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Gadolinium-based Contrast Agents Trigger Gadolinium
Accumulation Within the Hippocampus In Vivo and
Mitochondrial Alterations in Organotypic Hippocampal Tissue
Cultures Ex Vivo

Rebecca Ludwig, MD, PhD, Mathias Schannor, PhD, Heike Traub, PhD,
Carmen Infante-Duarte, PhD, and Lina Anderhalten, MD, PhD

Background: In multiple sclerosis (MS), mitochondrial dysfunction
contributes to disease progression and may impair cognitive function,
particularly in vulnerable regions such as the hippocampus. Gadoli-
nium-based contrast agents (GBCAs) are widely used for imaging-based
diagnosis of MS; however, evidence indicates that gadolinium (Gd) can
be released from low-stability agents and retained in the brain. Whether
retained Gd affects neuronal mitochondria, particularly under inflam-
matory conditions, remains unclear. We investigated hippocampal Gd
retention following in vivo GBCA exposure and assessed associated
mitochondrial effects in hippocampal slice cultures.
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Methods: Mice with experimental autoimmune encephalomyelitis (EAE)
and healthy controls received repeated injections of linear gadopente-
tate-dimeglumine (gadopentetate) or macrocyclic gadobutrol (cumu-
lative dose: 20 mmol/kg body weight). Hippocampal Gd distribution
and retention kinetics were analyzed 1, 10, and 40 days post-final
injection (p.f.i.) using laser ablation inductively coupled plasma-time-of-
flight mass spectrometry (LA-ICP-ToF-MS). Ex vivo, organotypic
hippocampeal slice cultures from B6.Cg-Tg(Thyl-CFP/COX8A)S2Lich/J
mice expressing fluorescently labeled neuronal mitochondria were
exposed to TNF-alpha (paradigm of inflammation) + gadopentetate or
gadobutrol for 48 hours (0.1, 1, 10, 50 mM). Mitochondrial dynamics
were quantified using semi-automated and manual analyses of confocal
microscopy images, and Gd slice content was determined by ICP-MS.
Results: In vivo, neuroinflammation increased hippocampal Gd accu-
mulation following administration of both GBCAs in EAE mice.
However, long-term retention up to 40 days p.f.i. was observed exclu-
sively for gadopentetate, particularly in EAE mice. Ex vivo, prolonged
exposure to both GBCAs at low-to-intermediate concentrations (0.1 to
10 mM) reduced mitochondrial length and area, particularly under
inflammatory conditions, and altered mitochondrial motility relative to
untreated controls. At these concentrations, intratissue Gd levels,
quantified by ICP-MS under representative conditions, were within a
biologically relevant, sub-cytotoxic range. Marked motility impairment
and mitochondrial rounding occurred only at the highest gadopentetate
concentration (50 mM). Interestingly, although inflammation did not
alter Gd concentrations within the ex vivo slices, mitochondrial alter-
ations were more pronounced under inflammatory conditions.
Conclusion: In the hippocampus, long-term Gd retention in vivo appears
to be restricted to linear GBCAs, whereas ex vivo, exposure to both
linear and macrocyclic GBCAs at biologically relevant concentrations
alters neuronal mitochondrial morphology and dynamics. Inflammation
further amplifies these effects, highlighting the importance of consider-
ing GBCA-associated mitochondrial damage when evaluating their
potential neurotoxic risks, particularly in neuroinflammatory diseases.

Key Words: multiple sclerosis, neurodegeneration, neuroinflammation,
gadolinium-based contrast agents, mitochondrial toxicity, chronic
organotypic hippocampal slice culture, mitochondrial dynamics, live
imaging, confocal fluorescence microscopy, inductively coupled plasma
mass spectrometry

(Invest Radiol 2026;00:000-000)

M ultiple sclerosis (MS) is a chronic inflammatory disorder
of the central nervous system (CNS) affecting ~2.8 million
individuals worldwide.! It is characterized by focal inflamma-
tory lesions caused by infiltration of autoreactive immune cells
into the CNS, resulting in demyelination and neuroaxonal
damage. Clinical symptoms include visual, sensory, motor, and
cognitive impairment.2-3 According to the 2024 McDonald cri-
teria, MS diagnosis requires evidence of lesion dissemination in
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space and time.# In this context, contrast-enhanced magnetic
resonance imaging (CE-MRI) plays a central role as gadoli-
nium-based contrast agents (GBCAs) visualize blood-brain
barrier (BBB) disruption as a key morphologic correlate of
active inflammation in MS and allow discrimination between
active, contrast-enhancing lesions and inactive, nonenhancing
lesions.>~7 Consequently, CE-MRI enables demonstration of
dissemination in time already at the first examination.45.7

Despite their diagnostic utility, the in vivo safety of
repeated intravenous administration of GBCAs has been the
subject of continued debate.8:? While free gadolinium (Gd) ions
(Gd?*") are highly toxic, chelation by organic ligands improves
GBCA solubility and in vivo kinetic stability,!? which is higher
for macrocyclic than for linear agents.!0-13 Accordingly, linear
GBCAs partially dechelate in vivo post-injection,!3:14 resulting
in Gd3* release and retention in multiple organs, including the
CNS.15-21 Consequently, the Food and Drug Administration
issued class warnings against linear GBCAs,?? leading to their
restricted use or discontinuation in many countries.?3 In con-
trast, macrocyclic GBCAs are generally assumed to be cleared
from the body as intact chelates?!:24-28 and are currently the
recommended contrast agents for CE-MRI, also in patients with
MS.4729 Nevertheless, ongoing efforts focus on developing
GBCAs with improved stability and relaxivity while reducing
administered doses without compromising diagnostic
performance.30-32

In MS, intracerebral Gd retention has been reported fol-
lowing repeated administration of both linear GBCAs!5:33-38
and macrocyclic GBCAs.340 Although under normal con-
ditions, there are no confirmed clinical consequences of intra-
cerebral Gd retention,*!-44 preexisting neuroinflammation and
chronic exposure to particularly linear agents may increase
neurotoxic risks*> and lead to alterations in cognitive
function.4647 Accordingly, some MS studies reported lower
verbal fluency*4 and information-processing speed4’ after
linear GBCA administration. The concern of Gd retention,
therefore, remains relevant in chronic inflammatory diseases,
including MS, in which patients have historically been exposed
to multiple CE-MRI examinations over prolonged periods.

In this context, repeated linear gadopentetate-dimeglumine
(gadopentetate) administration in experimental autoimmune
encephalomyelitis (EAE) in vivo led to sustained, inflammation-
promoted cerebellar Gd retention persisting for weeks in
mice,27-50 whereas macrocyclic gadobutrol showed only tran-
sient, inflammation-associated accumulation followed by effi-
cient clearance.?” Mechanistically, electron paramagnetic reso-
nance (EPR) spectroscopy provided evidence for Gd3* release
after gadopentetate administration in EAE mice in vivo, with
subsequent binding to inorganic ligands and proximity to
phosphorus-containing molecules in cerebellar tissue. In con-
trast, no Gd3* release after gadobutrol administration was
observed, consistent with preserved complex stability and sub-
sequent elimination.! Furthermore, in organotypic hippo-
campal slice cultures, gadopentetate exposure impaired
neuronal viability, particularly in an inflammatory milieu,
whereas gadobutrol showed no cytotoxic effects at equivalent
concentrations.?’

Nevertheless, the effects of chronic GBCA exposure on
living hippocampal tissue under inflammatory conditions
remain insufficiently understood, especially at clinically relevant,
sub-cytotoxic concentrations. Mitochondrial impairment has
been implicated as a key mechanism of Gd-induced toxicity,*!
and neuronal mitochondrial dysfunction is recognized as an
early and central feature of MS pathology,253 closely linked to
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inflammation-driven oxidative stress and reactive oxygen species
production.53-5¢ Beyond overt cytotoxicity, subcytotoxic effects
of retained Gd may contribute to subtle cognitive impairments,
particularly after linear GBCA exposure. Given the critical role
of the hippocampus in cognitive function and the strong asso-
ciation between hippocampal atrophy and cognitive impairment
in MS,3 this region is of particular interest for investigating
GBCA-related mitochondrial toxicity.

Based on these considerations, we hypothesized that neu-
roinflammation contributes to increased cumulative Gd retention
within the hippocampus and exacerbates GBCA-induced alter-
ations in neuronal mitochondrial dynamics. Building on pre-
viously established mouse models of neuroinflammation and
mitochondrial live imaging,57-%0 here, we investigated hippo-
campal Gd retention kinetics and spatial distribution patterns
following repeated in vivo administration of linear gadopentetate
and macrocyclic gadobutrol as representative GBCAs in EAE
and healthy control (HC) mice using laser ablation inductively
coupled plasma-time-of-flight mass spectrometry (LA-ICP-ToF-
MS). Moreover, we examined the effects of exposure to both
agents on neuronal mitochondrial morphology and motility
under inflammatory and noninflammatory conditions ex vivo in
chronic murine hippocampal slice cultures using a standardized,
semi-automated analysis pipeline>8 alongside manual segmenta-
tion. The slice Gd content after ex vivo GBCA exposure was
additionally quantified using ICP-MS.

MATERIALS AND METHODS

Ethics Statement and Animals

This study adhered to the European Communities Council
Directive of September 22, 2010 (2010/63/EU) and received
approval from the Berlin State Office for Health and Social
Affairs (LaGeSo; approval-IDs: TCH0008/20, G106/19). Mito-
chondrial alterations were analyzed in hippocampal tissue from
B6.Cg-Tg(Thyl1-CFP/COX8A)S2Lich/J mice (“mitoCFP mice,”
own breading, Berlin Buch, Germany). These mice express cyan
fluorescent protein (CFP) fused to human cytochrome c oxidase
subunit 8A, driven by the Thyl promoter gene.®! This targeted
CFP expression in neuronal mitochondria enables the visual-
ization of mitochondrial motility and morphology using
fluorescence microscopy.

Mouse Model of Experimental Autoimmune
Encephalomyelitis and In Vivo Study Design

Experimental autoimmune encephalomyelitis (EAE) was
actively induced in female SJL/J mice aged 9 to 10 weeks
(Janvier Labs, France; n = 12) by subcutaneous immunization as
previously reported.2’” The mice received 250 pg proteolipid
protein peptide (PLPy39 151; purity 95%; Pepceuticals, Leicester,
UK) and 800 pg Mycobacterium tuberculosis H37Ra (Difco,
Franklin Lakes, NJ) in 100 uL. complete Freund’s adjuvant. In
addition, on day 0 and day 2 post-immunization, 250 ng
pertussis toxin (List, Biological Laboratories, Campbell, CA)
was injected intraperitoneally. The EAE mice were monitored
and scored daily for clinical deficiency.?” Starting on days 12 to
13 post-immunization, when EAE mice showed maximal
disability, EAE and HC mice (n=12 per condition) received
one intravenous injection via the tail vein daily of either the
linear GBCA gadopentetate (Magnevist, Bayer, Germany;
n = 12) or the macrocyclic GBCA gadobutrol (Gadovist, Bayer,
Germany; n=12) at 2.5 mmol/kg body weight over 4 consec-
utive days, followed by a 2-day break and 4 additional daily

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.



Investigative Radiology * Volume 00, Number 00, Il B 2026

GBCA-induced Hippocampal Mitochondrial Toxicity

injections, resulting in 4 experimental groups (EAE + gadopen-
tetate, EAE + gadobutrol, HC + gadopentetate, HC +
gadobutrol; n =6 mice per group).2’

Tissue Processing

Within each experimental group (n = 6), 2 mice were sacrificed at
1, 10, and 40 days after the final GBCA injection (post-final
injection, p.f.i.) and transcardially perfused with 0.1 M PBS.
Brains were isolated, fixed in 4% paraformaldehyde (PFA) and
30% sucrose, embedded, and frozen (—80 °C). For LA-ICP-
ToF-MS of midbrain sections (n=2/experimental group and
timepoint of sacrifice), brains were cut coronally, separating the
forebrain, midbrain, and cerebellum. Frozen midbrains were
then cut in the coronal plane into 10-um-thick cryosections and
stored at —80 °C until ablation.

LA-ICP-ToF-MS Analysis of Hippocampal Gd
Concentrations After In Vivo GBCA Application

Laser ablation of 10-um-thick cryosections of the midbrain (1,
10, or 40 d p.f.i.), containing the hippocampus, was performed
using a NWRimage laser ablation system (266 nm, Elemental
Scientific Lasers, Bozeman, MT) equipped with a low-dispersion
ablation cup in a TwoVol3 ablation chamber attached to an
ICP-ToF-MS (Model 2R, Tofwerk AG, Thun, Switzerland)
using a 0.762 mm ID PEEK tubing, a Dual Concentric Injector
(DCI2) and combined helium (He) and argon (Ar) flow.62
Instrumental settings are summarized in Table SDC_1 in the
Supplemental Digital Content 1, https:/links.lww.com/RLI/
B130. The laser ablation system was controlled by the Active-
View2 software (Elemental Scientific Lasers, Bozeman, MT). A
square laser beam of 10 umx10 um was used, and samples were
scanned with a repetition rate of 100 Hz and a fluence of 9 J/
cm?. Data acquisition was triggered for every ablation position
using the laser ablation workflow of TofPilot (Tofwerk AG,
Thun, Switzerland), acquiring the entire image as a single
Hierarchical Data Format (HDFY) file. Data post-processing of
the acquired images and calibration materials was conducted in
the Iolite v4 software (Elemental Scientific Lasers, Bozeman,
MT). The HDFS files were loaded in Iolite v4 software, and the
data were reduced using the “3D Trace Elements” data
reduction scheme (3D-TE-DRS).63.64 Further details of the
analytical routine, including calibration procedures,® are
described in the Supplemental Digital Content 1, https://links.
lww.com/RLI/B130 and in Schannor et al.o

For the quantification of retained Gd concentrations (in pg/
g) in the whole midbrain slice (mean), hippocampus, and dentate
gyrus (DG), manual regions of interest (ROIs) were defined on
the calibrated LA-ICP-ToF-MS copper (Cu) images. Copper
distribution images provided a clear visualization of brain
anatomy, enabling accurate delineation of the hippocampi and
DGs from the surrounding midbrain tissue. These ROI masks
were subsequently applied to the corresponding Gd maps to
determine Gd concentrations. Left and right hippocampi and
DGs were quantified separately, and the values were then
averaged. Image analysis was performed in an independent and
randomized manner using ImageJ software.67

Generation of Organotypic Hippocampal Slice
Cultures

MitoCFP mouse pups aged 7 to 10 days (n = 12) were sacrificed
by decapitation, and slice cultures were generated as previously
described.58 In brief, the sculp was removed and the skull placed
in chilled cutting medium [1x MEM (Gibco, Thermo Fisher
Scientific Inc., Waltham, MA) with 1% L-Glutamine (Merck,
Darmstadt, Germany)]. The skull was opened under a sterile

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.

bench, and both hippocampi were isolated and cut coronally
into 350 um-thick slices using a Mcllwain Tissue Chopper
(Mickle Laboratory Engineering Co Ltd, Guildford, Surrey,
UK). Slices were examined under a basic light microscope
before the membrane transfer (PICMORGS0, Millicell cell
culture inserts, 0.4 um, Merck, Darmstadt, Germany) to identify
histologically intact exemplars. The entire process of slice
preparation never exceeded a time limit of 30 minutes. Chronic
slice cultures were preincubated natively for 2 weeks at 37 °C
and 5% CO,, while the culture medium was exchanged every
second day.>8

Experimental Ex Vivo Setup

To assess GBCA effects on mitochondria under inflammatory
and noninflammatory conditions, on day 13, hippocampal slices
were exposed to different concentrations of gadopentetate or
gadobutrol in the presence or absence of TNF-alpha (TNF«) at
50 ng/mL for 48 hours at 37 °C and 5% CO,, as depicted in
Figure 1. The slices were divided into 4 treatment groups: (1)
gadopentetate without TNFa, (2) gadopentetate with TNFa at
50 ng/mL, (3) gadobutrol without TNFa, and (4) gadobutrol
with TNFa at 50 ng/mL. For each treatment group, GBCAs
were applied at concentrations of 0.1, 1, 10, and 50 mM,
respectively.2’

These concentrations were selected to cover a broad expo-
sure range from sub-cytotoxic to cytotoxic conditions based on
our previous studies.2”-5! As only a fraction of the applied GBCA
is expected to be retained within the slice tissue after 48 hours of
incubation,®! resulting intratissue Gd concentrations are sub-
stantially lower than the applied concentrations. Accordingly, the
lower (0.1, 1 mM) and intermediate (10 mM) exposure conditions
were selected to yield intratissue Gd concentrations in the
micromolar to submicromolar range, which are biologically rel-
evant and within the order of magnitude reported or extrapolated
following clinically relevant GBCA administration in exper-
imental animal models at human-equivalent doses and in human
brain tissue after clinical GBCA exposure,®8-71 whereas 50 mM
served as a high-dose condition approaching the cytotoxic
threshold in this experimental model.’

To further establish corresponding negative controls, slices
were incubated in the absence of GBCAs, with or without
TNFa, for 48 hours. For optimal penetration of substances into
the living tissue, 100 pL. medium was applied on top of the
hippocampal slices on each culture membrane. Three inde-
pendent replicates per condition were conducted using the same
experimental setup with 6 to 7 hippocampal slices per mem-
brane. To control for different incubation periods, the time of
substance exposure was aligned with the imaging time point
2 days later.

For ICP-MS assessment of Gd content after GBCA
exposure (see the ICP-MS Quantification of Slice Gadolinium
Content After Ex Vivo Administration section), chronic slices
were treated with gadopentetate or gadobutrol + TNFa at 50 ng/
mL for 48 hours ex vivo as done for analysis of mitochondrial
dynamics (Fig. 1). In this case, however, only GBCA concen-
trations of 10 and 50 mM were applied, as the strongest mito-
chondrial and cytotoxic?? effects were expected at high to
intermediate concentrations. Three replicates per condition were
conducted, with 6 to 7 slices per membrane.

Live Imaging and Semi-Automated Analysis of
Mitochondrial Motility and Morphology
After treatment termination on day 15, membranes with

hippocampal slices were excised and transferred to glass-bottom
plates (CellVis, P06-1.5H-N, Mountain View, CA) with imaging
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medium (FluoroBrite DMEM, 1% HEPES, 1% Pen/Strep) for
live imaging.’® Imaging of fluorescent mitochondria was
performed according to a previously established protocol using
a Nikon Spinning Disk Confocal CSU-X with chamber
conditions set to 37 °C and 5% CO,.58 In brief, time-lapse
sequences of the dentate gyrus (DG) were acquired at 40X
magnification with standard laser and exposure settings,
restricted to 45 minutes to preserve slice viability (Fig. 1). Time
lapses were acquired over 2-minute intervals, with frames
captured every 4 seconds (31 frames/sequence). Per treatment
condition, 4 slices with intact DGs were imaged, with 3 random
ROIs per slice, yielding 12 time-lapse sequences per condition.

An established, in-house developed macro® for Imagel
software (version 2.14.0) was used to assess mitochondrial
morphology and motility in acquired image sequences in a semi-
automated manner. Technical details of this image analysis have
been described elsewhere® and are additionally summarized in
Figure SDC_2 (Supplemental Digital Content 3, https://links.
Iww.com/RLI/B140). In brief, mitochondrial motility was ana-
lyzed using StackReg’273 (http://bigwww.epfl.ch/thevenaz/
stackreg/) and TrackMate (version 7.11.1).73.74 Once, the semi-
automated image analysis was completed, relevant datasets
concerning mitochondrial speed and displacement, mitochon-
drial area, mitochondrial length, and aspect ratio [shape from
perfect circularity! to elongation (> 1-)] were extracted.
Importantly, mitochondrial displacement reflects the full dis-
tance mitochondria traveled along their path, not just the
straight-line distance between start and end points. Finally, the
fraction of motile mitochondria was calculated from morphol-
ogy and motility measures for each of the 12 selected ROIs.

An additional manual analysis using Image] software was
performed in a randomized and blinded manner (2 independent
rounds for the morphology analysis, and 1 round for motility anal-
ysis) to validate the performance of our semi-automated analysis (for
manual results see Tables SDC_5 and SDC_6, Supplemental Digital
Content 4, https:/links.lww.com/RLI/B141).

ICP-MS Quantification of Slice Gadolinium Content
After Ex Vivo Administration

Chronic hippocampal slices were assessed for Gd content after
48 hours of incubation with gadopentetate or gadobutrol at 10 or

Day 0

OBd——~—

30 min

Hippocampal isolation
P7-10, MitoCFP

Slicing to 350 pm

Tissue chopper

Transfer to membranes ——
6 well plate

50 mM + TNFa, respectively (see the Experimental Ex Vivo Setup
section). Untreated and TNFa-treated slices served as negative
controls. After treatment, membranes were excised and dipped
into fresh culture medium for the removal of superficial GBCA-
containing culture medium. Subsequently, they were fixed in 4%
PFA for 1 hour to enable slice removal from the membranes of
cell culture inserts. No mitochondrial imaging or any further
washing steps were conducted on these slices to avoid additional
washout of potentially intact agents. 18 to 21 isolated slices (n =6
to 7 per replicate membrane) were pooled per culture condition,
yielding 2.52+0.19 mg each, and further digested overnight in
0.5 mL concentrated nitric acid (sub-boiled) and 25 pL of
hydrogen peroxide (30%, ultrapure). For complete digestion,
samples were heated to 95 °C using a thermomixer (Eppendorf,
Hamburg, Germany) for 2 hours and subsequently filtered and
diluted to a volume of 15 mL in deionized water (MilliQ system,
Millipore, Eschborn, Germany). Measurements were acquired
using an Element 2 ICP-sector-field-MS (Thermo Fisher Scien-
tific, Bremen, Germany). Instrumental parameters of the ICP-MS
system for Gd detection ex vivo, as well as information on
calibration, are detailed in Table SDC_7 (Supplemental Digital
Content 5, https://links.lww.com/RLI/B142).

Statistics

The data were statistically analyzed using GraphPad Prism 8.4.3
(GraphPad, CA). LA-ICP-ToF-MS data from the in vivo trial
(n=2/experimental group and timepoint) and ICP-MS data
from the ex vivo trial (n=3 replicates pooled for analysis/
condition) were expressed descriptively as geometric means *
standard deviations (SD). For ex vivo imaging data, compar-
isons between more than 2 groups were performed using the
Kruskal-Wallis test followed by Dunn’s post hoc test for
multiple rank comparisons. Two-group comparisons addition-
ally were performed for each condition within the same GBCA
treatment group (+TNFa vs. “TNFa) using the Mann-Whitney
U test. This approach was applied across all experimental
conditions per GBCA without Bonferroni correction for multi-
ple comparisons. The aim here was to uncover any stochastic
dominance and thus any effect of neuroinflammation. P values
should therefore be evaluated rather descriptively (with *
implying P<0.05, ** implying P<0.01, *** implying
P<0.001, and **** implying P <0.0001).

Day 13 Day 15

. ctrl. 45
neg. ctri o....;wg....@ @ 5min
0.1 mM a 45min
- OIIII:BﬂIIII @ @ 2l
1mM o 48h @ @ 45min
ssEmEEmEEmE

10 mM o 48h @
EEEEEEEEEN

50 mM o 48h @
EEEEEEEEES

45min

@ 45min

|
-
[ |
0~
Ess. 2
a

Ehﬁ: Q o v
oS58 @ £
5883 £ ‘@md3x

= o © a
w o C o5 c £ [< <)
0> 0 3 - Ec O
&5 an £ o =z 2
Lt oo 0w — o e 2
g O T 0 x > = O
& O @© © ; — Q.=
wcOOo ™ Jdunz

FIGURE 1. lllustration of the ex vivo study design. On day 0, MitoCFP pups were sacrificed, and hippocampal sections were generated and
transferred to culture membranes. After 12 days of culture stabilization, the slices were divided into 4 GBCA treatment groups (gadopentetate or
gadobutrol £ TNFx). Within each group, slices were exposed to 0.1, 1, 10 or 50 mM GBCA for 48 hours. In addition, inflammatory (TNFa only)
and noninflammatory (completely untreated) negative controls were included. On day 15, live imaging of fluorescent neuronal mitochondria was

performed for 45 minutes per culture condition.
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RESULTS

LA-ICP-ToF-MS Reveals Inflammation-Driven
Hippocampal Gadolinium Retention

Hippocampal Gd retention was quantified by LA-ICP-ToF-MS
in representative 10-um-thick cryosections of the midbrain on
days 1, 10, and 40 p.f.i. of gadopentetate or gadobutrol (n=2/
experimental group and timepoint). As shown in Figure 2A,
gadopentetate-treated EAE mice exhibited Gd retention within
the hippocampus and across multiple deep gray matter and
cortical regions, including the caudoputamen, globus pallidus,
dorsal thalamus, and isocortex, particularly the retrosplenial
and somatomotor areas. Specifically, within the cortex, globus
pallidus and caudoputamen, Gd was retained in a scattered
pattern with local hotspots (Fig. SDC_1, Supplemental Digital
Content 1, https:/links.lww.com/RLI/B130). HC mice treated
with gadopentetate showed similar retention patterns; however,
cortical Gd signals were less pronounced by day 40 p.f.i. In
contrast, gadobutrol administration in both HC and EAE mice
produced a more diffuse Gd signal distribution, predominantly
within periventricular areas. This periventricular signal was
more prominent in EAE mice on day 1 and largely resolved by
day 40 p.f.i. in both groups.

Across the 3 ROIs (whole midbrain slice, hippocampus,
and DG) from which kinetics of mean Gd concentrations were
derived (Fig. 2B), gadopentetate-treated EAE mice exhibited 2-
to 4-fold higher Gd concentrations than HC mice at day 1 p.f.i.
(EAE vs. HC, DG: 3.114 £ 0.431 pg/g vs. 0.797 £ 0.125 ng/g) and
retained measurable levels at day 40 p.f.i. (EAE vs. HC, DG:
0.494£0.167 ug/g vs. 0.246+0.003 pg/g). Gadobutrol-treated
mice showed markedly lower absolute concentrations with a 2-
to 3-fold EAE/HC difference at day 1 p.f.i. (EAE vs. HC, DG:

1 day p.f.i. of GBCAs

10 days p.f.i. of GBCAs

1.287 £ 1.555 pg/g vs. 0.650+0.460 ug/g), but near-complete
clearance by day 40 p.f.i. (0.003 pg/g in both hippocampus and
DG). Gadolinium concentrations detected within the respective
ROIs are fully detailed in Table SDC_2 (Supplemental Digital
Content 1, https://links.lww.com/RLI/B130).

In addition, elemental distributions of zinc (Zn), copper
(Cu), calcium (Ca), phosphorus (P), sulfur (S), manganese (Mn),
and iron (Fe) were assessed. Following injection of both
GBCAs, no temporal changes were detected for any of these
endogenous elements, indicating that their distribution within
the chosen ROIs remained stable over time regardless of the
GBCA administered. As indicated in the Supplemental Figure
SDC_1 (Supplemental Digital Content 1, https://links.lww.com/
RLI/B130), the hippocampus showed high Zn levels, partic-
ularly in the molecular layers corresponding to fiber-rich
regions. Notably, after gadopentetate administration, Gd co-
localized with Fe predominantly within neuron-rich pyramidal
cell layers of CA1-CA3 within the hippocampus. In addition to
the hippocampus, Fe levels were high and overlapped with Gd
retention in the basal ganglia, particularly the globus pallidus,
while Cu displayed a distinct distribution pattern, with strong
enrichment in periventricular areas Figure SDC_1 (Supple-
mental Digital Content 1, https://links.Iww.com/RLI/B130).

Both Gadopentetate and Gadobutrol Alter
Mitochondrial Dynamics Ex Vivo

Using chronic hippocampal slice cultures, we assessed the effect
of gadopentetate and gadobutrol at 0.1, 1, 10, and 50 mM for
48 hours, respectively, on neuronal mitochondria ex vivo within
the DG region under inflammatory (+TNFa) and noninflam-
matory (—TNFa) conditions. Video material of time-lapse
sequences of neuronal mitochondria in slices treated with 10

40 days p.f.i. of GBCAs

° HC EAE HC EAE HC EAE
8
=) 1]
S 1° £
2 a2
c
2 B
£ o
c
@ 1 =
g 2
o -
4 B
T
-
A o
whole midbrain slice hippocampus dentate gyrus
)
£ 4 4 4
= -
23 7 s T 3
£ T 1 I
S 2 T 24 = 2 T
Q
c
8 1 i & 1 " i
° -
© - ~—=— 0 ——=— 0 e
1d 10d 40d 1d 10d 40d 1d 10d 40d 1d 10d 40d 1d 10d 40d 1d 10d 40d
Gadopentetate Gadobutrol Gadopentetate Gadobutrol Gadopentetate Gadobutrol
B HC Gadopentetate I EAE Gadopentetate HC Gadobutrol Il EAE Gadobutrol

FIGURE 2. Analysis of spatiotemporal Gd retention patterns in murine midbrain sections using LA-ICP-ToF-MS following the in vivo administration
of gadopentetate or gadobutrol at a cumulative dose of 20 mmol/kg BW. (A) Analysis of Gd distribution in midbrain section 1, 10, and 40 days p.f.
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descriptive statistics are reported (mean+SD).
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or 50 mM gadopentetate or gadobutrol + TNFa, as well as
negative controls* TNFa, is provided in the Supplemental
Digital Content 2, Video 1, Video 2, Video 3, Video 4, Video 5,
Video 6, Video 7, Video 8, Video 9, Video 10.

First, mitochondrial morphology and motility were qual-
itatively evaluated in live imaging sequences by visual inspection
(Fig. 3). In negative control slices (£ TNFa, no GBCA) and
slices treated with both GBCAs at 0.1 or 1 mM (*TNFa),
respectively, mitochondria generally appeared elongated and
displayed directed movement along neuronal axons.

As shown in Figures 3A and B, in slices treated with
gadopentetate at 10 or 50 mM under inflammatory and non-
inflammatory conditions, mitochondria appeared shorter. In
slices treated with gadopentetate at 10 mM under inflammatory
conditions, a subset of mitochondria appeared enlarged or
clustered together. At 50 mM, mitochondria additionally
exhibited a circular shape and their movements became unco-
ordinated and undirected (ie, back and forth in place), partic-
ularly under inflammatory conditions.

In contrast, in slices treated with gadobutrol under non-
inflammatory conditions, mitochondria remained elongated and
motile at concentrations up to 10 mM. Only at 50 mM, they
appeared shorter (Fig. 3A) with reduced displacement, although
directional movement along axons was still visible. Under
inflammatory conditions, gadobutrol at 10 mM had little effect
on morphology or motility. At 50 mM, however, mitochondria

Gadopentetate
negative control

no TNFq

TNFa

>

TNFa

B

50 mM

appeared shorter (Figs. 3A, B) and moved less directionally,
frequently oscillating back and forth in place.

Gadopentetate Exposure Alters Neuronal
Mitochondrial Morphology Already at Low Doses
and Is Modulated by Inflammation

Using a previously established semi-automated image analysis
approach,5 we quantified alterations in mitochondrial area,
length, and aspect ratio (ie, circularity) in chronic hippocampal
slices after gadopentetate exposure ex vivo.

Under noninflammatory conditions, mitochondria became
smaller and shorter (P <0.0001, respectively) across all tested
concentrations of gadopentetate compared with negative con-
trols (Figs. 4A, B). The strongest reduction in mitochondrial
length was observed at 50 mM of gadopentetate (negative
control vs. 50 mM gadopentetate; 1.580+£0.441 um vs.
1.402+0.481 um, P<0.0001), accompanied by a significant
reduction in area (untreated control vs. 50 mM gadopentetate;
0.896 £ 0.460 um? vs. 0.726 £ 0.513 um?2, P <0.0001).

Under inflammatory conditions (Figs. 4C, D), mitochon-
dria were significantly smaller and shorter after 50 mM gado-
pentetate exposure compared with respective negative controls
(negative control+ TNFa vs. 50 mM gadopentetate+TNFa;
area: 0.790%£0.476 um? vs. 0.669+0.448 pm?> length:
1.475+0.449 pm vs. 1.376 £0.442 pm, both P<0.0001), repre-
senting the strongest reduction in area and length observed

Gadobutrol
50 mM

10 mM

FIGURE 3. Confocal microscopy assessment of mitochondrial morphology upon GBCA treatment + TNFa, respectively. (A) Representative
confocal microscopy images (first image of a sequence containing 31) at x40 magpnification showing fluorescent mitochondria in chronic slices
treated with gadopentetate or gadobutrol at 10 and 50 mM + TNFa compared with the respective negative controls. Scale bar 20 um. (B)
lllustration of enlarged image sections for visualization of mitochondrial morphology under inflammatory conditions. Scale bar 10 pm.
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Kruskal-Wallis test, followed by Dunn’s post hoc test. ****P<0.0001.

across all experiments. In contrast, mitochondria under
inflammatory conditions were larger and longer at 0.1 and at
10 mM of gadopentetate (area: 0.929+0.567 pm?, length:
1.582+0.506 pm, both P <0.0001 compared with controls). At
10 mM under inflammatory conditions, the semi-automated
analysis detected the strongest decrease in aspect ratio
(P <0.05), consistent with the qualitatively observed increase in
rounded and swollen or clustered mitochondria (see the Both
Gadopentetate and Gadobutrol Alter Mitochondrial Dynamics
Ex Vivo section; also see Tables SDC_3 and SDC_4, Supple-
mental Digital Content 3, https:/links.lww.com/RLI/B140, for
full results).

Direct comparison between slices cultured under inflam-
matory versus noninflammatory conditions confirmed that
TNFa-treated negative controls already showed smaller mito-
chondrial area and length compared with untreated negative
controls (in blue, both P<0.0001, uncorrected Mann-Whitney
tests; see supplemental Table SDC_3, Supplemental Digital
Content 3, https://links.Iww.com/RLI/B140). At 0.1 and 10 mM
gadopentetate, the reductions in area and length observed in the
control conditions were partly attenuated under inflammatory
conditions, while at 50 mM, inflammation further exacerbated
the reduction in area (P <0.001), with a similar trend for length.

Together, these results show that gadopentetate induces
pronounced effects in neuronal mitochondrial morphology
already at low concentrations, which seem to be modulated

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.

under inflammatory conditions. While gadopentetate alone
consistently reduced mitochondrial size and length, its effects in
the presence of TNFa were dose-dependent: low to intermediate
concentrations partially attenuated TNFa-induced mitochon-
drial contraction, whereas the highest concentration (50 mM)
exacerbated this effect.

Gadobutrol Reduces Neuronal Mitochondrial Size
and Length Ex Vivo With Enhanced Effects Under
Inflammation

Under noninflammatory conditions, gadobutrol exposure led to
significantly smaller mitochondria at nearly all tested concen-
trations compared with negative controls (P <0.0001, respec-
tively; Fig. 5SA). The only exception was the 10 mM dose, which
only showed a trend toward area reduction. As shown in
Figure 5B, mitochondrial length was also significantly decreased
at all concentrations, particularly with 50 mM gadobutrol
(negative control vs. 50 mM gadobutrol; 1.580 £0.441 pum vs.
1.446 £0.357 um, P <0.0001).

Under inflammatory conditions, gadobutrol similarly
reduced mitochondrial area and length at all concentrations
(Figs. 5C, D), which was significant for most conditions
(P <0.0001, respectively, except at 1 and 10 mM; Table SDC_3,
Supplemental Digital Content 3, https://links.lww.com/RLI/
B140). At 50 mM, gadobutrol produced the strongest

www.investigativeradiology.com | 7
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reduction in both parameters compared with respective controls
(negative control + TNFa vs. 50 mM gadobutrol + TNFa; area:
0.790+0.476 um? vs. 0.676+0.366 um?  length:
1.475%0.449 pm vs. 1.385+0.343 um, both P <0.0001), paral-
leling the effects observed with gadopentetate, albeit to a slightly
lower extent.

Direct comparison of inflammatory versus noninflammatory
conditions (uncorrected Mann-Whitney tests; Table SDC_3,
Supplemental Digital Content 3, https:/links.Iww.com/RLI/
B140) showed that TNFa treatment alone significantly reduced
mitochondrial area and length (both P <0.0001). Inflammation
accentuated gadobutrol-induced effects at all tested concen-
trations, particularly at 10 and 50 mM.

Thus, gadobutrol exposure induced mitochondrial changes
comparable to gadopentetate under noninflammatory conditions,
but diverged in the presence of TNFa, causing further reductions
in mitochondrial size and length at all tested concentrations.

Gadopentetate Exposure Induces Concentration-
and Inflammation-Dependent Alterations in
Neuronal Mitochondrial Motility Ex Vivo

Our semi-automated assessment of mitochondrial motility
revealed that gadopentetate under noninflammatory conditions
altered mitochondrial speed in a concentration-dependent
manner (Fig. 6A). Although all gadopentetate conditions

8 | www.investigativeradiology.com

showed a trend toward increased mitochondrial speed, only
the effects at 1 mM (P <0.01) and at 10 mM reached statistical
significance compared with negative controls (negative control

vs. 10 mM gadopentetate; 0.182+0.125 pm/s vs.
0.202£0.155 pm/s, P<0.0001). By contrast, at 50 mM,
mitochondrial speed was markedly reduced (speed:

0.166+0.127 pm/s, P<0.0001 compared with negative control).

However, in the slices cultured with TNFa, incubation with
50 mM gadopentetate increased mitochondrial speed compared
with the respective negative control (negative control+TNFa vs.
50 mM gadopentetate +TNFo; 0.177+0.124 pm/s vs.
0.211+0.127 pm/s, P<0.0001). Lower concentrations induced
only a trend toward faster movement under inflammatory con-
ditions (Fig. 6C; Table SDC_4, Supplemental Digital Content 3,
https://links.lww.com/R LI/B140).

Generally, significant differences in track displacement
between GBCA-treated slices and negative controls were
observed under both conditions (Figs. 6B, D). The fraction of
motile mitochondria was not significantly altered overall; how-
ever, gadopentetate exposure at 50 mM generally resulted in the
lowest fractions detected (Table SDC_4, Supplemental Digital
Content 3, https://links.lww.com/RLI/B140).

Comparing slices under inflammatory vs. noninflammatory
conditions, TNFa alone had no relevant effect on mitochondrial speed
or displacement in the absence of GBCA exposure. Under

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.
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FIGURE 6. Semi-automated analysis of mitochondrial track speed and displacement after 48 hours of incubation with gadopentetate, comparing
negative controls +TNFa to GBCA conditions +TNFa, respectively, using the Kruskal-Wallis test, followed by Dunn’s post hoc test. Red lines
indicate the mean values. Results for 4 treatment groups are shown: (1) negative control (n=1419) versus gadopentetate at 0.1 (n=1732), 1 (n=
1842), 10 (n=1442), 50 mM (n=1058) without TNFa; (2) negative control (n=1282) versus gadopentetate at 0.1 (n=1817), 1 (n=1361), 10
(n=1207), 50 mM (n=1701) with TNFa at 50 ng/mL. **P<0.01, ****P<0.0001.

gadopentetate treatment, however, inflammation appeared to mitigate
gadopentetate-induced increases in track speed at concentrations of 1
and 10 mM, resulting in reduced track speed compared with non-
inflammatory conditions (1 mM: P<0.001; 10 mM: P<0.0001). At
50 mM, this pattern reversed, with inflammation markedly enhancing
mitochondrial speed (P<0.0001) and displacement (P <0.01), pro-
ducing the strongest motility changes observed across all conditions.
All single values, including fractions of motile mitochondria, are
detailed in Table SDC_4 (Supplemental Digital Content 3, https:/
links.lww.com/RLI/B140).

Thus, gadopentetate alters neuronal mitochondrial motility
ex vivo in an inflammation- and concentration-dependent
manner. While gadopentetate generally increased mitochondrial
speed at low to intermediate concentrations under non-
inflammatory conditions, inflammation attenuated these effects
and markedly enhanced motility at high concentrations.

Gadobutrol Exposure Enhances Mitochondrial
Motility Ex Vivo Under Inflammatory and
Noninflammatory Conditions

Although gadobutrol showed a tendency to increase mitochon-
drial speed at all concentrations in control slices (Fig. 7A), only
effects at 0.1 mM (P<0.001) and 50 mM were significant
compared with negative controls, with the highest track speed
detected at 50 mM (negative control vs. 50 mM gadobutrol;
0.182£0.125 um/s vs. 0.196 £ 0.463 pum/s, P <0.01).

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.

Under inflammatory conditions, very similar patterns were
observed (Fig. 7C), with significantly faster mitochondria at all
gadobutrol concentrations tested (P <0.05 to P <0.0001). Notably,
at 50 mM in TNFo-treated slices, track speed reached its maximum
out of all gadobutrol-treated conditions (negative control + TNF«
vs. 50 mM gadobutrol + TNFa 0.177£0.124 pm/s vs.
0.210 £ 0.126 pm/s, P <0.0001) and was comparable to that induced
by gadopentetate at the same concentration.

Comparison of inflammatory versus noninflammatory
conditions revealed that TNFa significantly promoted mito-
chondrial speed at 1 (P<0.05) and 50 mM (P<0.0001) of
gadobutrol (Supplemental Table SDC_4, https://links.lww.com/
RLI/B140). In addition, in TNFa-treated slices, mitochondria
moved longer distances and the fraction of motile mitochondria
increased compared with the noninflammatory setting after
gadobutrol treatment at 50 mM (both P<0.01).

Thus, gadobutrol increases neuronal mitochondrial motility
in a concentration-dependent manner ex vivo, with inflammation
amplifying mitochondrial speed, displacement, and the fraction of
motile mitochondria, particularly at high concentrations.

Ex Vivo, Manual Mitochondrial Segmentation and
Tracking Largely Confirm GBCA-induced Changes in
Mitochondrial Dynamics

To validate the results of the quantitative semi-automated analysis,
we additionally performed blinded manual mitochondrial

www.investigativeradiology.com | 9
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segmentation and tracking on all live-imaging sequences acquired
(see Supplemental Digital Content 4, Figs. SDC_3-SDC_4 and
Tables SDC_5-SDC_6, https:/links.lww.com/RLI/B144, for full
results). Compared with the manual analysis of GBCA-induced
changes in mitochondrial area and length (Fig. SDC_3 A+B, https://
links.lww.com/RLI/B144), the semi-automated segmentation con-
sistently produced values that were 20% lower on average (except in
noninflammatory negative controls), while still capturing the same
trends under both inflammatory and noninflammatory conditions.
In contrast, the aspect ratio values derived from the semi-automated
analysis (Supplemental Digital Content 3, Table SDC_3, https://
links.Iww.com/RLI/B140) showed less agreement with the manual
segmentation. At 50 mM gadopentetate, manual segmentation
revealed a marked decrease in aspect ratio under both inflammatory
and noninflammatory conditions (Fig. SDC_3C, https:/links.lww.
com/RLI/B144), which was not validated by the semi-automated
tool. On the other hand, manual mitochondrial tracking generally
validated the semi-automated analysis results on mitochondrial
motility (Fig. SDC_4 A-C, https://links.lww.com/RLI/B144).

ICP-MS Quantifies Intratissue Gd Levels in Chronic
Hippocampal Slices Ex Vivo

ICP-MS was performed to quantify the concentrations of Gd
present within the slice tissue after prolonged GBCA exposure.
Within hippocampal slices incubated with GBCAs at 10 and

10 | www.investigativeradiology.com

50 mM for 48 hours, ICP-MS detected Gd levels between 81 and
612 pg/g, as shown in the Supplemental Table SDC_8
(Supplemental Digital Content 5, https://links.lww.com/RLI/
B142), corresponding to about 3% to 8% of the originally
applied GBCA dose. Slices incubated with 50 mM contained
higher Gd levels (322.34+193.89 pg/g) than those incubated
with 10 mM (97.03+19.73 pug/g). There was a trend for
increased mean Gd concentrations (* TNFa) after gadopente-
tate compared with gadobutrol treatment at 10 mM. The
inflammatory milieu (+TNFa) did not lead to consistent
differences in Gd levels. Validating the method, samples from
control groups (= TNFa) yielded Gd concentrations below the
limit of quantification (<0.16 ng/g) (Table SDC_8, Supplemen-
tal Digital Content 5, https://links.Iww.com/RLI/B142).

DISCUSSION

In this study, we aimed to investigate whether inflammation
promotes the duration and extent of hippocampal Gd retention
following cumulative in vivo administration of GBCAs. We also
sought to explore whether prolonged GBCA exposure in
inflammatory and noninflammatory conditions alters mitochon-
drial dynamics in living neurons at biologically relevant, sub-
cytotoxic concentrations. To this end, we assessed the kinetics and
distribution patterns of Gd retention within the murine midbrain
and, in particular, the hippocampus 1, 10, and 40 days after

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.
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repeated in vivo application of either linear gadopentetate or
macrocyclic gadobutrol in EAE and HC mice using LA-ICP-
ToF-MS. In addition, we investigated GBCA-induced changes in
mitochondrial morphology and motility ex vivo in chronic murine
organotypic hippocampal slice cultures following 48 hours of
continuous exposure to gadopentetate or gadobutrol at 0.1, 1, 10,
or 50 mM under both inflammatory and noninflammatory culture
conditions. Total Gd content in slices after ex vivo GBCA
exposure was further quantified by ICP-MS.

LA-ICP-ToF-MS revealed consistent spatial distribution
patterns and temporal kinetics of Gd presence in EAE brains,
including the hippocampus and DG, in agreement with previous
findings demonstrating inflammation-promoted Gd retention in
the cerebellum.?’ Gadobutrol resulted in diffuse Gd distribution
that was efficiently cleared from both EAE and HC brains by
day 40 p.f.i. In contrast, gadopentetate induced prolonged focal
Gd retention with region-specific predilection sites in the hip-
pocampus, isocortex, and basal ganglia. Within the hippo-
campus, Gd retention was pronounced in the granule cell layer
of the DG and pyramidal layers of the cornu ammonis, partic-
ularly in EAE mice. Accordingly, cortical Gd concentrations at
days 10 and 40 p.f.i. of gadopentetate were higher in EAE mice
than in HC, consistent with sustained retention in a similar
micromolar range as previously observed in the cerebellar
cortex.?’

Previous EPR analyses of cerebellar biopsies obtained from
EAE mice 10 days p.f.i. of gadopentetate administration in vivo
indicated that a fraction of retained Gd is present in a chemical
environment distinct from the intact GBCA complex and in
proximity to phosphorus (P)-containing molecules. This finding
suggests partial in vivo Gd3* release and formation of Gd
species.’! Additional evidence from MRI calibration experi-
ments confirmed altered relaxometric properties of retained Gd
after gadopentetate administration, likely reflecting interactions
with inorganic ligands. In contrast, Gd signals after gadobutrol
administration were consistent with intact complex-bound Gd.5!

Following gadopentetate administration, Gd retention
partially overlapped with Zn signals in the hippocampus,
extending previous observations in the murine cerebellum,?” and
colocalized with Fe-rich regions, particularly within neuron-
dense structures like the cornu ammonis and basal ganglia, with
focal Gd hotspots most prominent in the globus pallidus.
Although LA-ICP-ToF-MS does not provide submicrometric
resolution, these observations are consistent with prior syn-
chrotron x-ray spectroscopy data demonstrating ~160 nm Gd
hotspots in Fe-rich dentate nuclei in HC and, particularly, EAE
brains following linear GBCA administration.>0

Together, these findings suggest that neuroinflammation-
associated alterations in the tissue environment’576 promote
in vivo dechelation and focal, long-lasting retention of kineti-
cally less stable linear GBCAs in the CNS, particularly in
regions rich in endogenous ions such as Fe, Zn, Mn, and P,
whereas macrocyclic GBCAs mainly remain intact and follow
compound-specific wash-out kinetics.!4.20.24.27.28,51,77-80

In chronic hippocampal slice cultures, quantitative mito-
chondrial analyses under noninflammatory negative control
conditions aligned well with previous findings, confirming the
robustness of our semi-automated analysis approach.8 Under
noninflammatory conditions, both GBCAs induced comparable
alterations in neuronal mitochondrial morphology and motility
across concentrations, with good agreement between semi-auto-
mated and manual analyses. These findings align with observa-
tions of mitochondrial shortening and size reduction under oxi-
dative stress in acute8! and chronic hippocampal slice models.>8

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.

Mitochondrial dysfunction, ROS accumulation and
impaired Ca?* homeostasis during oxidative stress*! have been
linked to neuronal Gd-associated cytotoxicity (eg, due to com-
petition for voltage-dependent Ca>" channels),27-82 particularly
in the context of released Gd3*.82:83 Exposure to GBCAs has
been shown to reduce mitochondrial membrane potential and
oxidative capacity in neuronal cell lines, with effects observed
for both linear and macrocyclic agents, but more pronounced at
low millimolar to micromolar concentrations for kinetically less
stable compounds such as gadopentetate than for gadobutrol.34
In line with these findings, we show that both gadopentetate and
gadobutrol induced mitochondrial alterations under non-
inflammatory conditions, suggesting that such effects in cell or
tissue cultures do not necessarily require Gd** release. Instead,
complex-bound Gd-mediated mechanisms, including interfer-
ence with Ca*-regulated signaling pathways, intracellular com-
partmentalization, or potentially nonspecific cellular uptake,85.86
likely contribute to the mitochondrial changes observed during
prolonged ex vivo exposure.

At subcytotoxic concentrations, increased mitochondrial
speed and displacement may reflect compensatory or adaptive
responses to GBCA exposure, facilitating mitochondrial redis-
tribution toward regions of increased energetic demand$’ or
sites of quality control and turnover, such as mitochondria-
lysosome contact regions. Although lysosomal markers were not
assessed, the observed clustered and oscillatory mitochondrial
movements are consistent with transient inter-organelle inter-
actions described during mitochondrial quality control
processes.$8.89

Notably, no Gd3* release was detected in recent ex vivo
hippocampal slice culture EPR experiments following gado-
pentetate exposure at 1 mM.5! However, ex vivo exposure to
higher gadopentetate concentrations may additionally involve
Gd3* release, potentially contributing to the transition from
adaptive mitochondrial responses to overt cytotoxicity.
Accordingly, the marked reduction in mitochondrial speed as
well as size and length (and rounding) observed at the highest
gadopentetate concentration of 50 mM under noninflammatory
conditions likely reflects mitochondrial impairment and
fragmentation®® at neurocytotoxic doses.?’

Under inflammatory conditions, TNFa treatment alone
reduced mitochondrial size without significantly affecting the
motility. Gadopentetate induced dose-dependent morphologic
alterations with maximal reductions at 50 mM and inflamma-
tion-dependent modulation of mitochondrial motility, culmi-
nating in maximal speed and displacement at high concen-
tration. In contrast, gadobutrol caused milder inflammation-
associated morphologic changes but consistently increased
mitochondrial motility across doses, with inflammation further
enhancing speed, displacement, and the fraction of motile
mitochondria at higher concentrations. Overall, inflammation-
dependent increases in mitochondrial motility at higher GBCA
concentrations may reflect heightened mitochondrial stress in
inflamed tissue or a short-lived compensatory mechanism pre-
ceding overt cytotoxicity.

In this context, the pro-inflammatory slice environment
may additionally enhance Gd-induced toxicity by promoting cell
death pathways,%1:92 or by reducing the chelate stability due to
disturbances in the endogenous ion homeostasis®3 (ie, Ca>* or
Zn?*27), Inflammatory modifications affecting structural and
cell-associated macromolecules’>:76 could facilitate the binding
of GBCAs to the surface of neurons, thereby promoting the
potential cellular uptakedS and toxic potential of GBCAs or
formed Gd species.8¢
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Importantly, total Gd content in the slices did not mirror
the inflammation-dependent modulation of mitochondrial end-
points. Approximately 3% to 8% of the applied GBCA dose was
detected within slices after 48 hours and this was not enhanced
in the presence of TNFa. These values correspond to intratissue
Gd concentrations in the low millimolar range. In contrast to
these ex vivo findings, in vivo LA-ICP-ToF-MS revealed a clear
stability-dependent pattern for long-term Gd retention, with
persistent accumulation following linear GBCA administration,
further enhanced under inflammatory conditions, whereas
macrocyclic GBCA signals declined to near the detection limit
over time.

Previous work using the same chronic slice model demon-
strated that neuronal cell death started occurring at a gado-
pentetate treatment dose of 50 mM, particularly under inflam-
matory conditions.?” Based on our ICP-MS quantification of
slice Gd content, this corresponds to a mean intratissue Gd
concentration of about 225 pg/g (~1.5 mM), and thus likely
reflects the threshold of cytotoxicity in this ex vivo model.
Following gadopentetate administration in vivo, peak Gd levels
detected in the DG and hippocampus by LA-ICP-ToF-MS
(~3 ng/g) remained below this ex vivo cytotoxic threshold.
However, these concentrations correspond to an estimated low
micromolar tissue range and are therefore within the measured
or extrapolated order of magnitude potentially relevant to the
mitochondrial alterations observed ex vivo at low (0.1 to 1 mM)
to intermediate (10 mM) sub-cytotoxic GBCA exposure con-
ditions. These findings suggest that repeated GBCA admin-
istration, particularly in the inflamed brain with focal hotspot
accumulation, may result in cumulative Gd concentrations suf-
ficient to perturb mitochondrial function in vivo. Consistent
with this notion, Gd concentrations in human brain tissue fol-
lowing repeated linear GBCA administration range from ~0.5 to
~18.5 nglg, even long after exposure,®:70 whereas macrocyclic
gadobutrol yields substantially lower levels (~36 ng/g).”!

Together, these findings suggest that mitochondrial
changes can occur after short-term GBCA exposure at bio-
logically relevant intratissue Gd concentrations, potentially
without substantial Gd** release. Under inflammatory con-
ditions, mitochondrial responses are amplified despite com-
parable intratissue Gd levels, indicating that inflammation
modulates cellular susceptibility to GBCA exposure rather than
increasing Gd accumulation ex vivo. In contrast, long-term Gd
retention in vivo is primarily determined by GBCA stability,
with persistent accumulation following linear agents and effi-
cient clearance of macrocyclic compounds. At high concen-
trations of linear GBCA exposure ex vivo, partial Gd3* release
may additionally exacerbate mitochondrial alterations, partic-
ularly under inflammatory conditions.

Therefore, the investigation of GBCA effects at clinically
relevant concentrations is important, especially in the context of
neuroinflammatory diseases, in which altered blood-brain bar-
riers may facilitate the penetration of intact GBCA into the
brain and the interaction with neurons. However, whether
comparable mitochondrial effects may occur in human brain
tissue under clinical exposure conditions remains to be estab-
lished. Thus, the present findings should be interpreted with
caution when extrapolating to the clinical setting. The exper-
imental in vivo dosing regimen and ex vivo slice culture model
were designed to investigate the biological effects of repeated
(in vivo) and prolonged (ex vivo) GBCA exposure under con-
trolled experimental conditions rather than to reproduce clinical
exposure. Consequently, our findings primarily provide insight
into how inflammation may influence GBCA retention and
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mitochondrial responses, rather than direct evidence of clinically
relevant neurotoxicity. Accordingly, future studies should
incorporate assessments of mitochondrial function, electro-
physiological readouts, and cognitive and behavioral testing
in vivo to better delineate potential mitotoxic and downstream
neurotoxic effects of retained Gd.

Limitations

Repeated blinded manual analyses of mitochondrial morphol-
ogy in chronic slices were complemented by semi-automated
segmentation, revealing similar statistical significances for
mitochondrial area and length but differences in aspect ratio.
The consistently lower values for mitochondrial length and area
obtained through semi-automated segmentation suggest that the
level of automated threshold selection may be higher compared
with manual evaluation, which could affect aspect ratio
measurements. In manual morphologic analysis, thresholded
particle outlines were carefully adjusted to match mitochondrial
dimensions in the original images. Variability in image bright-
ness and contrast, for example, due to differing proportions of
neuronal somata and axons, may further contribute to these
differences. Machine learning-based segmentation could
improve accuracy, but this was beyond the scope of this study.

At the highest GBCA concentration tested ex vivo
(50 mM), osmotic stress may have contributed to mitochondrial
alterations, particularly following gadopentetate administration
because of its higher osmolality. In addition, increased solution
viscosity at this concentration cannot be excluded as a
contributing factor, although neither parameter was assessed in
the present study. Future experiments should therefore include
an appropriate hyperosmolar control (eg, mannitol) to dis-
tinguish osmotic from GBCA-specific effects. However, such
factors are unlikely to explain the concentration- and inflam-
mation-dependent mitochondrial responses observed at lower,
biologically relevant slice Gd concentrations.34

The experimental in vivo design, including frequency and
daily GBCA doses, differed from applications in the clinical
context; however, it adhered to previous publications.?”-0 The
number of animals used for in vivo experiments, and the corre-
sponding brain slices analyzed by LA-ICP-ToF-MS, was low
(n=2 mice per group and timepoint). Similarly, the ex vivo
experiments were based on only 3 independent replicates per slice
culture condition. These small sample sizes limited the statistical
power to draw robust, translationally valid conclusions regarding
hippocampal Gd retention in EAE and HC mouse brains, as well
as the potential toxic effects of GBCAs on mitochondria. In
addition, (LA-)ICP-MS cannot distinguish between intact
GBCAs, free Gd**, or newly formed Gd-binding species, pre-
cluding conclusions regarding the chemical form of retained Gd.

CONCLUSIONS

Our combined in vivo and ex vivo findings in the hippocampus
demonstrate that both linear gadopentetate and macrocyclic
gadobutrol can induce measurable alterations in neuronal
mitochondrial morphology and motility at biologically relevant,
sub-cytotoxic intratissue Gd concentrations, particularly under
inflammatory conditions. In chronic organotypic hippocampal
slice cultures, these mitochondrial responses occurred independ-
ently of long-term Gd retention and were not restricted to linear
GBCAs, indicating that acute and subacute mitochondrial
effects can arise during GBCA exposure through complex-
mediated mechanisms and inflammation-dependent modulation,
without necessarily requiring substantial Gd3* release.

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, LLC.



Investigative Radiology * Volume 00, Number 00, Il B 2026

GBCA-induced Hippocampal Mitochondrial Toxicity

In contrast, long-term in vivo Gd retention was observed
exclusively for the linear GBCA gadopentetate and was pro-
moted by neuroinflammation, whereas gadobutrol showed only
temporary tissue Gd accumulation with near-complete washout.
Whether transient mitochondrial alterations induced by mac-
rocyclic GBCAs are fully reversible, and whether sustained Gd
retention following linear GBCA administration leads to per-
sistent or progressive mitochondrial dysfunction and associated
cognitive impairment in neuroinflammatory diseases, remains to
be determined.

Together, these findings suggest that short-term mito-
chondrial alterations during GBCA exposure and long-term Gd
retention in vivo are determined by distinct but potentially
interrelating mechanisms, underscoring the importance of
inflammatory context, exposure duration, and GBCA stability
when evaluating neurotoxic risks associated with repeated
GBCA administration. Our data further emphasize the need to
carefully distinguish between ex vivo and in vivo experimental
approaches, as each may capture different but complementary
aspects of GBCA- and Gd-associated effects.
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