhos depending on firing frequency with a major 
contribution of OxPhos in mature animals (Lucas et al., 2018; Lujan 
et al., 2016, 2021). These findings support why studies in different 
neuron types are important, because in most neurons studied so far, 
calculations yielded a rather small contribution of the pre- synaptic 
metabolism (Howarth et al., 2012). The studies mentioned did not 
image NAD(P)H/FAD autofluorescence. However, we assume that 
a fraction of the autofluorescence signals in the MNTB originates 
from pre- synaptic compartments as reported for hippocampal pre- 
synapses (Liotta et al., 2012). This might be of relevance at stimula-
tion frequencies above 300 Hz, when pre- synaptic electrical activity 
was elicited by axonal stimulation, but no post- synaptic APs were 
induced because of synaptic failures. We refrain from a quantitative 
estimation of the pre- synaptic contribution to NAD(P)H and FAD 
signals, because pre- synapses cannot be individually identified in 
our epi- fluorescence microscope.

As our data showed that the timing of synaptic stimulation is 
more important than the total number of stimuli, we studied how the 
firing pattern affects metabolic responses. Interestingly, 400 stim-
uli applied in bursts over a fixed 5- s- period with varying intra- burst 
breaks (Figure 4a–c) entailed no obvious differences to 400 stimuli 
continuously applied. We did not measure changes in O2 concentra-
tion for this comparison. However, these results are in accordance 
with a computational study in thalamo- cortical relay neurons by Yi 
and Grill, who found that the metabolic demand is governed mainly 
by the average firing rate and not by the temporal firing pattern (Yi 
& Grill, 2019).

4.3  |  Glucose dependency of NAD(P)H/FAD 
peak amplitudes

In many in vitro studies, glucose concentrations of 10 or even 25 mM 
were used with the aim to compensate for diffusional limitations 
of glucose supply (Hollnagel et al., 2020; Lourenço et al., 2019; 
Taschenberger & von Gersdorff, 2000). These concentrations are 
by far higher than the physiological value of around 2 mM, which, 
however, is established by a high density of blood capillaries not 
functional in brain slices. In our system, we found for all frequen-
cies smaller FAD peak amplitudes for 10 mM glucose compared to 
those for 2 mM (Figure 4). For NAD(P)H, the differences in peak 
amplitudes were minute, whilst the overshoot amplitudes were 
much smaller for 10 mM. Despite the limitations of the NAD(P)H/
FAD autofluorescence as quantitative measure (see Sections 4.1 
and 4.2), we think our comparison provides some insights for elec-
trophysiological studies, because it emphasises the importance 
of experimental conditions (e.g. nutrient and O2 concentrations; 

Sünwoldt et al., 2017). Our data are contradictory to findings in the 
hippocampus, where a reduction of extracellular glucose concentra-
tion from 10 via 5 to 3 mM induced a strong decrease in NAD(P)H 
overshoot, whereas the NAD(P)H peak amplitude stayed constant 
(Ivanov et al., 2014). However, as said before, the interpretation of 
peak and overshoot amplitudes is difficult, because they represent 
net changes, and computational modelling could contribute to a bet-
ter understanding. Several factors might contribute to the observed 
differences between the two glucose conditions, but remain to be 
established. This includes cytoplasmic NAD(P)H, which contributes 
less to cellular autofluorescence compared to mitochondrial signals 
(Schaefer et al., 2019; Shuttleworth, 2010), but might be especially 
relevant in cellular compartments without mitochondria. The impact 
of glucose diffusion might be different at varying extracellular glu-
cose concentrations as well. In addition, cytoplasmic NADH could 
increase mitochondrial NADH and FADH2 levels via the malate–as-
partate shuttle (Dienel & Cruz, 2016) and the glycerol- 3- P- carrier, 
respectively. Nevertheless, these and potential further aspects re-
quire experimental and computational validation.

5  |  CONCLUSION

We found that the MNTB with its principal neurons represents a dy-
namic metabolic system because of its broad physiological activity 
range. O2 consumption rates were by far more dependent on the fre-
quency of pre- synaptic activity than on the number of pre- synaptic 
stimuli. We believe our study is relevant to other brain regions that 
also harbour neurons capable of high- frequency firing (Ritzau- Jost 
et al., 2014; Wang et al., 2016). For us, the rationale to study the 
metabolism of neuron types beyond the hippocampus and the cer-
ebral cortex-  is provided by the aim to further reveal the metabolic 
aspects of neuropathologies and improve the interpretation of func-
tional brain imaging. Imaging of NAD(P)H and FAD autofluorescence 
is a simple approach to monitor metabolic responses of a large cell 
population with high temporal resolution and without the need of 
application of a sensor molecule. Nevertheless, our study showed 
that quantification of these signals is not always an appropriate 
measure and that simultaneous recording of O2, glucose or ATP 
levels might be crucial. Whilst O2 monitoring yields a quantitative 
readout of OxPhos, autofluorescence imaging reports the relative 
net balance of many metabolic processes. However, both techniques 
have their advantages and disadvantages. Establishing biochemical 
computational models will be an important step for a better under-
standing of the complex net changes in NAD(P)H and FAD autofluo-
rescence signals and might reconcile the readouts of the different 
metabolic techniques in the future.
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