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Abstract

Multiple sclerosis (MS) is a highly disabling chronic autoimmune disease of the central
nervous system with neuroinflammatory and neurodegenerative alterations found in
the white and grey matter of the brain. The pathogenesis of MS is complex and not
fully understood. Mitochondrial dysfunctions are suspected to play an important role.
The visual system is often affected in MS. Optic neuritis is a frequent symptom, but
also the retina itself, including retinal synapses appear compromised in MS independent
from demyelination of the optic nerve. A previous study demonstrated synapse-specific
alterations of mitochondria in photoreceptor synapses in the Experimental Autoimmune
Encephalomyelitis (EAE) mouse model of MS at day 9 after injection, an early time point in
pre-clinical EAE. In the present study, we analysed even earlier stages of pre-clinical EAE for
possible alterations of synaptic mitochondria. For this purpose, we performed qualitative
and quantitative immunolabelling analyses of the mitochondrial cristae organising protein
MIC60 at retinal synapses and functional analyses by measuring synaptic mitochondrial
membrane potential (during rest and depolarisation-induced exocytosis) and visually
guided behaviour (optometry analyses). At day 3 after injection, morphological and
functional data were indistinguishable between MOG /CFA-injected EAE mice and CFA-
injected control mice. But already on day 5 after injection, we observed a decreased
expression of the mitochondrial MIC60 protein at synaptic mitochondria, a decreased
synaptic mitochondrial membrane potential at rest, an enhanced drop of mitochondrial
membrane potential during stimulated exocytosis and a decreased visual performance of
the respective EAE mice. These data argue that synaptic pathology in the EAE retina begins
as early as day 5 after injection. Our data propose that dysfunctions of mitochondria play
an important role already at the very early stages of synaptic pathology in EAE.

Keywords: multiple sclerosis; ribbon synapse; retina; mitochondria; MIC60; mitochondrial
membrane potential; EAE

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central
nervous system (CNS) that results in multifaceted pathological alterations in the white and
grey matter of the brain, with rising incidence in the world population [1-11]. In more
advanced stages of the disease, myelinated axons in the white matter are destroyed and
replaced by glial scars. Independent from demyelination, early alterations also occur in
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the grey matter of the CNS and include neurodegeneration [6] and changes in synapse
structure and function [7-9,11]. Synaptic dysfunctions already occur at early stages of the
disease, as also observed in animal models of multiple sclerosis, e.g., the Experimental
Autoimmune Encephalomyelitis (EAE) model [6,8-10]. In the EAE animal model, EAE
is basically induced by subcutaneous injection of the encephalitogenic myelin oligoden-
drocyte glycoprotein (MOG) peptide, dissolved in complete Freund’s adjuvant (CFA),
followed by intraperitoneal pertussis toxin injections mainly to weaken the blood-brain
barrier [12-24]. CFA-only-injected mice (i.e., without MOG peptide) but with pertussis
toxin injections serve as controls.

The CNS, which includes the retina, has a very high energy demand [25-32]. Most
energy consumed by the CNS is used for synaptic transmission, and mitochondria are con-
sidered vital energy-producing organelles to maintain synaptic transmission [26,30,33-47].
In neurons, about 90% of total ATP is produced by mitochondria [26,30,31]. Mitochondrial
dysfunctions and disorders of synapse energetics are also suspected to play an important
role in the pathogenesis of MS [48-65].

The visual system is frequently impaired in MS [24,66-70]. Optic neuritis is an early
symptom in many MS patients [71-73]. The retina itself is also altered in MS and ani-
mal models of MS [74-84]. In the retina, photoreceptors and retinal bipolar cells form
glutamatergic ribbon synapses [85-92], and retinal ribbon synapses are affected in the
EAE mouse model of MS [75-79,81,82,84]. In a previous study, we showed alterations of
functionally relevant mitochondrial proteins in mitochondria of photoreceptor synapses
from EAE mice on day 9 after injection [84]. These alterations were specific to synaptic
mitochondria. We demonstrated that mitochondria located at different subcellular loca-
tions within the same cell, i.e., the photoreceptor cell, were functionally heterogeneous [84].
Mitochondria in the presynaptic terminals of photoreceptor synapses, which are located
close to the synaptic ribbon, were strongly impaired in EAE at day 9 after injection. These
synaptic mitochondria showed a decreased expression of the mitochondrial cristae organis-
ing protein MIC60 at that early time point in the pre-clinical phase of EAE [84]. In contrast,
mitochondria in the inner segments of the same cell were not affected by EAE [84]. The
mouse retina is a rod-dominated retina with more than 95% of the photoreceptors being
rod photoreceptors [92,93]. Remarkably, rod photoreceptor presynaptic terminals in the
mouse retina contain a single, very large presynaptic mitochondrion in close vicinity to the
synaptic ribbon that is anchored to the active zone neurotransmitter release sites [84,94-98].
This large presynaptic mitochondrion appears to be ideally placed for local ATP/energy
production to rapidly support energy-demanding synaptic transmission at the continuously
active rod photoreceptor ribbon synapse. In the present study, we tested whether mitochon-
drial alterations in the presynaptic photoreceptor terminals even occurred at an earlier time
point before day 9 after injection, i.e., day 3 and day 5 after injection, and, if yes, whether
these are associated with functional alterations of the photoreceptor synaptic mitochondria.

2. Results

In a previous study [84], we identified alterations in the protein composition of synap-
tic mitochondria of retinal photoreceptor synapses at day 9 after injection in EAE mice. We
demonstrated that the mitochondrial protein MIC60, an essential organiser of the inner
mitochondrial membrane [99,100], is specifically altered in synaptic mitochondria of pho-
toreceptors in MOG/CFA-injected EAE mice on day 9 after injection, whereas mitochondria
within the same cell but at other non-synaptic intracellular locations were unaffected [84].
In the current study, we tested whether MIC60 could be altered in synaptic mitochondria
in the OPL even at an earlier time point than day 9 after injection.
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First, we tested whether MIC60 could already be altered at day 5 after injection in the
early, pre-clinical phase of EAE. For this purpose, we performed double immunolabelling
experiments with antigen-affinity-purified rabbit antibody against MIC60 and mouse
monoclonal antibody against actin (clone C4) on the respective retina samples (Figure 1).
Actin served as a reference protein, as in our previous studies [75,78,81,84].
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Figure 1. Decreased expression of MIC60 in synaptic mitochondria of photoreceptor ribbon
synapses in the OPL of the retina in MOG/CFA-injected EAE mice in comparison to CFA-
injected control mice at day 5 after injection. 0.5 um thin retinal sections from CFA control
mice (A1-A3,C1-C3) and EAE mice (B1-B3,D1-D3) double-immunolabelled with rabbit poly-
clonal anti-MIC60 antibody and mouse monoclonal anti-actin antibody. Merged images from green
(A1,B1,C1,D1) and red channels (A2,B2,C2,D2) were overlayed in (A3,B3,C3,D3). (A1-A3,B1-B3)
show lower magnified representative images. Higher magnification images from the immunolabelled
OPL are shown in (C1-C3,D1-D3). An exemplary region-of-interest (ROI) covering the OPL, in
which the photoreceptor synapses are located, is schematically plotted in orange with a dashed line
in (A1-A3,B1-B3). (E F) Quantification of MIC60 and actin immunosignals in the OPL (measured as
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integrated density; data depicted as SuperPlots). MOG/CFA values were normalised to the
corresponding actin signal in the OPL and related to the arithmetic mean of CFA, which was
set to 100% in each independent experiment (E,F). The Superplots show the arithmetic means
(green horizontal lines) + S.E.M.s. Filled colored circles represent the arithmetic means of the individ-
ual independent experiments; the open circles show the individual datapoints from all experiments.
One-sample t-tests were used for statistical analyses in (E,F). p-values < 0.05 were considered statis-
tically significant. Abbreviations: CFA, complete Freund’s adjuvant; MOG, myelin oligodendrocyte
glycoprotein; EAE, experimental autoimmune encephalomyelitis; IS, inner segment; OPL, outer plexi-
form layer; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer; S.E.M., standard error of the mean; N = number of independent experiments; n = number of
analysed images; n.s., non-significant; *, p < 0.05. Scale bars: 5 um.

On day 5 after injection, we observed a decreased expression of MIC60 in synaptic mito-
chondria of photoreceptor synapses in the OPL (Figure 1(A1-A3,B1-B3,C1-C3,D1-D3,E)).
Actin immunosignals were unchanged in MOG /CFA-injected mice in comparison to control
littermate mice (CFA-injected mice) on day 5 after immunisation (Figure 1(A1-A3,B1-B3,
C1-C3,D1-D3,F)), indicating that there is no global decrease in protein expression and
no global cell death/tissue atrophy, similarly to what was observed in previous stud-
ies at even later time points of pre-clinical EAE [75,78,81,84]. Similar results were ob-
tained by double-immunolabelling retinal sections of MOG/CFA EAE mice and CFA
control mice with antigen-affinity-purified rabbit antibody against MIC60 and mouse
monoclonal antibody against RIBEYE (clone 2D9), the main component of synaptic rib-
bons (Figure 2). Again, we observed a decrease in the strength of the immunosignals
for MIC60 in the OPL, where the synaptic mitochondria of photoreceptor terminals are
located (Figure 2(A1-A3,B1-B3,C1-C3,D1-D3,E)). Interestingly, we also observed a de-
crease in the strength of the RIBEYE immunosignal in the OPL at day 5 after injection
(Figure 2(A1-A3,B1-B3,C1-C3,D1-D3,F)). A decrease in RIBEYE immunosignals in the OPL
was previously observed on day 9 after injection [75,78]. This indicates that the synaptic
ribbons are already altered not only at day 9 after injection but also at day 5 after injection.
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CFA

Overlay

CFA
RIBEYE Overlay

MOG/CFA
MIC60 RIBEYE Overlay

Figure 2. Cont.
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Figure 2. Decreased expression of MIC60 and RIBEYE in photoreceptor ribbon synapses in the
OPL of the retina in MOG/CFA-injected EAE mice in comparison to CFA-injected control mice
at day 5 after injection. The 0.5 um thin retinal sections from CFA control mice (A1-A3,C1-C3)
and EAE mice (B1-B3,D1-D3) were double-immunolabelled with rabbit polyclonal anti-MIC60
antibody and mouse monoclonal anti-RIBEYE antibody (clone 2D9). Merged images from green
(A1,B1,C1,D1) and red channels (A2,B2,C2,D2) were overlayed in (A3,B3,C3,D3). (A1-A3,B1-B3)
shows lower magnified representative images. Higher magnification images from the immunola-
belled OPL are shown in (C1-C3,D1-D3). An exemplary region-of-interest (ROI) covering the OPL,
in which the photoreceptor synapses are located, is schematically plotted in orange with a dashed line
in (A1-A3,B1-B3). (E,F) Quantification of MIC60 and RIBEYE immunosignals in the OPL (measured
as integrated density; data depicted as SuperPlots). MOG/CFA values were normalised to the arith-
metic means of CFA, which were set to 100% in each independent experiment (E,F). The Superplots
show the arithmetic means (green horizontal lines) &= S.E.M.s. Filled circles represent the arithmetic
means of the individual independent experiments; the open circles show the individual datapoints
from all experiments. One-sample t-tests were used for statistical analyses in (E,F). Abbreviations:
CFA, complete Freund’s adjuvant; MOG, myelin oligodendrocyte glycoprotein; EAE, experimen-
tal autoimmune encephalomyelitis; OS, outer segment; IS, inner segment; OPL, outer plexiform
layer; ONL, outer nuclear layer; S.E.M., standard error of the mean; N = number of independent
experiments; n = number of analysed images; ***, p < 0.001 **, p < 0.01. Scale bars: 5 um.

Thus, changes in mitochondrial MIC60 and RIBEYE were already present in the OPL
at day 5 after injection in EAE mice and not only at later stages, i.e., day 9 after injection,
as previously described [75,84]. Of note, day 9 after injection is still within the pre-clinical
phase of EAE in which no scorable symptoms as recorded in the classical score sheets
(e.g., limb paralysis) were observed.

The present data indicate that the synaptic pathology, as judged by decreased expres-
sion of MIC60 and RIBEYE, even starts earlier, i.e., at day 5 after injection in EAE mice.
Supported by these morphological data, we checked whether functional changes already
exist at this early stage of pre-clinical EAE in comparison to littermate controls. For this
purpose, we performed measurement of the optokinetic reflex with an optometry setup,
as previously described [75,101]. First, we determined the frequency threshold of visual
detection in the optometry experiments. We found that the frequency threshold of visual
detection was identical (at ~0.44 cycles/degree) between MOG /CFA-injected mice and
CFA-injected control mice at day 5 after injection (Figure 3A). Previous data showed that
the frequency threshold was significantly different between MOG /CFA-injected mice at
day 9 after injection [75], indicating that the alterations of visually guided performance are
milder at day 5 after injection when compared to day 9 after injection. However, already at
day 5 after injection, the contrast sensitivity of MOG /CFA-injected mice at two rotation
frequencies (0.192 cycles/degree and 0.272 cycles/degree) was significantly diminished in
comparison to the CFA-injected littermate control mice (Figure 3(B2,C2)). Vice versa, the
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Figure 3. Differences in optokinetic responses on day 5 after injection in MOG/CFA-injected
EAE mice in comparison to CFA-injected control mice. Optokinetic responses were recorded from
MOG/CFA-injected EAE mice on day 5 after injection and analysed for frequency thresholds (A) and
contrast sensitivity/threshold at two different rotation speeds: 0.192 cycles/degree (B1,B2) and
0.272 cycles/degree (C1,C2). Data are depicted as SuperPlots. The SuperPlots show the arithmetic
means (green horizontal lines) + S.E.M.s. Filled circles represent the arithmetic means of the individ-
ual independent experiments; the open circles show the individual datapoints from all experiments.
Welch’s t-test (t-test with Welch’s correction) was used for statistical analyses in (A,B1,B2); Mann—
Whitney test for (C1,C2). p-values < 0.05 were considered statistically significant. Abbreviations:
EAE, experimental autoimmune encephalomyelitis; S.E.M., standard error of the mean; N, number
of independent mice; n = number of independent measurements; ****, p < 0.0001; ***, p < 0.001; n.s.,
non-significant.

Since morphological alterations of photoreceptor synaptic mitochondria and functional
alterations in the visual system were already present on day 5 after injection in MOG/CFA-
injected EAE mice in comparison to CFA-injected control mice, we tested whether these
changes might occur at even earlier time points, i.e., day 3 after injection. First, we tested
for the expression of MIC60 in synaptic mitochondria of the OPL in retinas obtained from
MOG/CFA-injected EAE animals in comparison to CFA-injected control mice at day 3
after injection (Figure 4). We found that the MIC60 contents of synaptic mitochondria were
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indistinguishable in the OPL of MOG/CFA-injected mice in comparison to CFA-injected
littermate control mice at day 3 after injection (Figure 4).
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Figure 4. MIC60 IF immunosignals in the OPL are not altered in MOG/CFA-injected mice in
comparison to CFA-injected mice at day 3 after injection. The 0.5 um thin retinal sections from CFA
control mice (A1-A3,C1-C3) and EAE mice (B1-B3,D1-D3) obtained at day 3 after injection were
double-immunolabelled with rabbit polyclonal anti-MIC60 antibody and mouse monoclonal anti-
actin antibody (clone C4). Merged images from green (A1,B1,C1,D1) and red channels (A2,B2,C2,D2)
were overlayed in (A3,B3,C3,D3). (A1-A3,B1-B3) shows representative lower magnified images.
Higher magnification images from the immunolabelled OPL are shown in (C1-C3,D1-D3). (E) The
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MIC60 IF signal strength in the OPL (measured as integrated density) was normalised to the cor-
responding actin signal in the OPL and related to the arithmetic means of the CFA values, which
were set to 100% in each experiment. (F) The actin IF signal measured in OPL (as integrated density)
served as a reference protein. Data in (E,F) were depicted as SuperPlots. The SuperPlots show the
arithmetic means (green horizontal lines) + S.E.M.s. Filled circles represent the arithmetic means of
the individual independent experiments; the open circles show the individual datapoints from all
experiments. Wilcoxon signed-rank tests were used for statistical analysis in (E,F). p-values < 0.05
were considered statistically significant. Abbreviation: CFA, complete Freund’s adjuvant; MOG,
myelin oligodendrocyte glycoprotein; EAE, experimental autoimmune encephalomyelitis; IF, im-
munofluorescence; IS, inner segment; OPL, outer plexiform layer; ONL, outer nuclear layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; S.E.M., standard error of the
mean; N = number of independent experiments; n = number of analysed images; n.s., non-significant.
Scale bars: 5 um.

We also performed optometry tests on day 3 after injection (Figure 5). Since the
frequency threshold was already unchanged on day 5 after injection, we only per-
formed/analysed contrast threshold/ sensitivity measurements on day 3 after injection at
two different frequencies (0.192 cycles/degree; 0.272 cycles/degree) (Figure 5).
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Figure 5. No differences in optokinetic responses on day 3 after injection in MOG/CFA-injected
EAE mice in comparison to CFA-injected control mice on day 3 after injection. Optokinetic re-
sponses were recorded from MOG/CFA-injected mice on day 3 after injection and analysed for
contrast sensitivity /threshold at two different rotation speeds: 0.192 cycles/degree (A1,A2) and
0.272 cycles/degree (B1,B2). (A1,A2,B1,B2) Data are depicted as SuperPlots. The SuperPlots show
the arithmetic means (green horizontal lines) + S.E.M.s. Filled circles represent the arithmetic means
of the individual independent experiments; the open circles show the individual datapoints from
all experiments. Welch’s t-test (t-test with Welch'’s correction) was used for statistical analyses in
(A1,A2,B1,B2). p-values < 0.05 were considered statistically significant. Abbreviations: S.E.M., stan-
dard error of the mean; N, number of independent mice; n = number of independent measurements;
n.s., non-significant.

Since at day 3 after injection, no differences at the morphological (MIC60 in OPL;
Figure 4) and functional levels (optometry; Figure 5) were observed between EAE mice
and CFA control mice, we conclude that a synaptic pathology has not yet developed at
that time point, i.e., day 3 after injection. Therefore, we focused on day 5 after injection
for further functional analyses. Day 5 after injection appears to be the time point at which
synaptic pathology starts.

https://doi.org/10.3390/ijms27062579


https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 9 of 32

Therefore, we recorded mitochondrial membrane potential by using Tetramethylrho-
damine and methyl ester (TMRM) in retinal slices from MOG/CFA-injected EAE mice and
CFA-injected control mice on day 5 after injection (Figure 6). In conclusion, we observed
a decreased TMRM signal in the OPL of MOG/CFA-injected mice under resting condi-
tions in comparison to CFA-injected mice at day 5 after injection, indicating a decreased
(i.e., depolarised) mitochondrial membrane potential in synaptic mitochondria of photore-
ceptor synapses in the OPL of MOG/CFA-injected EAE mice under resting conditions
(Figure 6). Figure 6(A1-A3,B1-B3,C1-C3,D1-D3) show exemplary images; Figure 6E shows
the quantification of the TMRM signals in the OPL, in which a decreased TMRM signal in
the OPL of EAE mice is depicted.

Day 5 after injection: TMIRM signals of photoreceptor synapses in the OPL at resting conditions
CFA

Overlay

Overlay

E 200 «

1504 o

100 @O 5 o
o) Q0 0,

50 4

in the OPL (normalized, %)

TMRM fluorescence intensity

T T
CFA MOG/CFA

CFA:N=7 n=24
MOG/CFA: N=7, n=24

Figure 6. Decreased TMRM fluorescence signals in the OPL of MOG/CFA-injected EAE mice in com-
parison to CFA-injected control mice at day 5 after injection under resting conditions. Representative

https://doi.org/10.3390/ijms27062579
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exemplary images of living retinal slices from CFA control mice (A1-A3,C1-C3) and MOG/CFA-
injected mice (B1-B3,D1-D3) that were labelled with TMRM at resting conditions (incubation
in AMES medium). (A1,B1,C1,D1) show the TMRM signals; (A2,B2,C2,D2) the phase contrast
images. The signals from (A1-A3,C1-C3) and (B1-B3,D1-D3) were overlaid in (A3,B3,C3,D3).
In (C1-C3,D1-D3), the respective slices were incubated with the mitochondrial uncoupling agent
CCCP to verify the mitochondrial membrane potential as the specific source of the TMRM signals.
(E) Quantification of the TMRM signals in the OPL of MOG/CFA-injected animals in comparison to
CFA-injected control mice. MOG/CFA values were normalised to the arithmetic means of the CFA
values, which were set to 100% in each independent experiment. Data are depicted as SuperPlots.
The SuperPlots show the arithmetic means (green horizontal lines) = S.E.M.s. Filled colored circles
represent the arithmetic means of the individual independent experiments; the open circles show the
individual datapoints from all experiments. Statistical analysis in (E) was performed with Wilcoxon
signed-rank test. p < 0.05 was considered statistically significant. Abbreviations: OS, outer segment;
IS, inner segment; OPL, outer plexiform layer; ONL, outer nuclear layer; N = number of independent
experiments; n = number of analysed images; *, p < 0.05. Scale bars: 50 um.

Next, we analysed the TMRM signals during synaptic activity. Synaptic activity, i.e., ex-
ocytosis of synaptic vesicles, was induced by depolarisation and monitored with transgenic
SypHy mice, as previously described [75,78]. The enhanced SypHy responses in the OPL
of the respective retinal slices after adding the depolarisation solution demonstrated that
the depolarisation successfully resulted in enhanced exocytosis of synaptic vesicles at
the photoreceptor synapses (Figure 7(B1,C1,E1,F1); see also Figure 7H for quantification).
The depolarisation-induced enhancement of the SypHy signal in the OPL was stronger in
CFA-injected control mice than in MOG/CFA-injected EAE mice (Figure 7(B1,C1,E1,F1); for
quantification, see Figure 7H), similarly to what was previously described for experiments
performed on day 9 after injection [75].

TMRM/SypHy signals in the OPL during different levels of synaptic activity on day 5 after injection
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Figure 7. (A-G) Representative images of TMRM fluorescence signals (mitochondrial membrane
potential) and SypHy (exocytosis) signals in retinal slices from MOG/CFA-injected (EAE) SypHy
mice and CFA-injected (control) SypHy mice obtained on day 5 after injection. Signals were
recorded at different synaptic activity levels of the photoreceptor synapse in the OPL, i.e., dur-
ing resting conditions, depolarisation and after treatment with CCCP. (A) Schematic summary
of the recording experiment. (B1-B4,C1-C4,D1-D4,E1-E4 F1-F4,G1-G4) Representative images
of the corresponding living retinal slices from CFA-injected control mice (B1-B3,C1-C3,D1-D3)
and MOG/CFA-injected EAE mice (E1-E3,F1-F3,G1-G3) at the indicated incubation conditions.
(B1,C1,D1,E1,F1,G1) show the SypHy signals in the green channel; (B2,C2,D2,E2,F2,G2) show the
TMRM signals in the red channel; the phase contrast images are shown in (A3,B3,C3,D3,E3,F3,G3).
The signals from (B1-B3,C1-C3,D1-D3,E1-E3,F1-F3,G1-G3) were overlaid in (B4,C4,D4,E4,F4,G4).
In (D1-D4,G1-G4), the respective slices were incubated with the mitochondrial uncoupling agent
CCCP to verify the mitochondrial membrane potential as a specific source of the TMRM signals. The
colored arrows in (A) indicate the time points at which the respective signals were used for quantifi-
cation see (H-K). Abbreviations: OPL, outer plexiform layer; RS, resting solution; DS, depolarisation
solution. Scale bars: 50 pm. (H-K) Decreased TMRM fluorescence signals in the OPL of MOG/CFA-
injected EAE mice in response to depolarisation on day 5 after injection, indicating enhanced
dissipation of mitochondrial membrane potential in synaptic mitochondria of EAE mice. (H) The
line graphs show the SypHy signals of the indicated mice recorded from the OPL during incubation
in resting solution (in the first 60 s of incubation) and during depolarisation induced by adding a
high K*-containing depolarisation solution (DS) (in the following 60 s). (I1) Same incubations as (H),
but showing the TMRM signals recorded during resting conditions and during depolarisation. In (I12),
TMRM values during depolarisation were normalised to the starting point of the depolarisation (FO,
set to 1.00). (J,K) Quantification of the TMRM signals in the OPL of MOG-/CFA-injected animals
in comparison to CFA-injected control mice under depolarisation. Data in (J,K) are depicted as
SuperPlots. The SuperPlots show the arithmetic means (green horizontal lines) + S.E.M.s. Filled
circles represent the arithmetic means of the individual independent experiments; the open circles
show the individual datapoints of all experiments. (J) shows normalised TMRM signals at the end of
depolarisation. MOG/CFA values are normalised to the arithmetic mean of all CFA experiments (the
latter set to 100%). (K) displays the depolarisation-induced decrease in TMRM signals normalised to
FO. Statistical analyses in (J,K) were performed with Welch's t-test (t-test with Welch’s correction).
p < 0.05 was considered statistically significant. Abbreviation: CFA, complete Freund’s adjuvant;
CCCP, carbonyl cyanid-m-chlorphenyl hydrazon; DS, depolarisation solution; MOG, myelin oligo-
dendrocyte glycoprotein; EAE, experimental autoimmune encephalomyelitis; OPL, outer plexiform
layer; S.E.M., standard error of the mean; TMRM, Tetramethylrhodamine, methylester; N = number
of independent experiments; n = number of analysed images; *, p < 0.05; ***; p < 0.001.
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Depolarisation of the retinal slices resulted in a decrease in mitochondrial mem-
brane potential of synaptic mitochondria in the OPL of MOG/CFA-injected EAE mice and
CFA-injected control mice (Figure 7(B2,C2,E2,F2); for quantification, Figure 7(I1,12,] K)).
Please note that the baseline TMRM resting values in the recordings in Figure 7(I1) were
normalised to the starting point of the recording in both CFA-injected mice and MOG /CFA-
injected mice. In Figure 7(I12), normalisation of the TMRM depolarisation signals in both
CFA- and MOG/CFA-injected mice to the respective TMRM value at the end of the baseline
recording (end of incubation in RS; set to 1.00 = FO; green arrow in Figure 7A) revealed
that the drop in mitochondrial membrane potential in response to depolarisation was
much stronger in synaptic mitochondria in the OPL of MOG /CFA-injected EAE mice in
comparison to CFA-only-injected control mice (Figure 7J,K).

3. Discussion

Sufficient energy production is crucial for synaptic transmission, and mitochondria
are considered to be essential for this process [30,46,47,102-104]. Failures in energy produc-
tion and dysfunctions of mitochondria are suspected to be involved in MS [48-52,55-65].
Mitochondria might play an important role in the previously observed early synapse
dysfunctions in the retina in the EAE mouse model of MS [84].

The precise role of mitochondria in the presynaptic terminals for synapse function
and dysfunction is not fully understood [46]. In the CNS, not all presynaptic terminals
contain mitochondria [105,106], possibly due to space restrictions, particularly in small
presynaptic terminals, differences in mitochondrial axonal transport, or synapse-specific
mechanisms. Rod photoreceptor synapses do contain a single large mitochondrion in
their presynaptic terminal close to the presynaptic neurotransmitter release site. The
presynaptic neurotransmitter release site of rod photoreceptor synapses is characterised
by the presence of a particularly large synaptic ribbon that binds many synaptic vesicles
to promote continuous neurotransmission at this synapse that requires efficient vesicle
replenishment. Presynaptic mitochondria are also found in bipolar ribbon synapses in the
inner retina close to the synaptic ribbon [107].

In a previous study, we demonstrated that retinal mitochondria were differentially
affected in the early pre-clinical stages of EAE [84]. Synaptic mitochondria in photoreceptor
presynaptic terminals were strongly altered in their protein composition (i.e., decreased
MIC60 expression in synaptic mitochondria) at day 9 after injection, whereas mitochon-
dria within the same cell, but in a different compartment (i.e., the inner segment), were
not compromised in their MIC60 enrichment [84]. This is in line with previous stud-
ies that observed a functional diversity of mitochondria, depending on their subcellular
localisation [108-122].

In the present study, we built upon these previous findings and analysed whether
synaptic mitochondria were altered even at earlier time points in pre-clinical EAE and, if so,
whether these very early changes are associated with functional changes in mitochondria
and with visual performance. We found no changes in the MIC60 protein composition of
photoreceptor mitochondria in the OPL at day 3 after injection. The absence of changes in
MIC60 expression at synaptic mitochondria in the OPL correlated with a lack of changes
in the optometry experiments in which we observed an unchanged contrast frequency
at day 3 after injection. In contrast, the MIC60 enrichment in synaptic mitochondria
was decreased already on day 5 after injection, concomitant with a decrease in visual
performance. Remarkably, in addition, the immunosignal of RIBEYE, the main component
of synaptic ribbons [123,124], is already decreased in photoreceptor synapses of the OPL at
that early time point. A decrease in RIBEYE immunosignals (and a decrease in synaptic
ribbon size) was already previously observed to occur on day 9 after injection [75,78].
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This study demonstrated that synaptic changes in EAE already commence at an even
earlier time point of pre-clinical EAE than previously observed. Since the mitochondrial
pathology started on day 5 after injection, based on the described morphological and
functional alterations, we further analysed the functional properties of photoreceptor
synaptic mitochondria at this time point. For this purpose, we measured mitochondrial
membrane potential with TMRM.

Already during resting conditions, we found a diminished mitochondrial membrane
potential in MOG/CFA-injected EAE mice in comparison to CFA-injected control mice
at day 5 after injection by quantitative analyses of the TMRM signals (Figure 6). In these
experiments, the mitochondrial TMRM signals in the OPL were normalised to the total
protein contents of the slices in these analyses to exclude an impact of slice thickness on the
TMRM signals.

Similarly, depolarisation of retinal slices by a high K*-containing depolarisation
solution led to a stronger drop (depolarisation) of mitochondrial membrane potential
(MMP, AY 1) in MOG/CFA-injected EAE mice than in CFA-injected control littermate mice
(Figure 7). The decreased mitochondrial membrane potential during rest and during depo-
larisation is functionally relevant because the mitochondrial membrane potential is a crucial
determinant for mitochondrial energy production [47,125-127]. Mitochondria generate
ATP via oxidative phosphorylation, and the mitochondrial membrane potential is the key
driving force in this process [47,125-127]. Thus, synaptic mitochondria display an altered
mitochondrial membrane potential both under resting conditions and during increased
synaptic activity in EAE mice at day 5 after injection (in comparison to the control mice).

As mentioned, the maintenance of the synaptic vesicle cycle is a highly energy-
demanding process that depends on an appropriate supply of ATP, and this likely partic-
ularly applies to the tonically active ribbon synapses [26,30,33-35,128-132]. A decreased
mitochondrial membrane potential in the single mitochondrion of rod photoreceptor ribbon
synapses can be expected to lead to a decreased production of ATP and, in consequence, to
a reduction in synaptic vesicle cycling and a decrease in synaptic strength. In agreement
with this thinking, we previously observed decreased synaptic vesicle exocytosis on day 9
and 7 after injection [75,78], and, in this study, even earlier, i.e., at day 5 after injection. Inter-
estingly, the Drosophila fratboy/drpl mutant is characterised by the absence of mitochondria
from synapses [133]. This mutant shows a defect in recruiting synaptic vesicles from the
reserve pool, particularly at high levels of stimulation, a defect that is partly rescued by the
addition of ATP [133-136].

The activity of the synaptic vesicle cycle in most CNS synapses is dynamic and includes
phases of higher and lower synaptic activity. Different activities in synaptic transmission
will result in different demands on energy supply by mitochondria. Mitochondria are
highly dynamic, versatile organelles and adjust their ATP production in response to in-
creased synaptic activity and increased energy demands via an increase in mitochondrial
Ca?* concentration [30,36,133,136—148]. Ca%* can enter the mitochondrial matrix via the
mitochondrial Ca?* uniporter (MCU) along its electrochemical gradient [122,146,149-154].

Short-term increases in Ca®* in the presynaptic mitochondria, e.g., as a result of
enhanced synaptic activity and depolarisation-induced presynaptic Ca?* entry into the
presynaptic terminal, will promote mitochondrial ATP production to support synaptic neu-
rotransmission. The activity-induced enhanced mitochondrial ATP production will cover
the energy requirements during increased synaptic activity [30,36,133,137,139,140,155-157].
This well-known physiological mechanism adjusts mitochondrial ATP production to differ-
ent levels of synaptic activity and the respective energy demands and can be expected to
be particularly important in the tonically active retinal ribbon synapses. The single large
presynaptic mitochondrion in rod photoreceptor synapses close to the synaptic ribbon is
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ideally placed to respond to physiological fluctuations of synaptic activity that occur in
response to depolarisation-induced opening of L-type voltage-gated Cav-channels that
are placed at the base of the synaptic ribbon and other activity- and Ca?*-induced presy-
naptic events. Similarly, this synaptic ribbon-near presynaptic mitochondrion can likely
also influence and shape presynaptic activity under physiological conditions, e.g., by its
Ca?*-buffering properties.

In contrast, chronic Ca®* overload of mitochondria leads to the opening of the mito-
chondrial permeability transition pore (mPTP), mitochondrial membrane potential depo-
larisation and further mitochondrial damage [122,153,155,158-164].

Previous studies demonstrated chronically elevated basal Ca?* levels in photoreceptor
ribbon synapses during resting conditions in EAE mice [76,165]. Presynaptic basal Ca**
levels were measured on days 7, 8 and 9 after injection and showed similar levels of
chronically elevated presynaptic cytosolic Ca®* [76,165]. We speculate that these previously
observed chronically elevated basal presynaptic cytosolic Ca?* levels in photoreceptor
synapses lead to mitochondrial damage in photoreceptor synapses, which was identified in
the present study by a decrease in mitochondrial membrane potential and by a decreased
enrichment of synaptic mitochondria with the functionally important protein MIC60 in
photoreceptor synaptic mitochondria in the OPL in very early stages of pre-clinical EAE.

The decreased expression of MIC60 at synaptic mitochondria and the decreased mito-
chondrial membrane potential at synaptic mitochondria in EAE consistently demonstrate
an early impairment of synaptic mitochondria of photoreceptor synapses. This correlation
does not mean, though, that these mitochondrial phenotypes are directly causally linked
to each other. Whether they are causally linked to each other remains to be elucidated. In
other systems, MIC60 and mitochondrial membrane potential indeed appear to be directly
linked to each other [166]. But this remains to be shown for the retinal synapses.

Similar to the retina, mitochondria in other systems were also found to be morpho-
logically and functionally diverse [108-122]. Interestingly, synaptic mitochondria were
observed to be more susceptible to Ca>* overload than non-synaptic mitochondria [166,167],
possibly reflecting the fact that synaptic mitochondria are directly exposed to synaptic
activity-induced elevations of presynaptic Ca?* and the resulting metabolic and home-
ostatic challenges. Additionally, they might also differ in mitochondrial Ca?* transport
mechanisms and mitochondrial proteins, such as cyclophilin D, an important regulator of
the mitochondrial permeability transition pore, or SIRT3, a metabolic regulator of mito-
chondrial metabolism [167-170]. An enhanced susceptibility of synaptic mitochondria to
Ca?* overload can be particularly relevant for the continuously active photoreceptor ribbon
synapses and explain their very early disease involvement in synaptic EAE in the retina.

4. Materials
4.1. Mice, Including Animal Care, Monitoring and Ethical Approval

As in our previous studies [75,76,78,81,84], we used the Experimental Autoimmune
Encephalomyelitis (EAE) mouse model of multiple sclerosis. The EAE animal model is
the most frequently used animal model of MS, and it reproduces many aspects of the
neuroinflammatory events [12-24]. For EAE induction, healthy, non-pregnant 8-12 weeks
old female C57BL/6] wildtype mice (Charles River) and transgenic SypHy reporter mice
for exocytosis (on a C57BL/6] background, [75]) with a body weight between 20 and
25 gm were used, as indicated in the respective experiments. Only female mice were used
in the present study for better comparability with our previous studies [75,76,78,81,84]
and in order to appreciate sex differences in EAE. Mice were kept in the animal facil-
ity at the Institute of Experimental Surgery, Medical School, Saarland University, on
a 12 h light-dark cycle and provided with standard food and water ad libitum. The
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laboratory mice lived in an enriched cage environment with mouse houses for shel-
ter/hideaway and wood sticks (100% natural, untreated and pesticide-free) for playing.
Animal health was regularly monitored in-house by local independent veterinarians of
the animal facility to verify mouse health and to treat potential health problems. No ad-
verse effect on overall mouse health was observed in the study. The Arrive guidelines 2.0
(https:/ /arriveguidelines.org/resources/author-checklists, accessed on 5 January 2026)
were appreciated. All animal procedures took place within the framework of the Ger-
man/European animal protection law. All animal procedures and all animal experiments
were reviewed, approved and monitored by the responsible animal authorities (Animal
welfare officer (Tierschutzbeauftragte) of Saarland University and Landesamt fiir Verbrauch-
erschutz; Geschiftsbereich 3; 66115 Saarbriicken, Germany). Animal experiments were
performed under the animal experimentation permit GB3-2.4.2.2-25-2020 of the Landesamt
ftir Verbraucherschutz, Geschaftsbereich 3, 66115 Saarbriicken, Germany.

4.2. Antibodies

All antibodies used in the present study have been previously characterised with the
mouse retina [75,76,78,81,84]. Primary antibodies are summarised in Table 1; secondary
antibodies are summarised in Table 2.

Table 1. Primary antibodies.

Antibody Source References Dilution
RIBEYE(B) domain (mouse )
monoclonal, clone 2D9) Lab-made [75,171] 1:1000 (IF)
MIC60/Mitofilin Proteintech
(affinity-purified ¢ [84,172-174] 1:1000 (IF)
. 10179-1-AP
rabbit polyclonal)
Actin (mouse monoclonal - )
antibody, clone C4), #1501R Millipore #1501R [175] 1:1000 (IF)
IF, immunofluorescence microscopy.
Table 2. Secondary antibodies.
Antibody Source Dilution
Chicken anti-mouse Invitrogen Molecular Probes, A-21200 1:1000 (IF)
Alexa488 (Thermo Fisher, Karlsruhe, Germany) ’
Donkey anti-rabbit Invitrogen, Molecular Probes, A-10042 1:1000 (IF)
Alexa568 (Thermo Fisher, Karlsruhe, Germany) ’
Chicken anti-rabbit Invitrogen, Molecular Probes, A-21441 1:1000 (IF)
Alexa488 (Thermo Fisher, Karlsruhe, Germany) ’
Donkey anti-mouse Invitrogen, Molecular Probes, A-10037 1:1000 (IF)
Alexa568 (Thermo Fisher, Karlsruhe, Germany) ’

IF, immunofluorescence microscopy.

4.3. Solutions

-AMES medium [176-178].

AMES medium powder (with L-glutamine, without sodium bicarbonate) was pur-
chased from Sigma-Aldrich (Taufkirchen, Germany, A1420). To make AMES medium, 8.8 g
of the AMES medium powder (Sigma) and 1.9 g of sodium bicarbonate were dissolved
in 900 mL of HyO. The pH was adjusted to pH 7.4 and finalised to a volume of 1 L with
HO. AMES medium was filter-sterilised and stored in 50 mL aliquots at 4 °C until use.
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Prior to use, all solutions for live recording were equilibrated to 37 °C (osmolality of
300-310 mOsmol/kg).

-Resting solution (RS) [75,76], containing the following: 132 mM NaCl, 3 mM KCl,
1 mM MgCl, x 6H,0, 2 mM CaCl,, 10 mM HEPES, pH 7.4, 10 mM sodium pyruvate, and
10 mM D-glucose (osmolality 305-315 mOsmol/kg).

-Depolarisation solution (High K* solution)

Depolarisation solution, as previously described [75,76], containing the following:
85 mM NaCl, 50 mM KCl, 1 mM MgCl, x 6H,0O, 2 mM CaCl,, 10 mM HEPES, pH 7 .4,
10 mM sodium pyruvate, and 10 mM D-glucose (osmolality 305-315 mOsmol/kg). This
solution is served as a 2 x stock solution.

Study-specific chemicals:

4.3.1. Tetramethylrhodamine and Methyl Ester (TMRM)

Tetramethylrhodamine and methyl ester (TMRM) was obtained as a lyophilised pow-
der in 25 mg aliquots (Cat. No. 134361, T668, Thermo Fisher, Karlsruhe, Germany). An
amount of 10 mM and 100 uM stock solutions of TMRM were prepared in DMSO. TMRM
stock solutions in DMSO were stored at —20 °C. From the 100 uM TMRM stock solution, a
final concentration of 50 nM TMRM in AMES medium was prepared as a working solution.
The 50 nM TMRM working concentration was previously experimentally tested and de-
termined as an optimal concentration for the recording of mitochondrial signals in retinal
slices at the described conditions. Lower concentrations of TMRM produced only too weak
signals, and higher concentrations of TMRM produced considerable background signals.
The optimised TMRM final concentration applied in the present study is within the concen-
tration range that was also used in other studies [179]. At this nanomolar concentration,
TMRM can be expected to work in the non-quenching mode [107]. TMRM has an excitation
maximum at ~543 nm and emits fluorescence light in a window between ~565 nm and
~605 nm. For TMRM excitation, the 561 nm laser line of the A1R confocal microscope was
used. The TMRM signal was detected with an A1-DU4 4-channel Galvano detector unit
equipped with a 595/50 band pass filter for spectral selection.

4.3.2. Carbonyl Cyanid m-Chlorphenyl Hydrazon (CCCP)

A 50 mM CCCP (Thermo Fisher Cat. No.: L06932.ME) stock was made with DMSO as
solvent. From this stock, an 80 uM working stock was diluted in the respective medium
indicated in the experiments. This working stock was diluted 1:1 with the respective
indicated medium in the blocking experiment to produce a final CCCP concentration of

40 M.

5. Methods
5.1. EAE Induction in Mice

EAE induction was performed exactly as previously described [75,76,78,81,84]. For
EAE induction, a total of 200 pg of MOGas_55 peptide (MEVGWYRSPFSRVVHLYRNGK)
was injected subcutaneously into the axilla and groin of the experimental EAE mice. The
peptide was thoroughly suspended in complete Freund’s adjuvant (CFA) before injection.
Mice that were injected with the same volume of CFA only served as negative control
mice. On the same day, ~1-2 h after MOG/CFA or CFA only injection, and on the next day,
both EAE and control mice were injected intraperitoneally with pertussis toxin (PTX) (List
Biological Laboratories via Biozol (Eching, Germany #181)). A total of 200 ng PTX was used
for each injection, as previously described [75,76,78,81,84]. MOG/CFA-injected EAE mice
and CFA-injected control mice were housed in the same cage under identical conditions
to minimise environmental confounding. Mice were randomly (by chance) allocated to
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experimental or control groups and housed in the same cage to minimise environmental
confounding. The person who randomly allocated the mice to the experimental or control
group was different from the person who analysed the mice. The person analysing was
blinded to the identity of the mice. Animals were analysed at the indicated time points/days
after MOG/CFA injections for EAE mice (or CFA only injections for control mice) in
the pre-clinical phase of EAE on day 3 and day 5 after injection (as indicated in the
respective figures). In the pre-clinical phase of EAE, no scorable symptoms (no paresis/no
paralysis) as mentioned in the standard scoring sheets of the Institutional Animal Care and
Use Committee (IACUC) of Wayne State University (https:/ /research.wayne.edu/iacuc/
eaerodentssop, accessed on 5 January 2026) were present. These early time points (i.e., day
3 after injection and day 5 after injection) were chosen to minimise the possibility that the
synaptic changes could be secondary consequences of alterations in the white matter/optic
nerve, e.g., of demyelination.

5.2. Embedding of Retinal Samples in Epoxy Resin for Immunocytochemistry

Embedding of retinal samples into epoxy resin was done exactly as previously
described [75,76,78,81,84,180]. From the polymerised epoxy blocks, 0.5 um thin sections
were cut with a Histo diamond knife (Diatom, Nidau, Switzerland) and an UltraCut E
ultramicrotome (Reichert-Jung, Nufiloch, Germany).

5.3. Processing of Semi-Thin Retinal Resin Section for Immunocytochemistry

Processing of semi-thin resin sections was performed, as previously described [75,
76,78,81,84,180]. After removing the epoxy resin with 30% Na-Methylate (in methanol)
solution (Sigma/Merck, Taufkirchen, Germany, #8.18194.0100), xylene/methanol 1:1 (v/v),
acetone (2x), HpO and phosphate-buffered saline (PBS) (10-13 min each step), sections
were incubated with the primary antibody dilutions, as mentioned in Table 1. For double-
immunolabelling experiments, the two primary antibodies were applied simultaneously
(overnight (ON), 4 °C). The two different primary antibodies were raised in two different
animal species, as indicated in the respective experiments. The next day, the unbound pri-
mary antibody was removed by several washes with PBS. Binding of the primary antibodies
was detected with the corresponding secondary antibodies and antibody dilutions, given in
Table 2. Incubation in the fluorophore-conjugated secondary antibodies was performed at
room temperature (RT) for 1 h. Secondary antibody was removed by several washing steps
with PBS. Immunolabelled sections were mounted in N-propyl gallate (NPG) antifade,
as previously described [75,76,78,81,84,180]. As a negative control, the primary antibody
was omitted, with all other steps being the same. The negative control served to detect
autofluorescence or non-specific, primary antibody-independent fluorescence signals. In
each experiment, at least 3 independent pairs of MOG /CFA-injected EAE mice and CFA-
injected control mice, but mostly 5 independent pairs, were used for immunolabelling, as
indicated in the specific experiments.

5.4. Confocal Microscopy

Confocal microscopy was performed with an AIR confocal microscope (AlR,
Diisseldorf, Germany), as previously described [75,78,81,84,179-182]. Images of fixed
samples/immunolabelled resin sections were acquired with a 60x Plan-Apochromat oil im-
mersion objective (NA 1.4) (Nikon, Diisseldorf, Germany). For recordings of mitochondrial
membrane potentials in living mouse retina slices, a 10x water dipping objective (NA 1.2,
0.3WD, DIC N1) was used with laser excitation wavelengths of 488 nm and 561 nm. Image
acquisition was controlled with the NIS Elements software (Nikon, Diisseldorf, Germany).
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5.5. Quantification of Immunosignals of Photoreceptor Synapses in the Outer Plexiform Layer

For quantification, confocal images obtained from the A1R confocal microscope were
exported as TIFF files (8-bit). The region of interest (ROI) was set by drawing a rectangular
area of interest along the entire outer plexiform layer (OPL) with the ROI manager of NIH
Image] software (Fiji, version 1.48F; [183,184]). The rectangular ROI, which covered the
entire OPL, was determined with the help of the characteristic actin or RIBEYE immunosig-
nals, as previously described and as specified in the respective experiments [75,76,78,81,84].
The split channel option was used to apply the same rectangular ROI to the proteins of
interest in the OPL, and the integrated densities of the respective immunosignals were
measured. Identical ROIs were used for CFA and MOG/CFA samples by selecting the
same ROI in the Analyse—tools-ROI manager in Image]J (Fiji version 1.48F; [183,184]). Us-
ing Analyse—tools—ROI manager in NIH Image]J (Fiji, version 1.48F), the same identical
rectangular ROI was chosen for all images in the same experiment (MOG /CFA- vs. CFA-
injected mice). The split-channel option was used to apply the same rectangular ROI to the
different proteins of interest in the double-immunolabelling experiments [185,186]. Each
experiment has been repeated at least 3 times, but mostly 5 times, in a blinded manner with
the experimenter not knowing whether the sample was from a CFA- or MOG /CFA-injected
animal. To analyse the immunofluorescence signals, the integrated density in the ROI of all
images was analysed. The arithmetic mean was determined for each experimental group
(CFA or MOG/CFA) in Microsoft Excel. For better comparison of different pairs, the IF
signal (integrated density) values of MOG/CFA were normalised to the CFA arithmetic
mean value, which was normalised/set to 100% [75,76,78,81]. Statistical significance testing
was done on GraphPad 10.6.1 Prism, as described below.

5.6. Measuring Mitochondrial Membrane Potential with Tetramethylrhodamine and
Methylester (TMRM)

5.6.1. Measuring Mitochondrial Membrane Potential with TMRM: General Principle

Tetramethylrhodamine and methyl ester (TMRM; Thermo Fisher, Karlsruhe, Germany;
T668) is a lipophilic membrane-permeable cationic potentiometric fluorescent dye, which
allows for the measurement of the mitochondrial membrane potential (AYy,) in living
mitochondria [179,187-189]. Upon its penetration through the inner mitochondrial mem-
brane, the positively charged TMRM accumulates inside the matrix of healthy active
mitochondria driven by the excess negative charge on the matrix side of the inner mito-
chondrial membrane. The more negative the inner mitochondrial membrane potential
is, the more TMRM is trapped, and the stronger the TMRM signal of the respective mi-
tochondria is if the TMRM is loaded at lower nanomolar concentrations. Consequently,
the mitochondrial TMRM signal will be stronger/brighter if the inner mitochondrial mem-
brane has established a steep proton gradient across the inner mitochondrial membrane,
thus reaching a highly negative, hyperpolarised mitochondrial membrane potential AY .
In contrast, mitochondrial depolarisation (i.e., A¥, becoming less negative, collapse of
mitochondrial membrane potential) will result in decreased TMRM signals. Carbonyl
cyanide-4-phenyl hydrazone (CCCP) depolarises the inner mitochondrial membrane po-
tential by acting as a protonophore that dissipates the proton gradient across the inner
mitochondrial membrane [190].

5.6.2. Preparation of Slices from the Dissected Mouse Retina for TMRM Recording

The recording of mitochondrial membrane potential with TMRM was performed with
the same animals that had been previously analysed in the optometry tests (see below),
to judge the visual performance of these mice also on a systems level for visually guided
behaviour. For recording of mitochondrial membrane potential from retinas of MOG/CFA-
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injected EAE mice and CFA-injected control mice, living retinal slices were prepared as
previously described [75,76,78,84]. In these experiments, mouse retinas were processed in
a blinded manner with the experimenter not knowing whether the respective retina was
from a MOG/CFA-injected EAE mouse or from a CFA-only-injected control mouse.

Dissected retinas were first transferred into a drop of AMES medium, which supports
the health of the retinal tissue, and gently flattened within the AMES medium (A1420,
Sigma-Aldrich, Taufkirchen, Germany) by four incisions into the retina, as described
before [75,76,78,84]. Next, retinas were transferred to a gridded nitrocellulose membrane
(13 mm diameter, 0.45 pm? pore size; Millipore, Darmstadt, Germany; #HABG01300),
which was positioned on a silica sieve funnel. The retina on the nitrocellulose membrane
was further flattened by applying suction to the nitrocellulose membrane via a connected
20 mL syringe (20x manual suction by pulling the syringe plunger) to promote better
adherence of the attached retina to the filter membrane. After suction, the filter membrane
containing the retina was fixed on top of a glass coverslip with Vaseline streaks at the
border, with the retina facing up. The retina was cut into ~200-~300 um thick slices
(~10-12 slices) by a Werblin-tissue slicer, as previously described [75,78]. Every single
slice was fixed perpendicularly between two thin parallel streaks of Vaseline on the top
of a round coverslip (25 mm diameter), and the space in between the two parallel streaks
was filled with 200-300 pL of AMES medium. In this way, the retinal ganglion cells are
positioned close to the filter membrane, and the photoreceptor cell layer is positioned at the
“free” surface of the assembly. Next, all slices were incubated throughout the experiment at
29 °C in a 5% CO; cell culture incubator.

Recording of mitochondrial membrane potential with TMRM was done on day 5 after
injections. To record baseline mitochondrial membrane potential (mitochondrial membrane
potential “at rest”), we used retinas from C57BL/ 6] littermate mice that were either injected
with MOG/CFA (EAE mice) or with CFA only (control mice). For recording mitochondrial
membrane potential during depolarisation, we used transgenic SypHy reporter mice for
exocytosis [75]. SypHy mice were used to get an additional readout to verify the success of
depolarisation on exocytosis, as previously described [75].

5.6.3. Recording of Mitochondrial Membrane Potential in Photoreceptor Synapses at
Resting Conditions with TMRM

For TMRM recording, the retinal slice was washed three times with AMES medium
(pH 7.4) and incubated with 300 uL of 50 nM TMRM dye diluted in AMES medium (100 uM
in dimethyl sulfoxide (DMSO) is an original stock solution for stability) for 15 min in a
cell culture incubator (29 °C, 5% CO;). At the end of the incubation period, the slice was
washed three times with AMES medium to remove unbound TMRM dye. For recording,
the coverslip containing the incubated slice was placed in the open system recording
chamber and filled with 2.0 mL fresh carbogenated AMES media. The slice was adjusted to
define the retinal layers, in particular the OPL, by using the phase contrast image obtained
with the confocal microscope using a 10x water objective (N.A. 1.2, 0.3WD, DIC N1).
Then, the TMRM fluorescence signal within the OPL, the region of interest (ROI), was
recorded with the 561 nm laser line. For obtaining the TMRM baseline fluorescence signals,
images from the retinal slices (obtained from CFA- or MOG/CFA-injected mice) were first
captured at time point 0 (~2 s after the beginning of the recording with an exposure time
of 100 ms). To validate the mitochondrial membrane potential as the specific source of
TMRM signals and to discriminate mitochondria-dependent TMRM signals from potential
background signals (e.g., tissue autofluorescence from non-mitochondrial sources), we
performed blocking experiments with the mitochondrial uncoupling reagent CCCP. CCCP
specifically dissipates mitochondrial membrane potential. For this purpose, 2.0 mL of
the 80 uM CCCP stock solution, diluted in AMES medium, was added (without suction;
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after TMRM baseline recording) to the same volume of AMES medium in which the slices
were incubated (to generate a final concentration of 40 pM of CCCP). Then, the recording
was continued in the AMES/CCCP medium for 20 min at a temperature of 29 °C using a
temperature regulator (Harvard Instruments).

The exposure time for each captured image was ~100 ms, and the images were cap-
tured every 4 s through the 20 min incubation time to continuously record the TMRM
signals. At the end of the incubation in AMES/CCCP, the TMRM fluorescence intensity
value obtained at ~19 min incubation time was used for background subtraction. During
the recording, all camera settings were identical by using the “re-use camera setting” of the
NIS Elements software (AR 3.2 64bit) of the confocal microscope. At the very end of the
20 min recording in AMES/CCCP, the recorded slice was dissolved in 60 pL SDS/Laemmli
buffer for protein quantification and subsequent normalisation of the TMRM signal inten-
sity to the total protein amount to decrease variability due to differences in slide thickness.
Importantly, TMRM recording data of retinal slices were obtained from littermate pairs
(CFA and MOG/CFA injected mice) in a blinded manner and in alternating fashion within
8-10 h to further minimise potential variability factors.

5.6.4. Quantification of TMRM Fluorescence Baseline Signals in the OPL at Rest

The images were exported (in TIFF format, 8-bit) during baseline recording and after
CCCP blocking. As described above, phase contrast images were always used to define
the OPL as the region of interest (ROI). Using NIH Image] software (Fiji, version 1.48F), a
freehand tool option was used to draw and define the OPL as an ROl in the phase contrast
image. After using the split channel option of NIH Image]J software (Fiji, version 1.48F),
the correct placement of the ROI to the OPL was confirmed by the TMRM fluorescence
signal in the red channel (obtained with the 561 nm laser excitation line). The integrated
density of the TMRM fluorescence signal in the red channel and the defined area were
measured at baseline (image captured at ~2 s after the beginning of the recording) and at the
end of TMRM signal recording in AMES/CCCP (at ~19 min incubation in AMES/CCCP).
Next, the integrated density of each slice, determined as described above with background
subtraction for both time points (baseline and after CCCP blocking), was normalised to the
corresponding area being measured. Then, the resulting value was normalised to the total
protein amount of the slice (in pg), as quantified by the Amido Black method [191]. This
latter normalisation procedure was done to determine the TMRM baseline signal (at the
beginning of the recording) and the TMRM signal in the presence of the uncoupling agent
CCCP (at the end of the incubation in AMES/CCCP at ~19 min of recording). Delta values
were defined by subtracting the normalised blocking values from the normalised baseline
values of the TMRM signal at rest (baseline recording, no depolarisation). The quantification
was done identically for both MOG/CFA and CFA samples in a blinded manner, with
the experimenter not knowing the identity of the samples. In these experiments, we used
seven littermate mice from MOG/CFA (EAE experimental mice) and CFA-only immunised
mice (control mice) at day 5 after injection. The normalised integrated density values from
the OPL of MOG /CFA-injected mice were related to the normalised arithmetic mean of
integrated density values from the OPL of CFA-injected mice (100%) using Microsoft Excel.
Statistical analyses were done with GraphPad Prism version 10.6.1, as described below.

5.6.5. Recording and Quantification of TMRM Signals in Photoreceptor Synapses of the
OPL During Depolarisation in Retinas from SypHy Transgenic Reporter Mice on Day 5
After Immunisation

In order to verify the success of depolarisation on exocytosis of synaptic vesicles in
photoreceptor synapses in the OPL, we used retinal slices from transgenic SypHy mice for
recording, as previously described [75,78]. MOG/CFA-injected SypHy EAE and littermate
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CFA-injected control mice were analysed on day 5 after injection. Injections with MOG/CFA
(EAE mice) or CFA only (control mice) were done exactly as described above.

Retinal slices from SypHy transgenic reporter mice were made as described above
for C57BL/6] mice and as described in previous studies [75,76,78,84]. After slicing of the
retinas, sections were incubated in 200-300 L. AMES medium in a 29 °C 5% CO, incubator.
To decrease the variability through the recording, one slice from either a MOG /CFA-
injected experimental mouse or a CFA-injected control mouse was chosen in an alternate
fashion. The identity of the slices, i.e., whether they were obtained from a MOG/CFA-
injected mouse or a CFA-only-injected mouse, was not known to the experimenter. The slice
selected for recording was incubated with 300 pL of 50 nM TMRM dye (final concentration)
dissolved in AMES medium (15 min in a 5% CQO, incubator at 29 °C). After incubation
with the TMRM solution, the slice was washed three times with resting solution (RS) in
the circular-open recording chamber to remove excess TMRM dye. Afterwards, slices were
submerged in 2.0 mL fresh carbogenated RS in the recording chamber. The recording
chamber temperature was maintained at 29 °C by a temperature controller (Harvard
Instruments) throughout the entire recording. Image acquisition was performed with a
10x objective water lens (N.A. 1.2, 0.3 W DIC N1).

The responses of the OPL at excitation were continuously recorded with the 488 nm
laser excitation line (for measuring SypHy responses) and 561 nm laser excitation line (for
measuring TMRM responses). All the recording settings were the same as in the baseline
recording experiments, and the acquisition rate was 1 image every 4 s. An image was
acquired in both channels with an exposure time of 100 ms for both channels. Recording
conditions were always kept the same in experimental and control slices. Also, the camera
settings were kept the same by using the “re-use camera setting” in the NIS acquisition
software of the confocal microscope that controls the image acquisition. After the end
of the slice recording, the slice was dissolved in 60 uL SDS Laemmli buffer for protein
quantification with the Amido Black method [191] to correct for potential differences in
slice thickness that could lead to differences in TMRM signals. The total protein amount
of the recorded slices (in pg) was calculated. Five different independent TMRM optical
recordings were performed under these conditions (recording of resting conditions fol-
lowed by depolarisation) using five independent immunisations of MOG/CFA and CFA
littermate mice.

TMRM fluorescence signals were continuously recorded from the OPL in three subse-
quent phases, i.e., first, during resting conditions to determine the baseline TMRM signals;
second, subsequently, during depolarisation; and lastly, third, after treatment with the mi-
tochondrial uncoupling agent CCCP that dissipates the mitochondrial membrane potential.
First, the baseline SypHy/TMRM signal was measured during the first 60 s of recording
when the slices were incubated with 2.0 mL resting solution (RS). Following the recording
of the SypHy/TMRM baseline signals at resting conditions in RS, slices were depolarised
for 60 s with depolarisation solution (DS), containing 25 mM KCl (final concentration).
The depolarisation solution was obtained by manually adding an identical volume of
2x depolarisation solution (2xDS, containing 50 mM KCl) to the 2 mL of RS that already
covered the slices. After depolarisation, DS was replaced first by 2 mL of RS to remove the
depolarisation stimulus (60 s) and next by 2 mL of CCCP blocking solution (80 uM of CCCP
in RS; final dilution 40 uM). Incubation in CCCP (in RS) was performed for 20 min. All
solutions were added manually during continuous suction to keep the incubation medium
at a total volume of ~2 mL.
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5.6.6. Quantification of TMRM Signals in the OPL During Depolarisation in Retinas from
SypHy Transgenic Reporter Mice

The recording images obtained from the resting and depolarisation phase, as well
as from the treatment with CCCP, were exported as TIFF files and imported into NIH
Image]. Next, the region of interest (ROI), the OPL, was carefully assigned by using the
contrast phase images and the green SypHy fluorescence signal (obtained with the 488 nm
laser excitation line). The ROIs in the captured images were made with the freehand tool
option of the NIH Image] software (Fiji, version 1.48F). Then, the identical ROI was used to
measure the integrated density of the TMRM signal in the red channel (561 nm laser) in
the recorded slice. In addition to the integrated density of the TMRM fluorescence signals,
the area of the ROI was also measured. The same measurements and quantifications were
done in the same slice during the three phases: (1) resting conditions in RS, (2) at the end of
high K*-induced depolarisation and (3) at the end of the CCCP treatment. Finally, all data
were exported to Microsoft Excel.

In each experiment, the analysis was done similarly for each slice. The measured
integrated density was normalised to its corresponding area at each time point. Then, the
resulting value was also normalised to the total protein amount (in pg). These analyses
were done on all the images at all phases (baseline at resting conditions, at the end of high
K*-induced depolarisation and after CCCP treatment).

For a better comparison of the effect of depolarisation between MOG/CFA and CFA
injected mice, we did the following quantitative analyses: The arithmetic mean of the last
three values during the baseline recording (in RS) was set to F (reference time point), and
the arithmetic mean of the last three values at the depolarisation phase was set to Fyep,. From
these values, the background that remained after CCCP treatment was subtracted. Please
note that this step, i.e., the subtraction of the background remaining after CCCP treatment,
was done for all values obtained during baseline recording in RS and during depolarisation.
Then, the changes (A) of TMRM fluorescence signals before and after depolarisation were
calculated for each slice using the equation (Faep — Fy)/Fy with Microsoft Excel. Statistical
analysis was done using GraphPad Prism 10.6.1, as discussed below.

6. Acquisition of Visual Performance in Mice

Visual behaviour was assessed using a virtual optomotor system setup (OptoMotry;
CerebralMechanics, Lethbridge, AB, Canada) [75,101] at day 3 or day 5 after induction of
EAE. To determine visual acuity, first, the highest spatial frequency, which was able to
provoke optomotor responses, was identified. Next, two different frequencies (both below
the spatial threshold) were chosen to analyse the contrast sensitivity of the respective mice.
For this, a slow speed grating (0.192 cycles/degree) with changing contrast and a medium
speed grating (0.272 cycles/degree) with changing contrast were used to determine the
contrast threshold.

Contrast sensitivity was assessed using the following equation:

o 100% 1
contrast sensitivity = (Lmax—Lmin) ~ contrast threshold
(Lmax+Lmin)

with Ly (246.15 cd/m?) and L,,;, (0.237 cd/m?) being the maximum and minimum
illuminations of the computer screens.

Mice were tested during their daylight cycle (usually between 9:00 and 11:00 a.m.).
The mouse to be analysed was placed on the platform of the recording chamber. Movement
of the mouse head in response to the rotating grating provided by the optomotor software
was tracked by the operator using a crosshair cursor superimposed on the live video image.
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If reflexive head movements of the mouse followed cylinder rotation, the examiner judged
that the mouse could see the grating (positive response). If the mouse did not track the
grating (negative response), it was judged that the grating could not be perceived by the
mouse. Both types of responses were feed-backed to the system by the examiner in real
time. In the case of frequency testing, the software switched randomly to the next frequency.
In case of contrast threshold testing, spatial frequency was kept constant, and the software
randomly changed the contrast of the grating in response to the examiner’s input. If
measured repeatedly, mice were returned to their housing cages after each measurement
with access to water and food ad libitum. Mice had at least 30 min breaks in between
measurements. The examiner was blinded to the treatment of the mice.

7. Statistical Analyses

Statistical analyses were performed with GraphPad Prism 10.6.1. Each set of inde-
pendent experiments contained both CFA-injected control animals as well as MOG/CFA-
injected EAE animals analysed at the time points indicated in the respective experiments.
Data presentation as SuperPlots and statistical analyses were done according to [192] with
GraphPad Prism 10.6.1. In all quantification figures, the arithmetic means of the individual
independent experiments, the global mean of all experiments (£S.E.M) and all individual
datapoints were plotted accordingly, as specified in the respective figures. The specific
statistical tests applied to the respective indicated datasets are given in the figure legends.
Shapiro-Wilk tests were used to determine whether data were normally or non-normally
distributed. Based on normal or non-normal distribution of the datasets, the indicated
statistical tests for normally or non-normally distributed data were applied as specified in
the corresponding figure legends. A p-value < 0.05 was considered statistically significant.

8. Conclusions

Our study supports a role of synaptic mitochondria malfunctions for retinal synapse
pathology at very early steps by using the EAE mouse model of multiple sclerosis. EAE is
the commonly used model system of multiple sclerosis and reproduces many symptoms
also found in the human disease. It will be useful to address mitochondrial dysfunctions
also in human multiple sclerosis patients at very early stages of the disease.

Author Contributions: D.R.I. performed all immunolabelling experiments and quantitative immuno-
labelling analyses, most of the TMRM experiments and TMRM analyses and wrote the paper draft
with ES.; K.S. performed the optometry experiments, wrote the animal proposal and performed all
mouse injections; A.K. performed some TMRM experiments; R.T. helped with statistical analyses;
S.S. helped with the experimental setup and its optimisation; F.S. designed and supervised the study,
analysed data, wrote the paper draft together with D.R.I. and secured the grant money. All authors
have read and agreed to the published version of the manuscript.

Funding: Dr. Rolf M. Schwiete Foundation (grant number 2021-022).

Institutional Review Board Statement: All animal procedures (animal care procedures, anaesthesia
and sacrificing mice for organ collection) were reviewed and approved by the local animal authori-
ties (Tierschutzbeauftragte der Universitidt des Saarlandes and Landesamt fiir Verbraucherschutz;
Geschiftsbereich 3; 66115 Saarbriicken, Germany; GB 3-2.4.2.2-25-2020 issued on 29 August 2023,
prolonged on 22 July 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, and further inquiries can be directed to the authors.

https://doi.org/10.3390/ijms27062579


https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 25 of 32

Acknowledgments: The expert technical support of Gabi Kiefer in providing semi-thin resin sections
is gratefully appreciated. The work of the authors was supported by the Dr. Rolf M. Schwiete
Foundation (grant number 2021-022).

Conflicts of Interest: ES. is an editorial board member of IJMS. ES. is not involved in any step of the
handling and reviewing of the manuscript. The authors declare no conflicts of interest.

References

1. Lassmann, H.; Van Horssen, J.; Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 2012, 8,
647-656. [CrossRef]

2. Saidha, S.; Al-Louzi, O.; Ratchford, ].N.; Bhargava, P.; Oh, J.; Newsome, S.D.; Prince, J.L.; Pham, D.; Roy, S.; van Zijl, P; et al.
Optical coherence tomography reflects brain atrophy in multiple sclerosis: A four-year study. Ann. Neurol. 2015, 78, 801-813.
[CrossRef]

3. Reich, D.S.; Lucchinetti, C.E,; Calabresi, P.A. Multiple sclerosis. N. Engl. . Med. 2018, 378, 169-180. [CrossRef]

4. Walton, C.; King, R.; Rechtman, L.; Kaye, W.; Leray, E.; Marrie, R.A.; Robertson, N.; La Rocca, N.; Uitdehaag, B.; Van Der Mei, I.;
et al. Rising prevalence of multiple sclerosis worldwide: Insights from the atlas of MS, third edition. Mult. Scler. ]. 2020, 26,
1816-1821. [CrossRef]

5. Woo, M.S.; Engler, ].B.; Friese, M. A. The neuropathology of multiple sclerosis. Nat. Rev. Neurosci. 2024, 25, 493-513. [CrossRef]

6. Friese, M.A.; Schattling, B.; Fugger, L. Mechanisms of neurodegeneration and axonal dysfunction in multiple sclerosis. Nat. Rev.
Neurol. 2014, 10, 225-238. [CrossRef]

7. Mandolesi, G.; Musella, A.; Gentile, A.; Grasselli, G.; Haji, N.; Sepman, H.; Fresegna, D.; Bullitta, S.; De Vito, E; Musumeci, G.;
et al. Interleukin-1f alters glutamate transmission at Purkinje cell synapses in a mouse model of multiple sclerosis. |. Neurosci.
2013, 33, 12125-12136. [CrossRef] [PubMed]

8. Mandolesi, G.; Gentile, A.; Musella, A.; Fresegna, D.; De Vito, F; Bullitta, S.; Sepman, H.; Marfia, G.A.; Centonze, D. Synaptopathy
connects inflammation and neurodegeneration in multiple sclerosis. Nat. Rev. Neurol. 2015, 11, 711-724. [CrossRef] [PubMed]

9.  DiFilippo, M;; De lure, A.; Durante, V.; Gaetani, L.; Mancini, A.; Sarchielli, P.; Calabresi, P. Synaptic plasticity and experimental
autoimmune encephalomyelitis: Implications for multiple sclerosis. Brain Res. 2015, 1621, 123-131. [CrossRef]

10. Calabrese, M.; Magliozzi, R.; Ciccarelli, O.; Geurts, ].].; Reynolds, R.; Martin, R. Exploring the origins of grey matter damage in
multiple sclerosis. Nat. Rev. Neurosci. 2015, 16, 147-158. [CrossRef] [PubMed]

11. Mock, E.E.A.; Honkonen, E.; Airas, L. Synaptic loss in multiple sclerosis: A systematic review of human post-mortem studies.
Front. Neurol. 2021, 12, 782599. [CrossRef]

12. Baxter, A.G. The origin and application of experimental autoimmune encephalomyelitis. Nat. Rev. Immunol. 2007, 7, 904-912.
[CrossRef]

13. Mix, E.; Meyer-Rienecker, H.; Hartung, H.P,; Zettl, UK. Animal models of multiple sclerosis—Potentials and limitations. Prog.
Neurobiol. 2010, 92, 386—404. [CrossRef] [PubMed]

14. Constantinescu, C.S.; Farooqi, N.; O’Brien, K.; Gran, B. Experimental autoimmune encephalomyelitis (EAE) as a model for
multiple sclerosis (MS). Br. |. Pharmacol. 2011, 164, 1079-1106. [CrossRef] [PubMed]

15. Ransohoff, R M. Animal models of multiple sclerosis: The good, the bad and the bottom line. Nat. Neurosci. 2012, 15, 1074-1077.
[CrossRef]

16. Handel, A.E; Lincoln, M.R.; Ramagopalan, S.V. Of mice and men: Experimental autoimmune encephalitis and multiple sclerosis.
Europ. ]. Clin. Investig. 2011, 41, 1354-1363. [CrossRef]

17. Bittner, S.; Afzali, A.M.; Wiendl, H.; Meuth, S.G. Myelin oligodendrocyte glycoprotein (MOGgs_55)-induced experimental
autoimmune encephalomyelitis (EAE) in C57BL/6 mice. ]. Vis. Exp. 2014, 86, e51275.

18. Robinson, A.P; Harp, C.T.; Noronha, A.; Miller, S.D. The experimental autoimmune encephalomyelitis (EAE) model of MS: Utility
for understanding disease pathophysiology and treatment. Handb. Clin. Neurol. 2014, 122, 173-189.

19. Procaccini, C.; De Rosa, V.; Pucino, V.; Formisano, L.; Matarese, G. Animal models of multiple sclerosis. Europ. . Pharmacol. 2015,
759,182-191. [CrossRef]

20. Lassmann, H.; Bradl, M. Multiple sclerosis: Experimental models and reality. Acta Neuropathol. 2017, 133, 197-222. [CrossRef]

21. Hasselmann, J.P.C.; Karim, H.; Khalaj, A.J.; Ghosh, S.; Tiwari-Woodruff, S.K. Consistent induction of chronic experimental
autoimmune encephalomyelitis in C57BL/6 mice for the longitudinal study of pathology and repair. J. Neurosci. Methods 2017,
284, 60-72. [CrossRef]

22.  Kipp, M.; Nyamoya, S.; Hochstrasser, T.; Amor, S. Multiple sclerosis animal models: A clinical and histopathological perspective.
Brain Pathol. 2017, 27, 123-137. [CrossRef] [PubMed]

23. Burrows, D.J.; McGown, A.; Jain, S.A.; De Felice, M.; Ramesh, T.M.; Sharrack, B.; Majid, A. Animal models of multiple sclerosis:

From rodents to zebrafish. Mult. Scler. . 2019, 26, 235-247. [CrossRef]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1038/nrneurol.2012.168
https://doi.org/10.1002/ana.24487
https://doi.org/10.1056/NEJMra1401483
https://doi.org/10.1177/1352458520970841
https://doi.org/10.1038/s41583-024-00823-z
https://doi.org/10.1038/nrneurol.2014.37
https://doi.org/10.1523/JNEUROSCI.5369-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23864696
https://doi.org/10.1038/nrneurol.2015.222
https://www.ncbi.nlm.nih.gov/pubmed/26585978
https://doi.org/10.1016/j.brainres.2014.12.004
https://doi.org/10.1038/nrn3900
https://www.ncbi.nlm.nih.gov/pubmed/25697158
https://doi.org/10.3389/fneur.2021.782599
https://doi.org/10.1038/nri2190
https://doi.org/10.1016/j.pneurobio.2010.06.005
https://www.ncbi.nlm.nih.gov/pubmed/20558237
https://doi.org/10.1111/j.1476-5381.2011.01302.x
https://www.ncbi.nlm.nih.gov/pubmed/21371012
https://doi.org/10.1038/nn.3168
https://doi.org/10.1111/j.1365-2362.2011.02519.x
https://doi.org/10.1016/j.ejphar.2015.03.042
https://doi.org/10.1007/s00401-016-1631-4
https://doi.org/10.1016/j.jneumeth.2017.04.003
https://doi.org/10.1111/bpa.12454
https://www.ncbi.nlm.nih.gov/pubmed/27792289
https://doi.org/10.1177/1352458518805246
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 26 of 32

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Shin, T.; Ahn, M.; Kim, J; Jung, K.; Moon, C.; Kim, M.D. Visual dysfunction in multiple sclerosis and its animal model,
experimental autoimmune encephalomyelitis: A review. Mol. Neurobiol. 2021, 58, 3484-3493. [CrossRef] [PubMed]

Clark, D.D.; Sokoloff, L. Basic Neurochemistry: Molecular, Cellular and Medical Aspects; Siegel, G.J., Agranoff, BW., Albers, RW.,
Fisher, S.K., Uhler, M.D., Eds.; Lippincott: Philadelphia, PA, USA, 1999; pp. 637-670.

Attwell, D.; Laughlin, S.B. An energy budget for signaling in the grey matter of the brain. J. Cereb. Blood Flow Metab. 2001, 21,
1133-1145. [CrossRef] [PubMed]

Raichle, M.E.; Gusnard, D.A. Appraising the brain’s energy budget. Proc. Natl. Acad. Sci. USA 2002, 99, 10237-10239. [CrossRef]
Okawa, H.; Sampath, A.P.,; Laughlin, S.B.; Fain, G. ATP consumption by mammalian rod photoreceptors in darkness and in light.
Curr. Biol. 2008, 18, 1917-1921. [CrossRef]

Wong-Riley, M. Energy metabolism of the visual system. Eye Brain 2010, 2, 99-116. [CrossRef]

Harris, J.J.; Jolivet, R.; Attwell, D. Synaptic energy use and supply. Neuron 2012, 75, 762-777. [CrossRef]

Magistretti, PJ.; Allaman, I. A Cellular Perspective on Brain Energy Metabolism and Functional Imaging. Neuron 2015, 86, 883-901.
[CrossRef]

Muangkram, Y.; Himeno, Y.; Amano, A. Clarifying the composition of the ATP consumption factors required for maintaining ion
homeostasis in mouse photoreceptors. Sci. Rep. 2023, 23, 14161. [CrossRef]

Heidelberger, R. Adenosine triphosphate and the late steps in calcium-dependent exocytosis at a ribbon synapse. J. Gen. Physiol.
1998, 111, 554904. [CrossRef]

Heidelberger, R. ATP is required at an early step in compensatory endocytosis in synaptic terminals. J. Neurosci. 2001, 21,
6467-6474. [CrossRef]

Heidelberger, R.; Sterling, P.; Matthews, G. Roles of ATP in depletion and replenishment of the releasable pool of synaptic vesicles.
J. Neurophysiol. 2002, 88, 98-116. [CrossRef] [PubMed]

Billups, B.; Forsythe, I.D. Presynaptic mitochondrial calcium sequestration influences transmission at mammalian central
synapses. J. Neurosci. 2002, 22, 5840-5847. [CrossRef] [PubMed]

Levy, M.; Faas, G.C.; Saggau, P.; Craigen, W.J.; Sweatt, ].D. Mitochondrial regulation of synaptic plasticity in the hippocampus.
J. Biol. Chem. 2003, 278, 17727-17734. [CrossRef] [PubMed]

Li, Z.; Okamoto, K.I; Hayashi, Y.; Sheng, M. The importance of dendritic mitochondria in the morphogenesis and plasticity of
spines and synapses. Cell 2004, 119, 873-887. [CrossRef]

Dutta, R.; McDonough, J.; Yin, X.G.; Peterson, J.; Chang, A.; Torres, T.; Gudz, T.; Macklin, W.B.; Lewis, D.A.; Fox, R].; et al.
Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients. Ann. Neurol. 2006, 59, 478-489.
[CrossRef]

Macaskill, A.F; Rinholm, J.E.; Twelvetrees, A.E.; Arancibia-Carcamo, L.L.; Muir, J.; Fransson, A.; Aspenstrom, P.; Attwell, D.;
Kittler, D. Mirol is a calcium sensor for glutamate receptor-dependent localization of mitochondria at synapses. Neuron 2009, 61,
541-555. [CrossRef]

Ivannikov, M.; Sugimori, M.; Llinas, R.R. Synaptic vesicle exocytosis in hippocampal synaptosomes correlates directly with total
mitochondrial volume. J. Mol. Neurosci. 2013, 49, 223-230. [CrossRef]

Sun, T,; Qiao, H.; Pan, PY.; Sheng, Z.H. Motile axonal mitochondria contribute to the variability of presynaptic strength. Cell Rep.
2013, 4, 413-419. [CrossRef]

Rangaraju, V.; Calloway, N.; Ryan, T.A. Activity-driven local ATP synthesis is required for synaptic function. Cell 2014, 156,
825-835. [CrossRef]

Pathak, D.; Shields, L.Y.; Mendelsohn, B.A.; Haddad, D.; Lin, W.; Gerencser, A.A.; Kim, H.; Brand, D.M.; Edwards, R.H.;
Nakamura, K. The role of mitochondrially derived ATP in synaptic vesicle recycling. . Biol. Chem. 2015, 290, 22325-22336.
[CrossRef]

Marland, J.R.K.; Hasel, P.; Bonnycastle, K.; Cousin, M.A. Mitochondrial calcium uptake modulates synaptic vesicle endocytosis in
central nerve terminals. ]. Biol. Chem. 2016, 291, 2080-2086. [CrossRef]

Devine, M.] ; Kittler, J.T. Mitochondria at the neuronal presynapse in health and disease. Nat. Rev. Neurosci. 2018, 19, 63-80.
[CrossRef]

Duarte, F.V,; Ciampi, D.; Duarte, C.B. Mitochondria as central hubs in synaptic modulation. Cell. Mol. Life Sci. 2023, 80, 173.
[CrossRef] [PubMed]

Kalman, B.; Laitinen, K.; Komoly, S. The involvement of mitochondria in the pathogenesis of multiple sclerosis. J. Neuroimmunol.
2007, 188, 1-12. [CrossRef]

Mao, P; Reddy, PH. Is multiple sclerosis a mitochondrial disease? Biochim. Biophys. Acta 2020, 1802, 66-79. [CrossRef]

Witte, M.E.; Geurts, ].].G.; de Vries, H.E.; van der Falk, P.; van Horsson, J. Mitochondrial dysfunction: A potential link between
neuroinflammation and neurodegeneration? Mitochondrion 2010, 10, 41-418. [CrossRef] [PubMed]

Lassmann, H.; van Horssen, J. The molecular basis of neurodegeneration in multiple sclerosis. FEBS Lett. 2011, 585, 3715-3723.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1007/s12035-021-02355-4
https://www.ncbi.nlm.nih.gov/pubmed/33745114
https://doi.org/10.1097/00004647-200110000-00001
https://www.ncbi.nlm.nih.gov/pubmed/11598490
https://doi.org/10.1073/pnas.172399499
https://doi.org/10.1016/j.cub.2008.10.029
https://doi.org/10.2147/EB.S9078
https://doi.org/10.1016/j.neuron.2012.08.019
https://doi.org/10.1016/j.neuron.2015.03.035
https://doi.org/10.1038/s41598-023-40663-y
https://doi.org/10.1085/jgp.111.2.225
https://doi.org/10.1523/JNEUROSCI.21-17-06467.2001
https://doi.org/10.1152/jn.2002.88.1.98
https://www.ncbi.nlm.nih.gov/pubmed/12091535
https://doi.org/10.1523/JNEUROSCI.22-14-05840.2002
https://www.ncbi.nlm.nih.gov/pubmed/12122046
https://doi.org/10.1074/jbc.M212878200
https://www.ncbi.nlm.nih.gov/pubmed/12604600
https://doi.org/10.1016/j.cell.2004.11.003
https://doi.org/10.1002/ana.20736
https://doi.org/10.1016/j.neuron.2009.01.030
https://doi.org/10.1007/s12031-012-9848-8
https://doi.org/10.1016/j.celrep.2013.06.040
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1074/jbc.M115.656405
https://doi.org/10.1074/jbc.M115.686956
https://doi.org/10.1038/nrn.2017.170
https://doi.org/10.1007/s00018-023-04814-8
https://www.ncbi.nlm.nih.gov/pubmed/37266732
https://doi.org/10.1016/j.jneuroim.2007.03.020
https://doi.org/10.1016/j.bbadis.2009.07.002
https://doi.org/10.1016/j.mito.2010.05.014
https://www.ncbi.nlm.nih.gov/pubmed/20573557
https://doi.org/10.1016/j.febslet.2011.08.004
https://www.ncbi.nlm.nih.gov/pubmed/21854776
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 27 of 32

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

Campbell, G.R.; Worrall, ].T.; Mahad, D.J. The central role of mitochondria in axonal degeneration in multiple sclerosis. Mult.
Scler. 2014, 20, 1806-1813. [CrossRef]

Rajda, C.; Pukoli, D.; Bende, Z.; Majlath, Z.; Vecsei, L. Excitotoxins, mitochondrial and redox disturbances in multiple sclerosis.
Int. J. Mol. Sci. 2017, 18, 353. [CrossRef]

Rosenkranz, S.; Shaposhnykov, A.A.; Tréger, S.; Engler, J.B.; Witte, MLE.; Roth, V.; Vieira, V.; Paauw, N.; Bauer, S.; Schwence-
Westphal, C.; et al. Enhancing mitochondrial activity in neurons protects agaist neurodegeneration in a mouse model of multiple
sclerosis. eLife 2021, 10, 61798. [CrossRef]

Verma, M.; Lizama, B.N.; Chu, C.T. Excitotoxicity, calcium and mitochondria: A triad in synaptic neurodegeneration. Transl.
Neurodegener. 2022, 11, 3. [CrossRef] [PubMed]

Atkinson, K.C.; Osunde, M.; Tiwari-Woodruff, S.K. The complexities of investigating mitochondria dynamics in multiple sclerosis
and mouse models of MS. Front. Neurosci. 2023, 17, 1144896. [CrossRef] [PubMed]

Askari, H.; Rabiei, F.; Lohrasbi, F.; Ghadir, S.; Mehdipour, A.A.; Ghasemi-Kasmann, M. AMP-activated protein kinase as a
mediator of mitochondrial dysfunction of multiple sclerosis in animal models: A systematic review. J. Cell. Physiol. 2024, 239,
e31230. [CrossRef]

Qin, P; Sun, Y,; Li, L. Mitochondrial dysfunction in chronic neuroinflammatory diseases. Int. J. Mol. Med. 2024, 53, 47. [CrossRef]
[PubMed]

Shadab, A.; Abbasi-Kolli, M.; Saharkhiz, M.; Ahadi, S.H.; Shokouhi, B.; Nahand, J.S. The interplay between mitochondrial
dysfunction and NLRP3 inflammasome in multiple sclerosis: Therapeutic implications and animal model studies. Biochem.
Pharmacother. 2024, 175, 116673. [CrossRef]

Kan, S.; Bano, N.; Ahamad, S.; John, U.; Dar, N.W,; Bhat, S.A. Excitotoxicity, oxytosis/ferroptosis, and neurodegeneration:
Emerging insights into mitochondrial mechanisms. Aging Dis. 2024, 16, 2504-2543. [CrossRef]

Fyve, I. Mitochondrial DNA marks multiple sclerosis. Nat. Rev. Neurol. 2024, 20, 203. [CrossRef]

Mishra, Y.; Kumar, A.; Kaundal, R.K. Mitochondrial dysfunction is a crucial immune checkpoint for neuroinflammation and
neurodegeneration: mtDAMPs in focus. Mol. Neurobiol. 2025, 62, 6715-6747. [CrossRef]

Coclitu, C.I; Constantinescu, C.S.; Tanasescu, R. Neuroprotective strategies in multiple sclerosis: A status update and emerging
paradigms. Expert Rev. Neurother. 2025, 25, 791-817. [CrossRef]

Angi, B.; Varanita, T.; Puthenparampil, M.; Scattolini, V.; Donadon, M.; Tavakoli, M.; Favero, M.; El Boustani, M.; Soddemann, M.;
Biasutto, L.; et al. Selective inhibition of mitochondrial Kv1.3 prevents and alleviates multiple sclerosis in vivo. EMBO Mol. Med.
2025, 17,2901-2931. [CrossRef]

Jank, L.; Satheesh Kumar, M.K.; Ryu, T.; Thapa, R.; Gololobova, O.; Niepokny, T.D.; Calabresi, P.A.; Witwer, K.; Dutta, R.; Na, C.H.;
et al. Extracellular vesicles from multiple sclerosis white matter exhibit synaptic, mitochondrial, complement and ageing related
pathway dysregulation. J. Extracell. Ves. 2025, 14, €70197. [CrossRef]

Chen, L.; Gordon, L.K. Ocular manifestations of multiple slerosis. Curr. Opin. Ophthalmol. 2005, 16, 315-320. [CrossRef] [PubMed]
Balcer, L.J.; Miller, D.H.; Reingold, S.C.; Cohen, J.A. Vision and vision-related outcome measures in multiple sclerosis. Brain 2015,
138, 11-27. [CrossRef] [PubMed]

Graham, S.L.; Klistorner, A. Afferent visual pathways in multiple sclerosis: A review. Clin. Exptl. Ophthalmol. 2017, 45, 62-72.
[CrossRef]

Dhanapalaratnam, R.; Markoulli, M.; Krishnan, A.V. Disorders of vision in multiple sclerosis. Clin. Exp. Optom. 2022, 105, 20-30.
[CrossRef]

Gill, A.J.; Smith, M.D.; Galleguillos, D.; Garton, T.; Mace, ] W.; Gadani, S.P.; Kumar, S.; Pokharel, A.; Solem, K.; Potluri, S.; et al.
NLRX1 limits inflammatory neurodegeneration in the anterior visual pathway. J. Neuroinflamm. 2025, 22, 21. [CrossRef] [PubMed]
Toosy, A.T.; Mason, D.E; Miller, D.H. Optic neuritis. Lancet Neurol. 2014, 13, 83-99. [CrossRef] [PubMed]

Kale, N. Optic neuritis as an early sign of multiple sclerosis. Eye Brain 2016, 8, 195-202. [CrossRef]

Jenkins, T.M.; Toosy, A.T. Optic neuritis: The eye as a window to the brain. Curr. Opin. Neurol. 2017, 30, 61-66. [CrossRef]
Saidha, S.; Syc, S.B.; Ibrahim, M.A.; Eckstein, C.; Warner, C.V.; Farrell, S.K.; Oakley, ].D.; Durbin, M.K.; Meyer, S.A.; Balcer, L.J.;
et al. Primary retinal pathology in multiple sclerosis as detected by optical coherence tomography. Brain 2011, 134, 518-533.
[CrossRef]

Dembla, M.; Kesharwani, A.; Natarajan, S.; Fecher-Trost, C.; Fairless, R.; Williams, S.K.; Flockerzi, V.; Diem, R.; Schwarz, K,;
Schmitz, F. Early auto-immune targeting of photoreceptor ribbon synapses in mouse models of multiple sclerosis. EMBO Mol.
Med. 2018, 10, €8926. [CrossRef]

Mukherjee, A.; Katiyar, R.; Dembla, E.; Dembla, M.; Kumar, P.; Belkacemi, A.; Jung, M.; Beck, A.; Flockerzi, V.; Schwarz, K ; et al.
Disturbed presynaptic Ca?* signaling in photoreceptors in the EAE mouse model of multiple sclerosis. iScience 2020, 23, 101830.
[CrossRef]

Sabaner, M.C. Inner retinal layer disease: Multiple sclerosis. Beyoglu Eye J. 2020, 5, 155-161. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1177/1352458514544537
https://doi.org/10.3390/ijms18020353
https://doi.org/10.7554/eLife.61798
https://doi.org/10.1186/s40035-021-00278-7
https://www.ncbi.nlm.nih.gov/pubmed/35078537
https://doi.org/10.3389/fnins.2023.1144896
https://www.ncbi.nlm.nih.gov/pubmed/37559701
https://doi.org/10.1002/jcp.31230
https://doi.org/10.3892/ijmm.2024.5371
https://www.ncbi.nlm.nih.gov/pubmed/38577947
https://doi.org/10.1016/j.biopha.2024.116673
https://doi.org/10.14336/AD.2024.0125-1
https://doi.org/10.1038/s41582-024-00948-w
https://doi.org/10.1007/s12035-024-04412-0
https://doi.org/10.1080/14737175.2025.2510405
https://doi.org/10.1038/s44321-025-00307-2
https://doi.org/10.1002/jev2.70197
https://doi.org/10.1097/01.icu.0000179804.49842.e2
https://www.ncbi.nlm.nih.gov/pubmed/16175046
https://doi.org/10.1093/brain/awu335
https://www.ncbi.nlm.nih.gov/pubmed/25433914
https://doi.org/10.1111/ceo.12751
https://doi.org/10.1080/08164622.2021.1947745
https://doi.org/10.1186/s12974-025-03339-0
https://www.ncbi.nlm.nih.gov/pubmed/39875919
https://doi.org/10.1016/S1474-4422(13)70259-X
https://www.ncbi.nlm.nih.gov/pubmed/24331795
https://doi.org/10.2147/EB.S54131
https://doi.org/10.1097/WCO.0000000000000414
https://doi.org/10.1093/brain/awq346
https://doi.org/10.15252/emmm.201808926
https://doi.org/10.1016/j.isci.2020.101830
https://doi.org/10.14744/bej.2020.65982
https://www.ncbi.nlm.nih.gov/pubmed/35098070
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 28 of 32

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Kesharwani, A.; Schwarz, K.; Dembla, E.; Dembla, M.; Schmitz, F. Early changes in exo-and endocytosis in the EAE mouse
model of multiple sclerosis correlate with decreased synaptic ribbon size and reduced ribbon-associated vesicle pools in rod
photoreceptor synapses. Int. |. Mol. Sci. 2021, 22, 10789. [CrossRef] [PubMed]

Olbert, E.; Struhal, W. Retinal imaging with optical coherence tomography in multiple sclerosis: Novel aspects. Wien Med.
Wochenschr. 2022, 172, 329-330. [CrossRef]

Hong, S.; Weerasinghe-Mudiyanselage, P.D.E.; Kang, S.; Moon, C.; Shin, T. Retinal transcriptome profiling identifies novel
candidate genes associated with visual impairment in a mouse model of multiple sclerosis. Anim. Cells Syst. 2023, 27, 219-233.
[CrossRef] [PubMed]

El Samad, A; Jaffal, J.; Ibrahim, D.R.; Schwarz, K.; Schmitz, F. Decreased expression of the EAATS5 glutamate transporter at
photoreceptor synapses in early, pre-clinical experimental autoimmune encephalomyelitis, a mouse model of multiple sclerosis.
Biomedicines 2024, 12, 2545. [CrossRef]

Cordano, C.; Werneburg, S.; Abdelhak, A.; Bennett, D.J.; Beaudry-Richard, A.; Duncan, G.J.; Oertel, E.C.; Boscardin, W.J.; Yiu,
H.H.; Jabassini, N.; et al. Synaptic injury in the inner plexiform layer of the retina is associated with progression in multiple
sclerosis. Cell Rep. Med. 2024, 5, 101490. [CrossRef]

Shenoy, N.; Liu, E; Narayanan, P. Loss of Cells in the Retinal Ganglion Cell Layer as an Early Indication of Neurodegeneration in
Multiple Sclerosis. J. Integr. Neurosci. 2024, 23, 129. [CrossRef]

Ibrahim, D.R.; Schwarz, K.; Suiwal, S.; Maragkou, S.; Schmitz, F. Early synapse-specific alterations of photoreceptor mitochondria
in the EAE mouse model of multiple sclerosis. Cells 2025, 14, 206. [CrossRef]

Wassle, H. Parallel processing in the mammalian retina. Nat. Rev. Neurosci. 2004, 5, 747-757. [CrossRef] [PubMed]

Sterling, P.; Matthews, G. Structure and function of ribbon synapses. Trends Neurosci. 2005, 28, 20-29. [CrossRef] [PubMed]
Matthews, G.; Fuchs, P. The diverse roles of ribbon synapses in sensory neurotransmission. Nat. Rev. Neurosci. 2010, 11, 812-822.
[CrossRef] [PubMed]

Lagnado, L.; Schmitz, F. Ribbon synapses and visual processing in the retina. Annu. Rev. Vis. Sci. 2015, 1, 235-262. [CrossRef]
Thoreson, W.B.; Hays, C.L. How ribbons make ‘sense’ for vision. Biochem. 2020, 42, 24-29. [CrossRef]

Thoreson, W.B. Transmission at rod and cone photoreceptor synapses in the retina. Pfliigers Arch. Europ. ]. Physiol. 2021, 473,
1469-1491. [CrossRef]

Thoreson, W.B.; Zenisek, D. Presynaptic proteins and their roles in visual processing by the retina. Annu. Rev. Vis. Sci. 2024, 10,
347-375. [CrossRef]

Moser, T.; Grabner, C.P; Schmitz, F. Sensory processing at ribbon synapses in the retina and the cochlea. Physiol. Rev. 2020, 100,
103-144. [CrossRef] [PubMed]

Carter-Dawson, L.D.; Lavail, M.M. Rods and cones in the mouse retina. I. Structural analysis using light and electron microscopy.
J. Comp. Neurol. 1979, 188, 245-262. [CrossRef] [PubMed]

Perkins, G.A.; Ellisman, M.H.; Fox, D.A. Three-dimensional analysis of mouse rod and cone mitochondrial cristae architecture:
Bioenergetic and functional implications. Mol. Vis. 2003, 9, 60-73.

Johnson, J.E., Jr.; Perkins, G.A.; Chaney, S.; Xiao, W.; White, A.D.; Brown, J].M.; Waggoner, J.; Ellisman, M.H.; Fox, D.A.
Spatiotemporal regulation of ATP and Ca®* in vertebrate rod and cone ribbon synapses. Mol. Vis. 2007, 13, 887-919. [PubMed]
Stone, J.; van Driel, D.; Valter, K.; Rees, S.; Provis, J. The locations of mitochondria in mammalian photoreceptor: Relation to
retinal vasculature. Brain Res. 2008, 1189, 58—69. [CrossRef]

Li, S.; Mitchell, J.; Briggs, D.J.; Young, ].K.; Long, S.S.; Fuerst, P.G. Morphological diversity of the rod spherule: A study of serially
reconstructed electron micrographs. PLoS ONE 2016, 11, e0150024. [CrossRef]

Gierke, K.; Lux, U.T.; Regus-Leidig, H.; Brandstitter, ].H. The first synapse in vision in the aging mouse retina. Front. Cell.
Neurosci. 2023, 17, 1291054. [CrossRef]

von der Malsburg, K.; Maitova, A.; van der Laan, M. MICOS. Curr. Biol. 2025, 35, R595-R597. [CrossRef]

Daumke, O.; van der Laan, M. Molecular machineries shaping the inner mitochondrial membrane. Nat. Rev. Mol. Cell Biol. 2025,
26, 706-724. [CrossRef]

Prusky, G.T.; Alam, N.M.; Beekman, S.; Douglas, R.M. Rapid quantification of adult and developing mouse spatial vision using a
virtual optomotor system. Investig. Ophthalmol Vis. Sci. 2004, 45, 4611-4616. [CrossRef]

Silver, L.; Erecinska, M. Oxygen and ion concentrations in normoxic and hypoxic brain cells. Adv. Exp. Med. Biol. 1998, 454, 7-16.
[PubMed]

Rossi, M.J.; Pekkurnaz, G. Powerhouse of the mind: Mitochondrial plasticity at the synapse. Curr. Opin. Neurobiol. 2019, 57,
149-155. [CrossRef]

Garcia, G.C,; Bartol, T.M.; Phan, S.; Bushong, E.A.; Perkins, G.; Sejnowski, T.J.; Ellisman, M.H.; Skupin, A. Mitochondrial
morphology provides a mechanism for energy buffering at synapses. Sci. Rep. 2019, 9, 18306. [CrossRef]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.3390/ijms221910789
https://www.ncbi.nlm.nih.gov/pubmed/34639129
https://doi.org/10.1007/s10354-022-00925-2
https://doi.org/10.1080/19768354.2023.2264354
https://www.ncbi.nlm.nih.gov/pubmed/37808551
https://doi.org/10.3390/biomedicines12112545
https://doi.org/10.1016/j.xcrm.2024.101490
https://doi.org/10.31083/j.jin2307129
https://doi.org/10.3390/cells14030206
https://doi.org/10.1038/nrn1497
https://www.ncbi.nlm.nih.gov/pubmed/15378035
https://doi.org/10.1016/j.tins.2004.11.009
https://www.ncbi.nlm.nih.gov/pubmed/15626493
https://doi.org/10.1038/nrn2924
https://www.ncbi.nlm.nih.gov/pubmed/21045860
https://doi.org/10.1146/annurev-vision-082114-035709
https://doi.org/10.1042/BIO20200064
https://doi.org/10.1007/s00424-021-02548-9
https://doi.org/10.1146/annurev-vision-101322-111204
https://doi.org/10.1152/physrev.00026.2018
https://www.ncbi.nlm.nih.gov/pubmed/31373863
https://doi.org/10.1002/cne.901880204
https://www.ncbi.nlm.nih.gov/pubmed/500858
https://www.ncbi.nlm.nih.gov/pubmed/17653034
https://doi.org/10.1016/j.brainres.2007.10.083
https://doi.org/10.1371/journal.pone.0150024
https://doi.org/10.3389/fncel.2023.1291054
https://doi.org/10.1016/j.cub.2025.05.001
https://doi.org/10.1038/s41580-025-00854-z
https://doi.org/10.1167/iovs.04-0541
https://www.ncbi.nlm.nih.gov/pubmed/9889871
https://doi.org/10.1016/j.conb.2019.02.001
https://doi.org/10.1038/s41598-019-54159-1
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 29 of 32

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

Chavan, V.; Willis, J.; Walker, S.K.; Clark, H.R; Liu, X.; Fox, M.A; Srivastava, S.; Mukherjee, K. Central presynaptic terminals are
enriched in ATP but the majority lack mitochondria. PLoS ONE 2015, 12, e0181140. Erratum in: PLoS ONE 2017, 12, e0181140.
https://doi.org/10.1371/journal.pone.0181140. [CrossRef] [PubMed]

Smith, H.L.; Bourne, ].N.; Cao, G.; Chirillo, M.A.; Ostroff, L.E.; Watson, D.J.; Harris, K.M. Mitochondprial support of persistent
presynapic vesicle mobilization with age-dependent synaptic growth after LTP. eLife 2016, 19, e15275. [CrossRef]

Zenisek, D.; Matthews, G. The role of mitochondria in presynaptic calcium handling at a ribbon synapse. Neuron 2000, 25, 229-237.
[CrossRef]

Collins, T.J.; Berridge, M.].; Lipp, P.; Bootman, M.D. Mitochondria are morphologically and functionally heterogeneous within
cells. EMBO J. 2002, 21, 1616-1627. [CrossRef]

Kuznetsov, A.V.; Usson, Y.; Leverve, X.; Margreiter, R. Subcellular heterogeneity of mitochondrial function and dysfunction:
Evidence obtained by confocal imaging. Mol. Cell. Biochem. 2004, 256, 359-365. [CrossRef]

Kuznetsov, A.V.; Margreiter, R. Heterogeneity of mitochondria and mitochondrial function within cells as another level of
mitochondrial complexity. Int. ]. Mol. Sci. 2009, 10, 1911-1929. [CrossRef]

Fedorovich, S.V.; Waseem, T.V.; Puhkova, L.V. Biogenetic and morphofunctional heterogeneity of mitochondria: The case of
synaptic mitochondria. Prog. Neurobiol. 2017, 28, 363-373. [CrossRef] [PubMed]

Freeman, D.W,; Petralia, R.S.; Wang, Y.X.; Mattson, M.P.; Yao, P.J. Mitochondpria in hippocampal presynaptic and postsynaptic
compartments differ in size as well as intensity. Matters 2017, 2017. [CrossRef]

Graham, L.C,; Eaton, S.L.; Brunton, PJ.; Atrih, A.; Smith, C.; Lamont, D.].; Gillingwater, T.H.; Pennetta, G.; Skehel, P.; Wishart, T.M.
Proteomic profiling of neuronal mitochondria reveals modulators of synaptic architecture. Mol. Neurodegener. 2017, 12, 77.
[CrossRef] [PubMed]

Cserép, C.; Posfai, B.; Schwarcz, A.D.; Dénes, A. Mitochondrial ultrastructure is coupled to synaptic performance at axonal
release sites. eNeuro 2018, 2018, 5. [CrossRef]

Fecher, C.; Trovo, L.; Miiller, S.A.; Snaidero, N.; Wettmarshausen, J.; Heink, S.; Ortiz, O.; Wagner, I; Kiihn, R.; Hartmann, J.;
et al. Cell-type-specific profiling of brain mitochondria reveals functional and molecular heterogeneity. Nat. Neurosci. 2019, 22,
1731-1742. [CrossRef] [PubMed]

Kappler, L.; Hoene, M.; Hu, C.; von Toerne, C.; Li, J.; Bleher, D.; Hoffmann, C.; Bohm, A.; Kollipara, L.; Zischka, H.; et al. Linking
bioenergetic function of mitochondria to tissue-specific molecular fingerprints. Am. |. Physiol. Endocrinol. Metab. 2019, 317,
E374-E387. [CrossRef]

Delgado, T.; Petralia, R.S.; Freeman, D.W.; Sedlacek, M.; Wang, Y.X.; Brenowitz, S.D.; Sheu, S.H.; Gu, ].W.; Kapogiannis, D.;
Mattson, M.P; et al. Comparing 3D ultrastructure of presynaptic and postsynaptic mitochondria. Biol. Open 2019, 8, bio044834.
[CrossRef]

Rangaraju, V.; Lauterbach, M.; Schuman, E.M. Spatially stable mitochondrial compartments fuel local translation during plasticity.
Cell 2019, 176, 73-84. [CrossRef]

McLaughlin, K.L.; Hagen, ].T.; Coalson, H.S.; Nelson, M.A.; Kew, K.A.; Wooten, A.R.; Fisher-Wellman, K.H. Novel approach to
quantify mitochondrial content and intrinsic bioenergetic efficiency across organs. Sci. Rep. 2020, 10, 17599. [CrossRef] [PubMed]
Faitg, J.; Lacefield, C.; Davey, T.; White, K.; Laws, R.; Kosmidis, S.; Reeve, A.K.; Kandel, E.R.; Vincent, A.E.; Picard, M. 3D neuronal
mitochondrial morphology in axons, dendrites, and somata of the aging hippocampus. Cell Rep. 2021, 36, 109509. [CrossRef]
[PubMed]

Pekkurnaz, G.; Wang, X. Mitochondrial heterogeneity and homeostasis through the lens of a neuron. Nat. Metab. 2022, 4, 802-812.
[CrossRef]

Zaninello, M.; Baptista, P.; Duarte, F.V. Mitochondrial dynamics and mRNA translation: A local synaptic tale. Biology 2024, 13,
746. [CrossRef]

Maxeiner, S.; Luo, F; Tan, A.; Schmitz, F; Stidhof, T.C. How to make a synaptic ribbon: RIBEYE deletion abolishes ribbon in
retinal synapses and disrupts neurotransmitter release. EMBO J. 2016, 35, 1098-1114. [CrossRef]

Schmitz, F; Konigstorfer, A.; Stidhof, T.C. RIBEYE, a component of synaptic ribbons: A protein’s journey through evolution
provides insight into synaptic ribbon function. Neuron 2000, 28, 857-872. [CrossRef] [PubMed]

Mitchell, P. Coupling o phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism. Nature 1961,
191, 144-148. [CrossRef]

Zorova, L.D.; Popkov, V.A,; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, 1.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva,
A.V,; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50-59. [CrossRef] [PubMed]

Selim, N.A.; Wojtovich, A.P. Mitochondrial membrane potential and compartmentalized signaling: Calcium, ROS, and beyond.
Redox Biol. 2025, 86, 103859. [CrossRef]

Stidhof, T.C. The synaptic vesicle cycle: A cascade of protein-protein interactions. Nature 1995, 375, 645-653. [CrossRef]

Stidhof, T.C. The synaptic vesicle cycle revisited. Neuron 2000, 28, 317-320. [CrossRef]

Stidhof, T.C. The synaptic vesicle cycle. Annu. Rev. Neurosci. 2004, 27, 509-547. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1371/journal.pone.0181140
https://doi.org/10.1371/journal.pone.0125185
https://www.ncbi.nlm.nih.gov/pubmed/25928229
https://doi.org/10.7554/eLife.15275
https://doi.org/10.1016/S0896-6273(00)80885-5
https://doi.org/10.1093/emboj/21.7.1616
https://doi.org/10.1023/B:MCBI.0000009881.01943.68
https://doi.org/10.3390/ijms10041911
https://doi.org/10.1515/revneuro-2016-0077
https://www.ncbi.nlm.nih.gov/pubmed/28195557
https://doi.org/10.19185/matters.201711000009
https://doi.org/10.1186/s13024-017-0221-9
https://www.ncbi.nlm.nih.gov/pubmed/29078798
https://doi.org/10.1523/ENEURO.0390-17.2018
https://doi.org/10.1038/s41593-019-0479-z
https://www.ncbi.nlm.nih.gov/pubmed/31501572
https://doi.org/10.1152/ajpendo.00088.2019
https://doi.org/10.1242/bio.044834
https://doi.org/10.1016/j.cell.2018.12.013
https://doi.org/10.1038/s41598-020-74718-1
https://www.ncbi.nlm.nih.gov/pubmed/33077793
https://doi.org/10.1016/j.celrep.2021.109509
https://www.ncbi.nlm.nih.gov/pubmed/34380033
https://doi.org/10.1038/s42255-022-00594-w
https://doi.org/10.3390/biology13090746
https://doi.org/10.15252/embj.201592701
https://doi.org/10.1016/S0896-6273(00)00159-8
https://www.ncbi.nlm.nih.gov/pubmed/11163272
https://doi.org/10.1038/191144a0
https://doi.org/10.1016/j.ab.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28711444
https://doi.org/10.1016/j.redox.2025.103859
https://doi.org/10.1038/375645a0
https://doi.org/10.1016/S0896-6273(00)00109-4
https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://www.ncbi.nlm.nih.gov/pubmed/15217342
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 30 of 32

131.
132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Lin, R.C,; Scheller, R.H. Mechanisms of synaptic vesicle exocytosis. Annu. Rev. Cell Biol. 2000, 16, 19-49. [CrossRef]

Myeong, J.; Stunault, M.I; Klyachko, V.A.; Ashrafi, G. Metabolic regulation of single synaptic vesicle exo- and endocytosis in
hippocampal synapses. Cell Rep. 2024, 43, 114218. [CrossRef]

Verstreken, P,; Ly, C.V.; Venken, K.J.T.; Koh, T.W.; Zhou, Y.; Bellen, H.]. Synaptic mitochondria are critical for mobilization of
reserve pool vesicles at Drosophila neuromuscular junction. Neuron 2005, 47, 365-378. [CrossRef]

Ly, C.V,; Verstreken, P. Mitochondria at the synapse. Neurosci. 2006, 12, 291-299. [CrossRef]

Vos, M.; Lauwers, E.; Verstreken, P. Synaptic mitochondria in synaptic transmission and organization of vesicle pools in health
and disease. Front. Syn. Neurosci. 2010, 2, 139. [CrossRef]

McCormack, J.G.; Halestrap, A.P; Denton, R.M. Role of calcium ions in regulating intramitochondrial metabolism. Physiol. Rev.
1990, 70, 391-425. [CrossRef] [PubMed]

Duchen, M.R.; Bisco, T.J. Relative mitochondrial membrane potential and [Ca®*]i in type I cells isolated from the rabbit carotid
body. J. Physiol. 1992, 450, 33-61. [CrossRef] [PubMed]

Tang, Y.; Zucker, R.S. Mitochondrial involvement in post-tetanic potentiation of synaptic transmission. Neuron 1997, 18, 483-491.
[CrossRef]

Montero, M.; Alonso, M.T.; Carnicero, E.; Cuchillo-Ibanez, I.; Albillos, A.; Garcia, A.G.; Garcia-Sancho, J.; Alvarez, J. Chromaffin-
cell stimulation triggers fast millimolar mitochondrial Ca?* transients that modulate secretion. Nat. Cell Biol. 2000, 2, 57-61.
[CrossRef]

Montero, M.; Alonso, M.T.; Albillos, A.; Garcia-Sancho, J.; Alvarez, J. Mitochondrial Ca2*-induce Ca2* release mediated by the
Ca?t uniporter. Mol. Biol. Cell 2001, 12, 63-71. [CrossRef]

David, G.; Barrett, E.F. Stimulation-evoked increases in cytosolic Ca?* in mouse motor nerve terminals are limited by mitochon-
drial uptake and are temperature-dependent. J. Neurosci. 2000, 20, 7290-7296. [CrossRef] [PubMed]

David, G.; Barrett, E.F. Mitochondrial Ca%* uptake prevents desynchronization of quantal reelase and minimizes depletion during
repetitive stimulation of mouse motor nerve terminals. J. Physiol. 2003, 548, 425-438. [CrossRef]

Datta, S.; Jaiswal, M. Mitochondrial calcium at the synapse. Mitochondria 2021, 59, 135-153. [CrossRef]

Clapham, D.E. Calcium Signaling. Cell 2008, 131, 1047-1058. [CrossRef] [PubMed]

Rizzuto, R.; De Stefani, D.; Raffaello, A.; Mammucari, C. Mitochondria as sensors and regulators of calcium signalling. Nat. Rev.
Mol. Cell Biol. 2013, 13, 566-578. [CrossRef] [PubMed]

Gherardi, G.; Monticelli, H.; Rizzuto, R.; Mammucari, C. The mitochondrial Ca%* uptake and the fine-tuning of aerobic
metabolisms. Front. Physiol. 2020, 11, 554904. [CrossRef] [PubMed]

Stavsky, A.; Stoler, O.; Kostic, M.; Katoshevsky, T.; Assali, E.A.; Savic, I.; Amitai, Y.; Prokisch, H.; Leiz, S.; Daumer-Haas, C.; et al.
Aberrant activity of mitochondrial NCLX is linked to impaired synaptic transmission and is associated with mental retardation.
Commun. Biol. 2021, 4, 666. Correction in: Commun Biol. 2021, 4, 755. https://doi.org/10.1038/s42003-021-02312-w. [CrossRef]
Faria-Pereira, A.; Morais, V.A. Synapses: The brain’s energy-demanding sites. Int. . Mol. Sci. 2022, 23, 3627. [CrossRef]
Kirichok, Y.; Krapivinsky, G.; Clapham, D.E. The mitochondrial calcium uniporter is a highly selective ion channel. Nat. Struct.
Biol. 2004, 427, 360-364. [CrossRef]

Baughman, ].M.; Perocchi, E; Girgis, H.S.; Plovanich, M.; Belcher-Timme, C.A ; Sancak, Y.; Bao, X.B.; Strittmatter, L.; Goldberger, O.;
Bogorad, L.R;; et al. Integrative genomics identifies MCU as an essential component of the mitochondrial calcium uniporter.
Nature 2011, 476, 341-345. [CrossRef]

De Stefani, D.; Raffaello, A.; Teardo, A.; Szabo, I.; Rizzuto, R. A forty-kilodalton protein of the inner membrane is the mitochondrial
calcium uniporter. Nature 2011, 476, 336-340. [CrossRef]

Samanta, K.; Douglas, S.; Parekh, A. Mitochondrial calcium uniporter MCU supports cytoplasmic Ca®* oscillations, store-operated
Ca2* entry and Ca2+—dependent gene expression in response to receptor stimulation. PLoS ONE 2014, 9, e101188. [CrossRef]
[PubMed]

Nemani, N.; Shanmughapriya, S.; Madesh, M. Molecular regulation of MCU: Implications in physiology and disease. Cell Calcium
2018, 74, 86-93. [CrossRef]

Patron, M.; Granatiero, V.; Espino, J.; Rizzuto, R.; De Stefani, D. MICU3 is a tissue-specific enhancer of mitochondrial calcium
uptake. Cell Death Diff. 2019, 26, 179-195. [CrossRef]

Brustovetsky, N.; Dubinsky, ].M. Dual responses of CNS mitochondria to elevated calcium. ]. Neurosci. 2000, 20, 103-113.
[CrossRef]

Talbot, ].D.; David, G.; Barrett, E.F. Inhibition of mitochondrial Ca2* uptake affects phasic release from motor terminals differently
depending on external [Ca2*]. T. Neurophysiol. 2003, 90, 491-502. [CrossRef]

Ashrafi, G.; de Juan-Sanz, J.; Farrell, R.J.; Ryan, T.A. Molecular tuning of the axonal mitochondrial Ca?t uniporter ensures
metabolic flexibility of neurotransmission. Neuron 2020, 105, 678—687. [CrossRef]

Bernardi, P. Mitochondrial transport of cations: Channels, exchangers, and permeability transision. Physiol. Rev. 1999, 79,
1127-1155. [CrossRef]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1146/annurev.cellbio.16.1.19
https://doi.org/10.1016/j.celrep.2024.114218
https://doi.org/10.1016/j.neuron.2005.06.018
https://doi.org/10.1177/1073858406287661
https://doi.org/10.3389/fnsyn.2010.00139
https://doi.org/10.1152/physrev.1990.70.2.391
https://www.ncbi.nlm.nih.gov/pubmed/2157230
https://doi.org/10.1113/jphysiol.1992.sp019115
https://www.ncbi.nlm.nih.gov/pubmed/1432712
https://doi.org/10.1016/S0896-6273(00)81248-9
https://doi.org/10.1038/35000001
https://doi.org/10.1091/mbc.12.1.63
https://doi.org/10.1523/JNEUROSCI.20-19-07290.2000
https://www.ncbi.nlm.nih.gov/pubmed/11007886
https://doi.org/10.1113/jphysiol.2002.035196
https://doi.org/10.1016/j.mito.2021.04.006
https://doi.org/10.1016/j.cell.2007.11.028
https://www.ncbi.nlm.nih.gov/pubmed/18083096
https://doi.org/10.1038/nrm3412
https://www.ncbi.nlm.nih.gov/pubmed/22850819
https://doi.org/10.3389/fphys.2020.554904
https://www.ncbi.nlm.nih.gov/pubmed/33117189
https://doi.org/10.1038/s42003-021-02312-w
https://doi.org/10.1038/s42003-021-02114-0
https://doi.org/10.3390/ijms23073627
https://doi.org/10.1038/nature02246
https://doi.org/10.1038/nature10234
https://doi.org/10.1038/nature10230
https://doi.org/10.1371/journal.pone.0101188
https://www.ncbi.nlm.nih.gov/pubmed/25004162
https://doi.org/10.1016/j.ceca.2018.06.006
https://doi.org/10.1038/s41418-018-0113-8
https://doi.org/10.1523/JNEUROSCI.20-01-00103.2000
https://doi.org/10.1152/jn.00012.2003
https://doi.org/10.1016/j.neuron.2019.11.020
https://doi.org/10.1152/physrev.1999.79.4.1127
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 31 0f 32

159.
160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.
178.

179.

180.

181.

182.

183.

184.

185.

Duchen, M.R. Mitochondria and calcium: From cell signalling to cell death. . Physiol. 2000, 529, 57-68. [CrossRef]

Newmeyer, D.D.; Ferguson-Miller, S. Mitochondria: Releasing power for life and unleashing the machineries of death. Cell 2003,
112, 353-358. [CrossRef] [PubMed]

Kroemer, G.; Galluzzi, L.; Brenner, C. Mitochondrial membrane permeabilization in cell death. Physiol. Rev. 2017, 87, 99-163.
[CrossRef] [PubMed]

Baumgartner, H.K.; Gerasimenko, J.V.; Thorne, C.; Ferdek, P; Pozzan, T.; Tepikin, A.V.; Petersen, O.H.; Sutton, R.; Watson, A.J.M.;
Gerasimenko, O.V. Calcium elevation in mitochondria is the main Ca?* requirement for mitochondrial permeability pore (mPTP)
opening. J. Biol. Chem. 2009, 284, 20796-20803. [CrossRef]

Hagenston, A.M.; Yan, J.; Bas-Orth, C.; Tan, Y.; Sekler, I.; Bading, H. Disrupted expression of mitochondrial NCLX sensitizes
neuroglial networks to excitotoxic stimuli and renders synaptic activity toxic. J. Biol. Chem. 2022, 298, 101508. [CrossRef]

Bayev, A.Y.; Vinokurov, A.Y.; Potapova, E.V,; Dunaev, A.V.; Angelova, PR.; Abramov, A.Y. Mitochondrial permeability transition,
cell death and neurodegeneration. Cells 2022, 11, 648. [CrossRef]

Schwarz, K.; Schmitz, F. Synapse dysfunctions in multiple sclerosis. Int. J. Mol. Sci. 2023, 24, 1639. [CrossRef]

Dong, T.; Zhang, Z.Q.; Sun, L.H.; Zhang, W.; Zhu, Z.; Lin, L.; Yang, L.; Lv, A,; Liu, C; Li, Q.; et al. Mic60 is essential to maintain
mitochondrial integrity and to prevent encephalomyography. Brain Pathol. 2023, 33, e13157. [CrossRef]

Brown, M.R.; Sullivan, P.G.; Geddes, J.W. Synaptic mitochondria are more susceptible to Ca?* overload that nonsynaptic
mitochondria. J. Biol. Chem. 2006, 281, 11658-11668. [CrossRef]

Stauch, K.L.; Purnell, PR.; Fox, H.S. Quantitative proteomics of synaptic and nonsynaptic mitochondria: Insights for synaptic
mitochondrial vulnerability. J. Proteome Res. 2014, 13, 2620-2636. [CrossRef] [PubMed]

Naga, K.K,; Sullivan, P.G.; Geddes, ].W. High cyclophilin D content of synaptic mitochondria results in increased vulnerability to
permeability transition. . Neurosci. 2007, 27, 7469-7475. [CrossRef]

Tiwari, A.; Hashemiaghdam, A.; Laramie, M.A.; Maschi, D.; Haddad, T.; Stunault, M.I.; Bergom, C.; Javaheri, A.; Klyachko,
V.; Ashrafi, G. Sirtuin3 ensures metabolic plasticity of neurotransmission during glucose deprivation. J. Cell Biol. 2023, 223,
€202305048. [CrossRef] [PubMed]

Shankhwar, S.; Schwarz, K; Katiyar, R.; Jung, M.; Maxeiner, S.; Stidhof, T.C.; Schmitz, F. RIBEYE B-domain is essential for RIBEYE
A-domain stability and assembly of synaptic ribbons. Front. Mol. Neurosci. 2022, 15, 838311. [CrossRef] [PubMed]

Petrungaro, C.; Zimmermann, K.M.; Kiittner, V.; Fischer, M.; Dengjel, J.; Bogeski, I.; Riemer, J. The Ca2+-dependent release of the
Mia40-induced MICU1-MICU2 dimer from MCU regulates mitochondrial Ca?* uptake. Cell Metab. 2015, 22, 721-733. [CrossRef]
Qin, J.; Guo, Y.; Xue, B.; Shi, P; Chen, Y.; Su, Q.P; Hao, H.; Zhao, S.; Wu, C; Yu, L.; et al. ER-mitochondria contacts promote
mtDNA nucleoids active transportation via mitochondrial dynamic tubulation. Nat. Commun. 2020, 11, 4471. [CrossRef]

Sen, A.; Kallabis, S.; Gaedke, E.; Jiingst, C.; Boix, J.; Niichel, J.; Maliphol, K.; Hofmann, J.; Schauss, A.C.; Kriiger, M.; et al.
Mitochondrial membrane proteins and VPS35 orchestrate selective removal of mtDNA. Nat. Commun. 2022, 13, 6704. [CrossRef]
Lessard, J.L. Two monoclonal antibodies to actin: One muscle selective and one generally reactive. Cell Motil. Cytoskelet. 1988, 10,
349-362. [CrossRef]

Ames, A.; Nesbett, F. In vitro retina as an experimental model of the central nervous system. J. Neurochem. 1981, 37, 867. [CrossRef]
[PubMed]

Hellmer, C.B.; Ichinose, T. Functional and morphological analysis of OFF bipolar cells. Meth. Mol. Biol. 2018, 1753, 217-233.
Bohl, ].M.; Shehu, A.; Hellmer, C.B.; Ichinose, T. Patch clamp recording from bipolar cells in the wholemount mouse retina. STAR
Protoc. 2022, 3, 101482. [CrossRef] [PubMed]

Tovar-Ferrero, O.; Rubio, J.; Zorzano, A.; Martinez-Corrales, G.; Liesa, M. Measuring mitochondrial membrane potential. EMBO J.
2025, 44, 7334-7345. [CrossRef] [PubMed]

Dembla, M.; Wahl, S.; Katiyar, R.; Schmitz, F. ArfGAP3 is a component of the photoreceptor synaptic ribbon complex and forms
an NAD(H)-regulated, Redox-sensitive complex with RIBEYE that is important for endocytosis. J. Neurosci. 2014, 34, 5245-5260.
[CrossRef]

Wahl, S.; Katiyar, R.; Schmitz, F. A local, periactive zone endocytic machinery at photoreceptor synapses in close vicinity to
synaptic ribbons. J. Neurosci. 2013, 33, 10278-10300. [CrossRef]

Wahl, S.; Magupalli, V.G.; Dembla, M.; Katiyar, R.; Schwarz, K.; Koblitz, L.; Alpadi, K.; Seigel, G.M.; Schmitz, F. The disease
protein Tulpl is essential for periactive zone endocytosis in photoreceptor ribbon synapses. J. Neurosci. 2016, 36, 2473-2493.
[CrossRef]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Schindelin, J.; Arganda-Carreras, L; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Dembla, E.; Dembla, M.; Maxeiner, S.; Schmitz, F. Synaptic ribbons foster active zone stability and illumination-dependent active
zone enrichment of RIM2 and Cav1.4 in photoreceptor synapses. Sci. Rep. 2020, 10, 5957. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27062579


https://doi.org/10.1111/j.1469-7793.2000.00057.x
https://doi.org/10.1016/S0092-8674(03)00116-8
https://www.ncbi.nlm.nih.gov/pubmed/12600312
https://doi.org/10.1152/physrev.00013.2006
https://www.ncbi.nlm.nih.gov/pubmed/17237344
https://doi.org/10.1074/jbc.M109.025353
https://doi.org/10.1016/j.jbc.2021.101508
https://doi.org/10.3390/cells13070648
https://doi.org/10.3390/ijms24021639
https://doi.org/10.1111/bpa.13157
https://doi.org/10.1074/jbc.M510303200
https://doi.org/10.1021/pr500295n
https://www.ncbi.nlm.nih.gov/pubmed/24708184
https://doi.org/10.1523/JNEUROSCI.0646-07.2007
https://doi.org/10.1083/jcb.202305048
https://www.ncbi.nlm.nih.gov/pubmed/37988067
https://doi.org/10.3389/fnmol.2022.838311
https://www.ncbi.nlm.nih.gov/pubmed/35153673
https://doi.org/10.1016/j.cmet.2015.08.019
https://doi.org/10.1038/s41467-020-18202-4
https://doi.org/10.1038/s41467-022-34205-9
https://doi.org/10.1002/cm.970100302
https://doi.org/10.1111/j.1471-4159.1981.tb04473.x
https://www.ncbi.nlm.nih.gov/pubmed/7320727
https://doi.org/10.1016/j.xpro.2022.101482
https://www.ncbi.nlm.nih.gov/pubmed/35769922
https://doi.org/10.1038/s44318-025-00632-9
https://www.ncbi.nlm.nih.gov/pubmed/41249505
https://doi.org/10.1523/JNEUROSCI.3837-13.2014
https://doi.org/10.1523/JNEUROSCI.5048-12.2013
https://doi.org/10.1523/JNEUROSCI.2275-15.2016
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41598-020-62734-0
https://www.ncbi.nlm.nih.gov/pubmed/32249787
https://doi.org/10.3390/ijms27062579

Int. J. Mol. Sci. 2026, 27, 2579 32 0f 32

186.

187.
188.

189.

190.

191.

192.

Suiwal, S.; Dembla, M.; Schwarz, K,; Katiyar, R.; Jung, M.; Carius, Y.; Maxeiner, S.; Lauterbach, M.A.; Lancaster, C.R.D.; Schmitz, F.
Ciliary proteins repurposed by the synaptic ribbon: Trafficking myristoylated proteins at rod photoreceptor synapses. Int. J. Mol.
Sci. 2022, 23, 7135. [CrossRef]

Duchen, M.R; Surin, A.; Jacobson, J. Imaging mitochondrial function in intact cells. Methods Enzymol. 2003, 361, 353-389.
Thermo Fisher Scientific. The Molecular Probes® Handbook, A Guide to Fluorescent Probes and Labeling Technologies, 11th ed.; Thermo
Fisher Scientific: Waltham, MA, USA, 2010. Available online: https:/ /www.thermofisher.com/de/de/home/references/molecula
r-probes-the-handbook /mp-handbook-download.html (accessed on 2 December 2025).

Fernandez-Sanz, C.; De la Fuente, S.; Sheu, S.S. Mitochondrial CaZ* concentrations in live cells: Quantification methods and
discrepancies. FEBS Lett. 2019, 593, 1528-1541. [CrossRef]

Vianello, C.; Dal Bello, F; Shin, S.H.; Schiavon, S.; Bean, C.; Magalhaes Rebelo, A.P.; Knedlik, T.; Esfahani, E.N.; Costiniti, V,;
Lacruz, R.S; et al. High-Throughput Microscopy Analysis of Mitochondrial Membrane Potential in 2D and 3D Models. Cells
2023, 12, 1089. [CrossRef]

Dieckmann-Schuppert, A.; Schnittler, H.J. A simple assay for quantification of protein in tissue sections, cell cultures, and cell
homogenates, and of protein immobilized on solid surfaces. Cell Tiss. Res. 1997, 288, 119-126. [CrossRef] [PubMed]

Lord, S.J.; Velle, K.B.; Mullins, R.D.; Fritz-Laylin, L.K. SuperPlots: Communicating reproducibility and variability in cell biology.
J. Cell Biol. 2020, 219, €202001064. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27062579


https://doi.org/10.3390/ijms23137135
https://www.thermofisher.com/de/de/home/references/molecular-probes-the-handbook/mp-handbook-download.html
https://www.thermofisher.com/de/de/home/references/molecular-probes-the-handbook/mp-handbook-download.html
https://doi.org/10.1002/1873-3468.13427
https://doi.org/10.3390/cells12071089
https://doi.org/10.1007/s004410050799
https://www.ncbi.nlm.nih.gov/pubmed/9042779
https://doi.org/10.1083/jcb.202001064
https://www.ncbi.nlm.nih.gov/pubmed/32346721
https://doi.org/10.3390/ijms27062579

	Introduction 
	Results 
	Discussion 
	Materials 
	Mice, Including Animal Care, Monitoring and Ethical Approval 
	Antibodies 
	Solutions 
	Tetramethylrhodamine and Methyl Ester (TMRM) 
	Carbonyl Cyanid m-Chlorphenyl Hydrazon (CCCP) 


	Methods 
	EAE Induction in Mice 
	Embedding of Retinal Samples in Epoxy Resin for Immunocytochemistry 
	Processing of Semi-Thin Retinal Resin Section for Immunocytochemistry 
	Confocal Microscopy 
	Quantification of Immunosignals of Photoreceptor Synapses in the Outer Plexiform Layer 
	Measuring Mitochondrial Membrane Potential with Tetramethylrhodamine and Methylester (TMRM) 
	Measuring Mitochondrial Membrane Potential with TMRM: General Principle 
	Preparation of Slices from the Dissected Mouse Retina for TMRM Recording 
	Recording of Mitochondrial Membrane Potential in Photoreceptor Synapses at Resting Conditions with TMRM 
	Quantification of TMRM Fluorescence Baseline Signals in the OPL at Rest 
	Recording and Quantification of TMRM Signals in Photoreceptor Synapses of the OPL During Depolarisation in Retinas from SypHy Transgenic Reporter Mice on Day 5 After Immunisation 
	Quantification of TMRM Signals in the OPL During Depolarisation in Retinas from SypHy Transgenic Reporter Mice 


	Acquisition of Visual Performance in Mice 
	Statistical Analyses 
	Conclusions 
	References

