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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial Ca®* flux is crucial for the regulation of cell metabolism. Ca®>* entry to the mitochondrial matrix
Ca** is mediated by VDAC1 and MCU with its regulatory molecules. We investigated hepatocytes isolated from

Mitochondria conplastic C57BL/6NTac-mtN°P'Y mice (mtNOD) that differ from C57BL/6NTac mice (controls) by a point
Hepatocytes ) mutation in mitochondrial-encoded subunit 3 of cytochrome c oxidase, resulting in functional and morpholo-
2;21:: mutation gical mitochondrial adaptations. Mice of both strains up to 12 months old were compared using mitochondrial
MCU GEM-GECO1 and cytosolic CAR-GECO1 expression to gain knowledge of age-dependent alterations of Ca®*

concentrations. In controls we observed a significant increase in glucose-induced cytosolic Ca®>* concentration
with ageing, but only a minor elevation in mitochondrial Ca®>* concentration. Conversely, glucose-induced
mitochondrial Ca®>* concentration significantly declined with ageing in mtNOD mice, paralleled by a slight
decrease in cytosolic Ca>* concentration. This was consistent with a significant reduction of the MICU1 to MCU
expression ratio and a decline in MCUR1. Our results can best be explained in terms of the adaptation of Ca®*
concentrations to the mitochondrial network structure. In the fragmented mitochondrial network of ageing
controls there is a need for high cytosolic Ca®* influx, because only some of the isolated mitochondria are in
direct contact with the endoplasmic reticulum. This is not important in the hyper-fused elongated mitochondrial
network found in ageing mtNOD mice which facilitates rapid Ca®* distribution over a large mitochondrial area.

1. Introduction

Intracellular free calcium ions (Ca2%) act as a second messenger
and, among other functions, they regulate muscle contractions, signal
processing in the brain, cell differentiation and cell death [1]. The cy-
tosolic Ca%* concentration is about 100 nmol/1 — 20,000-fold lower
than in the extracellular space [2]. During stimulation Ca?™ influx from
the extracellular space or internal calcium reservoirs, such as the en-
doplasmic reticulum, can increase the cytosolic Ca>* concentration up
to 100-fold [3,4].

In addition, cell metabolism is affected by intra- and extra-
mitochondrial Ca®?™ concentrations in different ways [5]. In-
tramitochondrial Ca®™ stimulates the pyruvate dehydrogenase complex
(PDC), isocitrate dehydrogenase (ICDH) and a-ketoglutarate dehy-
drogenase (a-KGDH) [6,7], and hence, amplification of the acid cycle
and the supply of acetyl-CoA. Extramitochondrial Ca®** activates the
aspartate glutamate carrier (AGC) [5], the ATP-Mg/Pi carrier [8] and
mitochondrial glycerol phosphate dehydrogenase (mGPD) [9].

However, pathologically elevated cytosolic Ca®* levels stimulate nitric
oxide synthases (NOSs) catalysing the production of nitric oxide (NO).
NO inhibits cytochrome c oxidase in the respiratory chain, resulting in
increased reactive oxygen species (ROS) production at the cytochrome
bcl complex [10]. ROS also oxidise cardiolipin in the inner mi-
tochondrial membrane, thus promoting cytochrome c release. Fur-
thermore, pathological Ca®* levels directly stimulate cytochrome c
release because of concurrent activity at the cardiolipin binding site
[11]. Finally, high Ca** levels support formation of the mitochondrial
permeability transition pore (mPTP) through which cytochrome c can
flow into the cytosol and initiate apoptosis [12,13].

The voltage-dependent anion-selective channel (VDAC1) in the
outer mitochondrial membrane and the mitochondrial calcium uni-
porter (MCU) in the inner mitochondrial membrane are key compo-
nents for Ca®™" shuttling from the cytosol into mitochondria [14,15].
MCU activity is regulated by a heterodimer composed of the proteins
mitochondrial calcium uptake 1 and 2 (MICU1l and MICU2), MCU
regulator (MCUR1), MCU regulator EMRE (mouse Smdt1). MCUR1 and
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Smdt1 are reported to have a direct positive impact on Ca®>* uptake via
the MCU [16-20]. However, another study has shown that MCUR1 is a
cytochrome c oxidase assembly factor rather than a regulator of the
MCU [21]. At low cytosolic Ca?™ levels MICU2 shuts down MCU ac-
tivity, whereas at high Ca®" levels stimulated MICU1 supports MCU
activity [22]. The molecular regulation of MCU and its implications in
physiology and disease have recently been reviewed in detail [23]. In
addition, the mitochondrial solute carrier SLC25A23 stimulates MCU
activity. However, SLC25A23 plays a dual role and also induces oxi-
dative stress-mediated cell death [24].

Regulation and adaptation of mitochondrial Ca®* influx is therefore
crucial for cellular metabolism and viability. In a recent study we de-
monstrated causality relationships between a single subunit 3 of cyto-
chrome c oxidase (COX 3) mutation and age-dependent ROS produc-
tion, mitochondrial dynamics and metabolism at the cellular level of
primary hepatocytes [25]. COX 3 is encoded by the mitochondrial DNA
and is pivotal for cytochrome c oxidase activity [26]. The conplastic
C57BL/6NTac-mtN°P™Y (mtNOD) mouse strain used for the experi-
ments carries the mitochondrial DNA from the NOD/LtJ-strain with an
nt9821-10A and an nt9348A polymorphism in COX 3 but the same
nuclear DNA as the C57BL/6NTac mouse strain that served as control
[25,27]. Control and mtNOD mice showed an increase in mitochondrial
ROS generation from the age of 3 to 9 months [25]. Different mito-
hormesis was associated with decreasing ROS production beyond 9
months in controls, but with constantly high levels in mtNOD mice
[25]. In controls the mitochondrial membrane potential and ATP pro-
duction showed a slight decline from the age of 3 to 12 months [25].
mtNOD mice had a significantly lower membrane potential and reduced
ATP production compared with controls at the age of 3 months. How-
ever, both parameters increased stepwise with age [25]. The aim of the
present study was therefore to investigate cytosolic and mitochondrial
Ca2™ concentrations and expression of the specific Ca®>* transporter in
hepatocytes of mtNOD and control mice.

2. Materials and methods
2.1. Experimental animals

The conplastic C57BL/6NTac-mtV°P™ (mtNOD) mouse strain was
generated by crossing females from the mitochondrial donor strain
(NOD/LtJ) to males with the preferred genomic background (C57BL/
6NTac), as described [25,27]. The background strain served as controls
in this study. Mice were housed at the central animal care facility of the
Rostock University Medicine, receiving conventional rodent chow
(SSNIFF) and water ad libitum. The colonies were regularly monitored
for murine pathogens, in line with the recommendations of the Fed-
eration for Laboratory Animal Science Associations. This study was
carried out in accordance with the German Animal Welfare Act 2006
(last amended 2014) and has been approved by the State Department of
Agriculture, Food Safety and Fisheries, Mecklenburg-Vorpommern
(LALLF M-V). Only male mice were used for hepatocyte isolation.

2.2. Isolation of primary hepatocytes

Hepatocytes were isolated, as described [28], from 3-, 6-, 9- and 12-
month-old male control and mtNOD mice and used directly for RNA
isolation or seeded on glass-bottom dishes (MatTak Corporation, Ash-
land, MA, USA) and cultured in Williams Medium E (Merck, Darmstadt,
Germany) supplemented with fetal calf serum (10%), penicillin-strep-
tomycin (1%), glutamine (2.5%), insulin (0.5%) and dexamethasone
(0.01%) (Life technologies, Carlsbad, CA, USA) for one day prior to
transfection.
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2.3. Measurements of subcellular Ca®* concentration in primary
hepatocytes

Hepatocytes were transfected with 2pg DNA (equal ratio of plas-
mids) and 6.4l PromoFectine Hepatocyte (PromoKine, Heidelberg,
Germany) according to the manufacturer’s instructions. For subcellular
resolution of changes in the Ca®** concentration, cytoplasmic localised
CAR-GECO1, mitochondrial localised CAR-GECO1 [29] (Addgene,
Teddington, UK) and mitochondrial localised GEM-GECO1 protein [30]
(Addgene) were expressed under control of a CMV promoter. The Ca®™ -
dependent fluorescence intensity change of these sensors is based on
Ca®* binding to calmodulin. The intensity of CAR-GECO1 proteins was
10-fold and that of GEM-GECO1 2-fold higher in the Ca®*-bound state
in our experiments. For Ca®*-independent visualisation of the mi-
tochondrial network the previously generated mitochondrial localised
TagBFP vector was used [31,32]. One day after transfection the
medium was exchanged and the hepatocytes were cultured for a further
day. Finally, cells were starved for one hour in Krebs-Ringer solution.

Ca®* measurements were carried out using an xcellence/Olympus
IX81 microscope system (Olympus, Hamburg, Germany) equipped with
a Cellcubator (Olympus) to maintain 60% humidity, 37 °C, and 5% CO,,
an UPLSAPO 60 x 1.35 numerical aperture oil-immersion objective
(Olympus) and OrcaR? CCD camera (Hamamatsu Corporation,
Bridgewater/NJ, USA) and 387/11 and 556/20 bright line HC excita-
tion filters, 403/497/574 HC triple beam splitter plus 433/517/613 HC
triple band emission filter (F66-512) and HC BS 409 beam splitter plus
510/84 bright line HC excitation filter (F76-520, AHF Analysentechnik,
Tiibingen, Germany). Two-channel image acquisitions were performed
by continual alternation at a speed of 650 ms (mitochondrial CAR-
GECO1 and TagBFP) and 950 ms (cytoplasmic CAR-GECO1 and mi-
tochondrial GEM-GECO1) per channel. Cells were incubated for the first
two minutes of the experiments in Krebs-Ringer solution without glu-
cose and thereafter with 25 mmol/1 glucose. Time-resolved fluorescence
intensity changes were calculated using the xcellence software and
normalised to the starting point.

2.4. Gene expression analyses

Hepatocytes were homogenised in QIAshredder Mini Spin Columns
(Qiagen, Hilden, Germany) by centrifugation (2min, 12,000 rpm).
Thereafter RNA was isolated and purified with the RNeasy® Mini Kit
(Qiagen). cDNA was synthesized using the Maxima™ First Strand cDNA
synthesis kit for RT-qPCR (Thermo Scientific, Darmstadt, Germany).
RNA solutions containing the probes of the cDNA synthesis kit were
placed in a thermocycler (Labcycler, SensoQuest, Gottingen, Germany)
programmed at 25 °C for 10 min, followed by 50 °C for 15 min and by
85 °C for 5 min. For real-time PCR, cDNA solutions containing TagMan
Universal Master Mix (Applied Biosystems, Darmstadt, Germany) and
one of the following TaqgMan® Gene Expression Assays (MCU

Mm03951306_¢g1, MICU1 Mm00522778_m1, MICU2
MmO00551312 m1, MCUR1 MmO01351578_ml, Smdtl
Mm01306306_m1, SLC25A23 Mm01232022_m1, VDAC1

Mm01288627_g1, Applied Biosystems) of primer and gene probe were
amplified and detected using a 7900 HT Fast Real-Time System (Life
Technologies, Darmstadt, Germany). The PCR system was programmed
at 50 °C for 2 min, followed by 95 °C for 10 min and by 40 repeats of the
steps 95°C for 15s and 60 °C for 1 min. GAPDH served as a house-
keeping gene (Mm99999915 g1, Applied Biosystems). Gene expression
values were calculated with the SDS RQ Manager 1.2 software (Life
Technologies).

2.5. Protein expression analyses
For western blot analyses 40 ug of cellular proteins were separated

by SDS-PAGE and blotted onto Roti®-Fluoro PVDF membrane (Carl
Roth, Karlsruhe, Germany). Membranes were probed for two hours at
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37 °C with anti-MCU (Abbexa, Cambridge, UK, abx325243, 1:1500),
anti-MICU1 (antibodies-online, Aachen, Germany, ABIN1804714,
1:500), anti-VDAC1 (Acris, Herford, Germany, AP00265PU-N, 1:500)
and anti-actin (Cell Signaling Technology, Frankfurt, Germany, 4970,
1:1000) antibodies. Immunoreactive bands were visualised using IRDye
680, IRDye 800 CW fluorescence-labelled secondary antibodies and
analysed via the Odyssey imaging system. Densitometry measurements
of bands were performed using the Odyssey infrared imaging system
(LI-COR, Lincoln, NE, USA) and the MICU1/MCU ratio was calculated.

For immunofluorescence staining hepatocytes were fixed with 4%
formaldehyde for 15 min and permeabilised with 0.2% Tween 20 for
5min in phosphate-buffered saline. Cells were stained for two hours
with anti-MICU1 (antibodies-online, Achen, Gernamy, ABIN1804714,
1:50) and anti-TOMM20 (Abcam, Cambridge, UK, ab186735, 1:50)
antibody. Positive signals were visualised using Alexa488 or Alexa594
(Abcam, Cambridge, UK, 1:250). The samples were counterstained with
DAPI by using Roti®-Mount FluorCare DAPI (Carl Roth; Karlsruhe,
Germany) for mounting. Images were generated using the FV10i con-
focal microscope and FV10-ASW software (Olympus).

2.6. Statistical analysis

Statistical analyses were performed using the Prism® 5.00 analysis
program (GraphPad, San Diego, CA, USA) and the results are presented
as means = SEM. Unless otherwise stated, differences were examined
using ANOVA/Bonferroni's correction, and p values < 0.05 were con-
sidered to be statistically significant.

3. Results

3.1. Age-dependent effects on cytosolic and mitochondrial Ca®*
concentrations in primary hepatocytes after glucose stimulation

Transient transfections resulted in comparable expression of both
CAR-GECO1 and GEM-GECO1 in hepatocytes of mtNOD and control
mice. The fluorescence of the Ca?* sensor proteins remained stable
during the experiments and was not affected by addition of Krebs-
Ringer solution (data not shown). It should be noted that for clarity, the
results of co-transfection experiments are shown in separate figures and
only every seventh measurement point is presented in the curves
(Fig. 1A-D, Fig. 2A-D). After addition of glucose we observed an in-
crease in both cytosolic and mitochondrial Ca®* in hepatocytes starved
for 1h, falling to baseline levels after 3-6 min (Fig. 1A-D, Fig. 2A-D).
For calculations of Ca®* concentrations (Figs. 1E, 2 E) we therefore
quantified the area under curve over the first 3min. A significant
stepwise increase in cytosolic Ca?* concentration with ageing was
noted in control mice (Fig. 2E), whereas an oscillatory pattern with
higher values at 3 and 9 months was observed in mtNOD mice. A sig-
nificant difference was observed at 12 months, with values in controls
twice as high as in mtNOD mice (Fig. 1E). Mitochondrial Ca®>* con-
centration in control mice was stable with a tendency to higher values
from 6 months onwards (Fig. 2E). In contrast, a decrease with ageing
was observed in mtNOD mice, with significantly different values be-
tween 3 and 12 months (Fig. 2E). At 3 months mtNOD mice showed
significantly higher Ca®>* concentration than controls (Fig. 2E).

3.2. Measurement of mitochondrial Ca®* concentration in primary
hepatocytes

Further experiments were performed in hepatocytes from 3-month-
old mice: after Ca* binding the CAR-GECO1 protein exhibits a greater
intensity increase than the GEM-GECO1 protein, but is susceptible to
pH and ion concentration. Higher Ca®* concentration was detected in
hepatocytes of mtNOD mice than in controls (Fig. 3), as already ob-
served with the GEM-GECO1 protein (Fig. 2). Additional experiments
were conducted using co-transfection with a construct that localises the
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very stable TagBFP fluorescence protein to the inner mitochondrial
membrane [32]. In both strains mitochondrial TagBFP fluorescence did
not change following addition of glucose, whereas the rise in intensity
of the CAR-GECO1 protein was clearly detectable (Fig. 4). Notably, the
greatest increase occurred in mitochondria in the centre of the cell close
to the nucleus (Fig. 4). This finding was confirmed when mitochondrial
Ca®™ concentrations were calculated on the basis of organelle-specific
TagBFP fluorescence (Fig. 5).

3.3. Expression of Ca®™ channels changes with age in primary hepatocytes

Gene expression of the MCU in liver was comparable in 3-month-old
animals of both strains, but was significantly higher in 9- and 12-
month-old mtNOD mice than in controls. With ageing, no changes in
MCU expression were detectable in controls, whereas significantly in-
creased expression was noted in mtNOD mice, with the highest values
observed at 9 months (Fig. 6A). At 3, 6 and 9 months, gene expression
levels of VDAC1 were comparable in both strains (Fig. 6B). By contrast
with the significant decrease in gene expression of VDAC1 in controls at
12 months, levels remained unchanged in mtNOD mice. Gene expres-
sion levels of five MCU regulatory subunits — MICU1, MICU2, MCUR1,
Smdtl and SLC25A23 - revealed opposite trends with ageing in control
and mtNOD mice (Fig. 6C-G). MICU1 and SLC25A23 expression de-
creased in controls but increased in mtNOD mice. Disregarding slight
differences in the pattern of MICU1 and SLC25A23 expression, sig-
nificant differences between mtNOD and control mice were observed at
3 and 12 months (Fig. 6C, D). MICU2 and Smdtl expression were vir-
tually stable with ageing in both strains, but showed a tendency to
lower values in 12-month-old control mice (Fig. 6E, F). The age-de-
pendent expression pattern of MCUR1 differed from those observed for
the other regulators in both strains (Fig. 6G). Increased expression was
noted up to 9 months in control mice, followed by a significant decrease
at 12 months. MCUR1 expression was significantly higher in 3-month-
old mtNOD mice than in controls. However, a stepwise decrease with
ageing was noted with significantly lower expression in 12- than in 3-
month-old mtNOD mice and compared with controls at 9 months
(Fig. 6G). Notably, the same pattern was observed for the MICU1/MCU
ratio (Fig. 6H). Immunofluorescence staining and subsequent confocal
microscopy showed MICU1 protein expression and colocalisation with
the more fragmented mitochondrial network in hepatocytes of control
animals (Fig. 7A) and the elongated mitochondrial structures in mtNOD
mice at the age of 12 months (Fig. 7B). Western blot analyses (Fig. 7C)
confirmed a lower MICU1/MCU ratio in mtNOD mice than in controls
at the protein level.

4. Discussion

Intense interest is currently focused on how ageing is affected by
mutations in the mitochondrial genome encoding subunits of the re-
spiratory chain complexes. The conplastic C57BL/6NTac-mt“°"" mice
differed from C57BL/6NTac mice by a point mutation in mitochondrial-
encoded COX 3 [25,27]. By investigating hepatocytes from both strains
we have previously demonstrated that only the conplastic strain de-
veloped elongated mitochondrial networks with artificial loop struc-
tures, depressed autophagy, high mitochondrial respiration and ROS
accumulation as well as an up-regulated antioxidative response in
middle and late age [25]. While cytosolic and mitochondrial Ca%*
changes appear to play an important regulatory role in this context that
will shed light on the observed pathological findings, this aspect has not
yet been adequately explored.

A study comparing isolated mitochondrial fractions revealed tissue-
specific Ca®* tuning in the heart and liver of mice that is important for
specific organ function [33]. However, use of isolated mitochondria
does not permit investigation of either cellular metabolic adaptations or
the impact on Ca®* flux of mitochondrial network architecture and
contact sites with the endoplasmic reticulum. Acute alcohol treatment
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Fig. 1. Cytosolic Ca®* changes in primary hepatocytes after glucose supply. Cytosolic Ca®>* was measured using the CAR-GECO1 protein. After two minutes glucose
was added to a final concentration of 25 mmol/l. Hepatocytes from 3- (A), 6- (B), 9- (C), and 12-month-old (D) control mice (white circles) and mtNOD mice (black
circles) were investigated. Fluorescence intensities measured at the starting point were not significantly different between age groups and both mouse strains. Mean
normalised value curves + SEM are shown for 9-18 hepatocytes from 3 mice per age category and group. (E): In a final step the area under curve was determined
from minute 2 to 5 relative to baseline (minute O to 2); these are shown for control mice (white bars) and mtNOD mice (black bars) as mean values + SEM
normalised to 3-month-old control mice (**, $$ p < 0.01; $$$ p < 0.001; 1-way ANOVA/Bonferroni’s test). Results were determined together with mitochondrial

Ca®>* measurements shown in Fig. 2.

has been shown to evoke changes in mitochondrial Ca®>* handling and
an increase in cytosolic Ca?™ in rat hepatocytes [34]. We studied the
response to a carbohydrate supply after starvation and found both
glucose-induced cytosolic and mitochondrial Ca®** influx in hepato-
cytes of both mouse strains. Assuming conditions with adequate oxi-
dative capacity in primary mouse hepatocytes, this could have been
expected as an adaptation towards an enhanced metabolism rate [7].
Thus, we confirmed that an increased cytosolic Ca?* concentration
stimulates cell respiration on various levels [35].

Because of the permanent shift in pH and ion concentration in the
mitochondrion, the use of organelle-targeted fluorescence-based Ca®™*
sensors deserves serious evaluation so that robust results can be ob-
tained. GEM-GECO1 appears to fulfil this requirement because it has
been recently shown that the protein is even suitable for Ca®* mea-
surements in endosomes, i.e. in organelles with a highly acidic nature
[36]. Its use alongside CAR-GECO1 as a cytosolic Ca®* sensor revealed

different age-dependent changes in glucose-induced cytosolic and mi-
tochondrial Ca** concentrations in controls. By contrast with a slight
increase in mitochondrial Ca®>* concentration in hepatocytes, cytosolic
Ca®* concentration was significantly raised. With ageing, therefore,
cytosolic (but not mitochondrial) processes in hepatocytes require
further signal amplification by Ca®* after glucose uptake. The un-
coupled cytosolic and mitochondrial Ca®* changes from the age of 9 to
12 months can be explained by the decrease in MICU1, MICU2, Smdt1,
MICURI1 and SLC25A23 to MCU expression with ageing (Fig. 6) and the
slight decrease in mitochondrial membrane potential [25]. Interest-
ingly, the pattern of MICUR1 expression parallels ROS production [25]
with an increase up to 9 months and a decline at 12 months. Moreover,
VDAC1 gene expression was lower at 12 months. This should reduce the
permeability of both the inner and the outer mitochondrial membrane
for Ca®>*. Taken together, these findings are in line with our previous
results in the C57BL/6NTac control strain where we observed a decline
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Fig. 2. Mitochondrial Ca®>* changes in primary hepatocytes after glucose supply. Mitochondrial Ca®*
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control mice (white circles) and mtNOD mice
(black circles) investigated  (A).
Fluorescence intensities measured at the
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between both mouse strains. Mean normalised
value curves + SEM are shown for 9 hepato-
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mtNOD mice (black bars) as mean values + SEM normalised to 3-month-old control mice.
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Fig. 4. Representative images of hepatocytes
from 3-month-old control mice (A) and mtNOD
mice (B). Hepatocytes transiently express the
mitochondrial localised TagBFP (blue, upper
row) and CAR-GECO1 Ca?* sensor (red, lower
row) proteins. The left-hand image in each se-
quence pair was taken after starvation at the
beginning of the measurement; the right-hand
image in each pair shows the cell after glucose
supply at minute 3 of the experiment. Scale
bar: 20 ym.
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Fig. 5. Changes in mitochondrial Ca®*

concentration calculated on the basis of organelle-specific TagBFP fluorescence. The mitochondrial Ca%*

changes presented in

Fig. 3 were normalised to the co-expressed mitochondrial localised fluorescent TagBFP protein for each measurement point.

in the total mitochondrial metabolism rate but sufficient energy supply
[25]. This was accompanied by a more fragmented mitochondrial
network [25] (Fig. 7). In the presence of many single mitochondria
rather than an interconnected network, it can be assumed that only
some will have direct contact with the endoplasmic reticulum and ul-
timately that Ca®" influx will vary widely among the mitochondrial
population [37]. It can further be hypothesised that the higher cytosolic
Ca®™ concentration with ageing is necessary to maintain an adequate
level of mitochondrial Ca®>* influx in the fragmented mitochondria.
However, quantification of mitochondrial Ca®* concentration by GEM-
GECO1 only reflects the mean value. Using mitochondrial localised
CAR-GECO1 in conjunction with visualising the whole mitochondrial
network by TagBFP revealed a tendency to higher mitochondrial Ca®*
concentration in mitochondria close to the nucleus in the area of the
endoplasmic reticulum.

Cytosolic and mitochondrial Ca®>* concentrations showed a similar
oscillatory pattern in mtNOD mice and decreased overall with ageing,
by contrast with controls. It has been shown that SLC25A23 interacts
with MCU and induces oxidative stress-mediated cell death [24]. The
decrease in SLC25A23 expression with ageing in control mice contrasts
with the increase measured in mtNOD mice. This is in line with our
previous finding that mitochondrial ROS normalised in control mice
after reaching a threshold, but continuously increased in mtNOD mice
[25]. Our results indicating a decline in mitochondrial Ca®* con-
centration with ageing are inconsistent with the suggestion that higher
SLC25A23 expression results in higher mitochondrial Ca2" influx [24].

However, the MICU1 to MCU ratio is perhaps more important for mi-
tochondrial Ca?* influx [33] than the absolute expression of SLC25A23
and this ratio declined in mtNOD mice with ageing more than in con-
trols (Figs. 6 and 7). In addition, expression of MICUR1, a positive
regulator of MCU, also decreased with ageing. Because mtNOD mice
showed age-dependent adaptation with increasing mitochondrial
membrane potential and cytochrome c oxidase activity [25], this sup-
ports the hypothesis that MICURI1 acts as a direct regulator of mi-
tochondrial Ca?™ uptake [16-18,38]. We noted a constant expression of
VDAC], indicating that the pathological threshold of intracellular Ca®*
elevation has not been reached. High VDAC1 together with MCU ex-
pression has been reported after acute alcohol treatment in rat hepa-
tocytes [34]. A recent review has concluded that during induction of
apoptosis intracellular Ca®>* increases and augments VDAC1 expression
levels [39]. However, our findings in mtNOD mice rather suggest an
age- dependent adaptation of Ca®>* influx to the mitochondrial network
structure. In mtNOD mice we observed an elongated mitochondrial
network with some hyper-fusion at 6 and 12 months [25] (Fig. 7). In
line with our hypothesis in controls above, the degree of elongation
correlated inversely with the Ca®>* concentration with ageing. Because
of the rapid Ca* distribution within the network a high level of con-
trollability exists and low Ca?" concentrations are sufficient [37]. An-
other corroborating argument is the pattern of mitofusin 2 (Mfn2) ex-
pression in mtNOD mice with ageing [25]. Mfn 2 tethers mitochondria
to the endoplasmic reticulum in dependence of parkin [40]. The Mfn 2
expression pattern in mtNOD mice correlated inversely with the Ca®*
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Fig. 7. Protein expression of mitochondrial
Ca®* channels and regulatory proteins in 12-
month-old mice. Representative images of
MICU 1 and Tom20 immunofluorescence in
hepatocytes of control mice (A) and mtNOD
mice (B) are shown. Tom20 served as a mi-
tochondrial marker. Scale bar: 10um. (C)
Representative western blots from 3 in-
dependent experiments of MCU, actin, MICU1
and VDAC1 expression in control mice (left)
and mtNOD mice (right) are shown. (D) The
MICU1/MCU protein ratio in control mice
(white bar) and mtNOD mice (black bar) was
calculated.  Values are expressed as
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concentration pattern [25]. Furthermore we have reported increasing
parkin expression with ageing [25].

In conclusion, we have observed evidence in primary mouse hepa-
tocytes to indicate that cytosolic and mitochondrial Ca>* concentra-
tions adjust to age-dependent changes in the mitochondrial network
structure and this, in turn, reflects mitochondrial metabolism [25]. Our
mtNOD mouse (with more elongated mitochondrial networks than
those seen in controls) is an interesting model to further prove the
hypothesis that mitochondrial fusion increases the controllability of
mitochondrial metabolism by Ca?* [37]. Our study supports the sug-
gestion that the MICU1 to MCU ratio is important for Ca®* influx in
hepatocytes [33], but also shows that further studies with special em-
phasis on MCURI1 are required to elucidate the regulatory principles
controlling MCU expression [23].
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