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Comprehensive phenotyping 
revealed transient startle 
response reduction 
and histopathological gadolinium 
localization to perineuronal nets 
after gadodiamide administration 
in rats
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Gadolinium based contrast agents (GBCAs) are widely used in clinical MRI since the mid-1980s. 
Recently, concerns have been raised that trace amounts of Gadolinium (Gd), detected in brains 
even long time after GBCA application, may cause yet unrecognized clinical consequences. We 
therefore assessed the behavioral phenotype, neuro-histopathology, and Gd localization after 
repeated administration of linear (gadodiamide) or macrocyclic (gadobutrol) GBCA in rats. While 
most behavioral tests revealed no difference between treatment groups, we observed a transient 
and reversible decrease of the startle reflex after gadodiamide application. Residual Gd in the lateral 
cerebellar nucleus was neither associated with a general gene expression pathway deregulation nor 
with neuronal cell loss, but in gadodiamide-treated rats Gd was associated with the perineuronal net 
protein aggrecan and segregated to high molecular weight fractions. Our behavioral finding together 
with Gd distribution and speciation support a substance class difference for Gd presence in the brain 
after GBCA application.

Abbreviations
ANOVA  Analysis of variance
ASR  Acoustic startle reaction
BW  Bodyweight
Ca  Calcium
DCN  Deep cerebellar nuclei
DNA  Desoxyribonucleic acid
ECM  Extracellular matrix
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FDA  Food and Drug Administration
GABA  Gamma-aminobutyric acid
GBCA  Gadolinium-based contrast agents
Gd  Gadolinium
LA-ICP-MS  Laser ablation inductively coupled plasma- mass spectrometry
MRI  Magnetic resonance imaging
LoQ  Limit of quantification
NSF  Nephrogenic systemic fibrosis
p.i.  Post injection
PNN  Perineuronal nets
PPI  Pre-pulse inhibition
SD  Standard deviation
SDS  Sodium dodecyl sulfate
SEC  Size exclusion chromatography
SEM  Standard error of the mean
SI  Signal intensity

Gadolinium-based contrast agents (GBCAs) improve magnetic resonance imaging (MRI)-based diagnosis and 
monitoring of variable conditions and diseases, including but not limited to myocardial infarcts, glioblastomas 
and multiple  sclerosis1–3. In 1988, the first MR contrast agent was introduced using the paramagnetic proper-
ties of the lanthanide gadolinium (Gd) to shorten the relaxation time of protons in T1-weighted MRIs, thereby 
enhancing contrast and adding diagnostic  value4,5.

Eight GBCAs have received marketing authorization, all with favorable safety profiles. To date more than 
30 million contrast-enhanced MRI procedures are performed worldwide per  year6 with numbers continuing 
to increase.

In 2006, GBCAs were linked to the rare condition nephrogenic systemic fibrosis (NSF), in which renally 
impaired patients developed symptoms such as skin thickening, fibrosis and lesions after GBCA  administration7. 
NSF cases decreased significantly beginning in 2007 when appropriate practices avoiding the use of linear GBCAs 
in renally impaired patients went into effect.

Clinical studies in healthy volunteers demonstrated that more than 99% of the injected dose of all GBCAs is 
rapidly eliminated from the body. However, residual traces of Gd were first reported in 1998 in renally impaired 
 patients8 and later in 2004 also in patients with normal renal  function9. In 2014, the group of Kanda et al. were the 
first to report increased signal intensity (SI) in the dentate nucleus and globus pallidus brain areas on unenhanced 
T1-weighted MRIs of patients without known brain pathologies after repeated administration of the GBCA 
gadodiamide and gadopentetate  dimeglumine10. To date, the phenomenon of Gd presence in the brain has been 
confirmed by retrospective clinical studies. The majority of imaging studies showed that the MRI hyperintensity 
is only associated with the class of linear  GBCAs11,12. Until now, an association between the increased SI in the 
brain after repeated GBCA administrations and clinical adverse events has not been shown.

Based on this increased SI found on unenhanced MR images month to years after the last of multiple admin-
istration of linear  GBCA11 concomitant with the evidence of Gd presence in  brain13, the European Commission 
suspended marketing authorization of some linear GBCAs and restricted the use of others. The US Food and 
Drug Administration (FDA) encouraged further investigation of this phenomenon.

To date, there is an increasing body of evidence that the difference in stability between macrocyclic and 
linear GBCAs plays a crucial role for the presence of Gd in the brain. In comparison to macrocyclic GBCAs, in 
which the  Gd3+ ion is bound in a rigid cage of the chelating ligand forming a highly stable complex, the class of 
linear GBCAs is less stable since the  Gd3+ ion is chelated by a poly-aminocarboxylic acid backbone that wraps 
as an open chain around the  Gd3+ ion in the center of the  complex14. While more than 99% of the injected dose 
of all GBCAs is rapidly eliminated from the body, pre-clinical research found a clear difference for the terminal 
elimination between linear and macrocyclic  GBCAs15. These studies demonstrated that macrocyclic agents stay 
intact and are continuously eliminated from the brain, whereas residual Gd from linear agents was found to be 
present in different molecular species including a larger molecular weight Gd  species16,17, indicating a possible 
interaction of Gd with a biological molecule with unknown functional consequences. De-chelation might occur 
through transmetallation, which implies the displacement of  Gd3+ ions from the ligand by other metal ions (for 
example zinc ions or copper  ions18) allowing  Gd3+ ions to bind to an anionic partner. Thus, while this process 
is highly dependent on the kinetic stability of the GBCA, and likely to only occur with linear  chelates19,20, it is 
still not fully understood which molecular Gd species are present in the brain. Since Gd can still be found years 
after the last administration of linear GBCAs, it is very likely that the  Gd3+ ion has left its chelate by immediately 
binding to other endogenous molecules or macromolecular structures in the  brain21. Potential new binding 
partners for the released  Gd3+ ions are anions resulting in the precipitation of Gd-salts such as  GdPO4 or  Gd2CO3 
or negatively charged endogenous  macromolecules22.

The question whether potential clinical consequences are induced by such a Gd-marcomolecule interaction 
or the GBCAs itself is difficult to answer retrospectively, since GBCAs are clinically used in the context of severe 
disease conditions with pre-existing symptoms and are rarely administered to healthy humans. Furthermore, the 
onset of potential Gd-induced symptoms could occur years after the last GBCA exposure or could depend on 
a certain threshold of Gd in tissue reached after multiple administrations of GBCA over time. In addition, the 
lack of continuous documentation of patients’ clinical history and missing comparability between study cohorts 
impedes investigation of long-term effects of GBCA administration and Gd residuals in humans.
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In this study we therefore investigated potential consequences of residual Gd present in rat brains after 
repeated administration of body surface adjusted high clinical doses of the linear gadodiamide and macrocyclic 
gadobutrol (representing the two marketed GBCA classes), by comprehensively and longitudinally assessing the 
behavioral and neuro-histopathology phenotype.

Results
This study is based on a comprehensive behavioral testing of Wistar rats for up to 30 weeks after repeated injec-
tion of linear gadodiamide or macrocyclic gadobutrol, representing the two marketed GBCA classes, at 8 × 0.6, 
8 × 1.2 or 8 × 1.8 mmol/kg BW (Fig. 1a).

Animal model confirmed increased SI and the presence of residual Gd in the brain after multi-
ple administrations of the linear GBCA gadodiamide. MRI performed 5 weeks p.i. revealed visually 
evident enhanced deep cerebellar nuclei (DCN) after administration of gadodiamide at 8 × 1.8 mmol/kg BW 
(Fig. 1b, left panel). The respective quantitative DCN/brain-stem SI ratio was significantly higher (1-way ANOVA 
with post-hoc Dunnett´s multiple comparison test: p < 0.001) for linear gadodiamide (1.06 ± 0.03) compared to 
the macrocyclic gadobutrol (1.00 ± 0.02) or saline (0.99 ± 0.03). Gd presence in the brain was confirmed using 
laser-ablation-inductively-coupled plasma-mass spectrometry (LA-ICP-MS; Fig. 1b, middle panel). In line with 
published preclinical and clinical data, Gd was found in the lateral cerebellar nucleus in animals that received 
8 × 1.8 mmol/kg BW gadodiamide but not gadobutrol 11 weeks p.i. (mean Gd concentration 37.8 ± 5.7 nmol/g 
versus 0.12 ± 0.05 nmol/g; Supplementary Fig. 3a, representing about 0.0013% and 0.000004% of the injected 
dose per gram tissue, respectively).

We observed that 11 out of 20 rats treated with 8 × 1.8 mmol/kg BW gadodiamide developed NSF-like cutane-
ous symptoms, which were not observed in gadobutrol and control animals (Fig. 1b, right panel). The affected 
rats showed extensive dorsal and rostral loss of fur and macroscopic skin lesions.

General activity, emotional status and gait were not affected. The following behavioral tests were 
conducted (Fig. 1a, Table 1): Open field test, RotaRod, gait analysis (CatWalk XT system), acoustic startle reac-
tion (ASR) and pre-pulse inhibition (PPI) testing, as well as assessment of cognitive (operant conditioning para-
digm) and metabolic status (indirect calorimetry).

Bodyweight (BW) of the animals was measured at least twice per week and was not affected by GBCA admin-
istration (Supplementary Fig. 1h). Key features of the metabolic analysis by indirect calorimetry, such as food/
water intake and respiratory exchange rate were not altered by GBCA administration (Supplementary Fig. 2a–c). 
Cognitive testing revealed no differences between control and GBCA groups (Supplementary Fig. 2d).

To assess general activity, emotional status and reaction to a novel environment, rats were tested in the open 
field (Fig. 2a). 1-way ANOVA indicated a significant effect of the factor “GBCA administration” on the distance 
moved  (F2,56 = 4.263, p = 0.0189), due to the opposite trends of gadobutrol- (increased distance moved compared 
to saline) and gadodiamide-administered animals (reduced distance moved compared to saline). Subsequent 
Dunnett’s multiple comparisons test revealed no significant alterations of the behavior of treated-animals com-
pared to the control (saline vs. gadobutrol: p = 0.3189; saline vs. gadodiamide: p = 0.1968). No effect of the GBCA 
administration on the speed (1-way ANOVA:  F2,56 = 3.112, p = 0.0523) and the preferential position (1-way 
ANOVA: center:  F2,56 = 0.3711, p = 0.6917; corner:  F2,56 = 1.890, p = 0.1606) was observed. All animals spent more 
time in the corners than in the center area of the open field.

11 out of 20 animals in the 1.8 mmol/kg BW gadodiamide group showed NSF-like skin lesions (Fig. 1b, right 
panel). Time spent grooming was prolonged for these animals compared to the saline control  (F2,56 = 7.134, 
p = 0.0017), which is most likely related to the skin lesions. A specific analysis excluding the affected animals 
showed no abnormal grooming behavior of gadodiamide animals without NSF-like skin lesions (Supplementary 
Fig. 1g).

Footfall and motor performance were assessed using the automated CatWalk XT system (Fig. 2b). One ani-
mal of each group had to be excluded from the analysis due to strict criteria excluding the influence of factors 
unrelated to motor functions. The “stride length” (distance between two successive placements of one paw) was 
neither altered by the factor “GBCA administration” (2-way ANOVA:  F2,108 = 2.538, p = 0.0837) nor was it discrete 
for front and hind paws (2-way ANOVA:  F1,108 = 0.0688, p = 0.7935). Animals of all groups showed a physiological 
shorter distance between the front than between the hind paws (“base of support”; 2-way ANOVA:  F1,108 = 569.5, 
p < 0.0001), while there were no inter-group differences observed (2-way ANOVA:  F2,108 = 0.4055, p = 0.6677). 
The average speed of the animals on the walkway was not influenced by GBCA administration (1-way ANOVA: 
 F2,54 = 2.603, p = 0.0834).

The analysis of the motor function by RotaRod was also without significant changes (Supplementary Fig. 2e).

Transient startle response reduction observed in gadodiamide treated rats. To investigate 
the basal sensorimotor coupling the animals were tested for their startle reaction to acoustic stimuli at 7, 14 
and 30 weeks p.i. Figure 2c depicts the reaction to 120 dB pulses. The full data set including all applied star-
tle intensities and corresponding statistical approach and analysis is given in the supplements (Supplementary 
Fig.  1a–c). The factor “GBCA administration” (gadobutrol or gadodiamide) had a significant effect (2-way 
ANOVA:  F6,750 = 4.797, p < 0.0001) 7  weeks after the last injection, referred to the reduced startle reaction of 
gadodiamide administered animals (Fig.  2c). Startle reactions of animals injected with 8 × 0.6  mmol/kg BW 
(post-hoc Dunnett´s multiple comparison test split per pulse intensity: p = 0.0117) and 8 × 1.8 mmol/kg BW 
gadodiamide (post-hoc Dunnett´s multiple comparison test split per pulse intensity: p = 0.0266) were signifi-
cantly reduced, while animals injected with 8 × 1.2 mmol/kg BW showed reduced responses with a p = 0.0802 
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Figure 1.  Comprehensive and longitudinal behavioral phenotyping after repeated administration of clinical 
doses of linear gadodiamide and macrocyclic gadobutrol in a rat model. (a) Experimental setup for longitudinal 
and comprehensive behavioral phenotyping from 5 to 30 weeks after the last injection showing time points 
of the behavioral tests. (b) Representative images from T1-weighted (T1w) MRI at 4.7 T in axial orientation 
5 weeks p.i. Regions of interest in the lateral cerebellar nuclei are marked by arrows (left panel). Spatial 
distribution and quantification of Gd in the cerebellum at 11 weeks p.i. (middle panel). Macroscopic NSF-like 
skin lesions in gadodiamide rats observed until 12 weeks p.i. (right panel).
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compared to the saline group. By repeating the ASR test at 14 and 30 weeks p.i. no effect of the factor “GBCA 
administration” was observed (3-way ANOVA: 14 weeks p.i.:  F1,812 = 0.946, p = 0.331; 30 weeks p.i.:  F1,797 = 0.024, 
p = 0.878). In contrast, no significant alteration of ASR was observed in the gadobutrol group at all investigated 
time points and doses.

For both GBCA classes, linear and macrocyclic, sensorimotor gating of the animals was not altered (tested 
in a pre-pulse inhibition (PPI) task; see Supplementary Fig. 1d–f).

Multiple GBCA administrations showed no effect on the number of neurons or general path-
way deregulation in DCN. The observed behavioral effect seen with linear gadodiamide was not associ-
ated with a loss of neurons in the brain areas of high Gd presence. Stereological quantification of the number of 
NeuN-positive cells in the lateral cerebellar nucleus and adjacent DCN revealed no significant difference in the 
total number of neurons in both GBCA groups (2-way ANOVA:  F2,42 = 0.6472, p = 0.5287; Fig. 3a). Moreover, a 
hypothesis-free strategy was used to analyze the gene expression profile of the DCN (Fig. 3b showing the most 
impactful components of the multidimensional scaling analysis). No general pathway deregulation in the DCN 
of treated animals was identified resulting in overlapping distribution of the groups for each analyzed region.

Gd brain distribution in gadodiamide administered animals partially overlaps with aggrecan 
immune staining. We further investigated the perineuronal nets (PNN) as possible interaction partner for 
released Gd due to their buffer capacity and ability to bind metal ions. The overall protein expression of aggre-
can, a proteoglycan of the PNN, in full brain homogenates obtained 5 weeks p.i. was comparable between all 
groups (Supplementary Fig. 3b). Next, we evaluated the protein expression of aggrecan in coronal sections of 
one brain hemisphere in the DCN by classic immunohistochemistry (Fig. 3c, left panel). The spatial expression 
of aggrecan was region specific and the most intense staining occurred in the DCN, the cochlear nuclei and the 
brain stem. To examine the PNN distribution in comparison to the Gd distribution, LA-ICP-MS was combined 
with immunohistochemistry by using Maxpar metal tagged secondary antibodies at 5 weeks p.i. The staining 
pattern for aggrecan was comparable in all animals (Fig. 3c, two middle panels). Only Gd traces were observed 
for gadobutrol animals, indicating washout of the highly water soluble intact gadobutrol chelate during the 
experimental procedure. However, the region-specific accumulation of Gd in gadodiamide animals persisted, 
indicating that the remaining Gd is most likely tissue bound or insoluble precipitate. Overlays of false colored 
images of the isotopes 158Gd, 175Lu (aggrecan) and 193Ir (DNA intercalator) revealed a spatial correlation of Gd 
(gadodiamide) and aggrecan in the area of the DCN and in the cochlear nuclei, but not in other regions. High 
resolution LA-ICP-MS (2µm2 spot size) identified an inhomogeneous Gd distribution with small Gd spots and 
larger Gd clusters within the cerebellar nuclei of gadodiamide animals (Fig. 3c, right panel). Indeed, the Gd dis-
tribution (white square, higher magnification) showed partial co-localization with the PNN structure, whereas 
the nuclei pattern showed only minor overlap with Gd. Nonetheless, not all Gd co-localized with these struc-
tures indicating other additional Gd species or binding partners in the gadodiamide group.

Residual Gd segregates to high molecular weight fraction in the brain. To further address neu-
ronal localization, we evaluated the concentration and distribution of Gd from crude synaptosomes extracted 
with either the non-denaturing detergent Triton X-100 (Tx-100) or under denaturing conditions using SDS 
(Fig. 4). In control synaptosomes treated with buffer instead of detergent, the Gd concentration was lower after 
the administration of macrocyclic gadobutrol compared to the linear GBCA gadodiamide at all time points 
analyzed. Moreover, the clearance of Gd from synaptosomes over time was superior for gadobutrol compared 
to gadodiamide. In the early elimination phase (24 h vs 6 h after 1 × 1.8 mmol Gd/kg), the synaptosomal Gd 
concentration was reduced by 68% in gadobutrol animals, while only a 26% reduction was evident in gadodi-
amide animals. The slower Gd elimination from synaptosomes in the gadodiamide group was accompanied by 
the presence of a Gd species that required denaturing conditions for extraction. In contrast, mild solubilization 
of membranes by Tx-100 was sufficient to release all Gd found in synaptosomes of gadobutrol animals (Fig. 4a).

Due to the fact that not all Gd/GBCA is cleared within 24 h, the multiple daily dosing regimen (8 × 1.8 mmol 
Gd/kg bw) resulted in a buildup of Gd/GBCA in the synaptosomal fraction 4 days after the last injection (Fig. 4b). 

Table 1.  Behavioral domains addressed, and respective behavioral tests performed. Observed effects are 
indicated by -: no effect observed; (+): effect observed, potentially confounded; + : effect observed (no 
confounding condition). *using the CatWalk XT system, **measured with the PhenoMaster setup.

Domain Assay Effect of gadobutrol Effect of gadodiamide

General health SHIRPA − −

Emotionality OpenField − ( +)

Locomotion
Gait analysis* − −

RotaRod − −

Sensorimotorfunction
Acoustic Startle Reaction −  + 

Prepulse Inhibition − −

Metabolism Indirect calorimetry** − −

Cognition Operant Conditioning − −
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Figure 2.  Early and transient reduction in acoustic startle reaction in gadodiamide-treated animals and 
comparable parameters in the OpenField test and gait analysis. (a) Explorative and grooming behavior 5 weeks 
p.i in the OpenField test. (b) Stride length of front and hind paws, distance between either front or hind paws 
(base of support) and average speed of the animals measured with the CatWalk XT system test 6 weeks p.i. (c) 
Startle reaction to 120 dB acoustic stimuli 7, 14 and 30 weeks p.i. Data represent mean ± SEM; n is indicated in 
the columns; *p < 0.05; **p < 0.01.
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Figure 3.  No alterations in number of NeuN-positive cells and gene expression as well as overlap of aggrecan 
and Gd distribution in the lateral cerebellar nucleus. (a) Numbers of NeuN-positive cells in the lateral cerebellar 
nucleus and adjacent deep cerebellar nuclei of treated and control animals 11 weeks p.i. determined by 
stereological analysis. (b) Gene expression pathway analysis in the lateral cerebellar nucleus, globus pallidus 
and somatosensory cortex (control region) 11 weeks p.i. (c) Conventional immunohistochemistry of aggrecan 
in the cerebellum of animals sacrificed 11 weeks p.i. (left panel, scale bar: 500 µm). Distribution of Gd and 
aggrecan in the cerebellum of animals sacrificed 5 weeks p.i. by immunohistological LA-ICP-MS (right panel). 
Representative pseudo-colored overlays of Gd (red), aggrecan (green) and an iridium containing nucleic acid 
intercalator (blue) at different magnification. Fields of higher magnification are indicated by squares. Data 
represent mean ± SEM; n is indicated in the columns.
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In gadobutrol animals, clearance was efficient (− 78% at 35 days p.i.) and complete (below LoQ at 365 days p.i.). 
In contrast, the clearance was slow (− 23% at 35 days p.i.) and incomplete after one year (− 54% versus 4 days 
p.i.) in gadodiamide animals. A detergent-insoluble species was observed in gadodiamide animals, which most 
likely represents inorganic Gd salts. Insoluble Gd species were not present in gadobutrol animals.

Size exclusion chromatography was used to further analyze the Gd species present in the detergent extracts 
of synaptosomes (Fig. 4c). In gadobutrol animals, one Gd species was observed and the retention time of the 
extracted Gd species was equivalent to the intact Gd chelate. In contrast, three Gd species were found in the 
synaptosomal extracts after mild solubilization with Tx-100 in gadodiamide animals. In addition to the intact 
Gd chelate, a large molecular weight species with a retention time comparable to apoferritin (corresponding 
to a molecular size of approximately 440 kDa) as well as an ultra large species that eluted with the void volume 
marker (≥ 2000 kDa) were observed after extraction with Tx-100. These high molecular weight species were 
destroyed under denaturing conditions indicating a proteinaceous molecule.

Discussion
In this study, we investigated potential effects of GBCA-associated hyperintensities on T1-weighted MRI and 
residual Gd in the brain after multiple administrations of linear and macrocyclic GBCAs.

Most clinical studies addressing the presence of Gd in brain are either case reports or retrospective studies 
describing small cohorts of a few patients. They are limited by the lack of sufficient controls for confounding 
factors, including prior use of other GBCAs, different time-points of Gd measurement, varying GBCA doses and 
time intervals between GBCA administration and tissue sampling. For that reason, most studies investigating 

Figure 4.  Detergent extraction of synaptosomes purified from GBCA treated animals. Synaptosomes were 
incubated either with 2% Triton X-100 or 0.5% SDS or detergent free buffer as a control and the resulting 
synaptosomal pellets were analyzed for Gd by ICP-MS. (a) Synaptosomal Gd in animals which received a 
single injection of GBCA (gadobutrol or gadodiamide, 1.8 mmol/kg BW) and were sacrificed after 6 and 24 h 
p.i. (b) Synaptosomal Gd in animals which received multiple injections of GBCA (gadobutrol or gadodiamide, 
8 × 1.8 mmol/kg BW) and were sacrificed after 4, 35 and 365 days p.i. (c) The released Gd species in the extracts 
from synaptosomes of animals that received multiple injections of GBCA (4 days p.i.) were characterized by 
size exclusion chromatography (SEC)-ICP-MS. Chromatograms of extracted Gd species in comparison to a 
pure solution of gadobutrol (left panel) and gadodiamide (right panel). Note that for gadodiamide but not for 
gadobutrol injected animals additional Gd species with large molecular weight (shorter retention time) were 
observed; Data represent mean ± SD; n is indicated in the columns.
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Gd presence in the brain were performed in animals. The majority of these studies focused on effects of GBCA 
or other forms of Gd in models reflecting a certain disease status as for example blood–brain-barrier disruption 
and renal  impairment21–25 or mimicking sub-cohorts like pregnant women or pediatric  patients26,27. Our literature 
survey revealed only a handful of preclinical studies, also including behavioral assays to test for potential clini-
cally relevant consequences of Gd  presence24,24–28. To our knowledge, this is the first study extensively screening 
for behavioral abnormalities associated with GBCAs in a comprehensive and longitudinal manner, covering a 
broad range of behavioral domains including motor function, emotional and metabolic status and sensorimotor 
function in a well-established rat model with excellent face  validity29. As expected, rats receiving gadodiamide 
showed increased SIs on T1-weighted MRI in the DCN. Measurement of the Gd concentration in the cerebel-
lar nuclei at 11 weeks p.i. confirmed the presence of Gd in gadodiamide administered animals but only minor 
residual Gd in rats that received gadobutrol.

We found NSF-like cutaneous  symptoms30 in rats treated with the highest dose of 1.8 mmol/kg BW gadodi-
amide, which was a confounding factor for one behavioral test: The dermatologic abnormalities associated with 
gadodiamide led to prominent grooming behavior of these animals in the Open field test. A study of Cacheris 
et al. from 1990 describes hair loss, skin lesions, gastric and cutaneous mineralization and subacute inflamma-
tion in rats receiving 5.0 mmol/kg BW  gadodiamide31.

We observed a dose-dependent and transient reduction of startle reaction in all groups of animals admin-
istered with the linear GBCA gadodiamide 7 weeks p.i. This effect was not observed in rats that received the 
macrocyclic GBCA gadobutrol, indicating that the effect might be associated with released Gd from the less 
stable gadodiamide. Startle reactions of gadodiamide-treated animals were reduced by 20% compared to the 
control, describing a rather mild impairment of sensorimotor  function32. The primary startle pathway consists of 
the auditory nerve, the ventral cochlear nucleus, the dorsal nucleus of the lateral lemniscus, the caudal pontine 
reticular nucleus, spinal interneurons and spinal motor  neurons32,33. Since no hearing deficits were observed 
during primary screening of the animals and startle responses appeared to be normal 14 weeks p.i., we assume 
that the ASR circuit is not irreversibly affected. Surprisingly, the modulation of the startle reaction by acoustic 
pre-stimuli (PPI) was not altered. This superordinate inhibitory circuitry modulating the ASR involves several 
neurotransmitters and brain regions, including the inferior and superior colliculus and pedunculopontine teg-
mental  nucleus34. PPI is given as the percentage of decline in the startle response (formula: see Method-section), 
meaning the startle of the pre-pulse trial is normalized to the baseline startle amplitude of each individual 
animal. Therefore, a generally reduced ASR is not represented by the PPI measurement. Interestingly, similar 
findings with reduced ASR and normal PPI were published for rats with iron deficiency, which is suggested to 
alter dopamine  metabolism32–36.

To reveal potential molecular and/or cellular patho-mechanisms underlying our findings in behavioral tests 
we used a hypothesis-free strategy and analyzed the gene expression profile of the DCN. We could not identify 
a general pathway deregulation in the DCN of treated animals. Based on our data, we cannot exclude a change 
in gene expression in nuclei of the auditory circuit affecting the ASR in gadodiamide-administered animals. 
Examination of the spatial Gd distribution by LA-ICP-MS revealed increased Gd levels not only in the DCN 
but also in the cochlear root nucleus, which is involved in the auditory circuitry. Nevertheless, normal gene 
expression profiles in the DCN may reflect the current body of knowledge since no clinical symptoms could be 
ascribed to Gd presence in the brain weeks or months after the last GBCA  injection37,38.

GBCAs are Gd-chelates, shielding the  Gd3+ ion from contact with biomolecules. A well-known feature of 
 Gd3+ ions is its cytotoxicity in vitro and in vivo when applied in the unchelated form, causing cell death in liver, 
kidneys and neural tissue presumably by binding to endogenous interaction  partners28,37–41. The (neuro-)toxic 
property of  Gd3+ ions is partly based on its size similar to the calcium ion  (Ca2+) resulting in competitive inhibi-
tion of Ca-dependent biological  processes42,43.  Gd3+ ions have also been shown to trigger apoptosis and induce 
elevated reactive oxygen species in rat cortical  neurons41. Based on these data we examined the number of NeuN-
positive cells in the lateral cerebellar nucleus and adjacent DCN. No neuronal loss was found in brain specimens 
collected 11 weeks after the last injection. This is consistent with the human autopsy study by Fingerhut et al., 
who observed no neuronal loss in patients who received serial injections of  GBCA44.

We further evaluated potential mechanisms that might play a role in the behavioral phenotype. Since syn-
aptic transmission mediates the communication between nerve cells, we applied a subcellular fractionation of 
rat brain to investigate potential accumulation and clearance of GBCA from synaptosomes. We observed small 
amounts of Gd in synaptosomes with substantial differences for the linear gadodiamide in both, amount and 
extractability, compared to the macrocyclic gadobutrol. Even though we cannot completely rule out that part of 
the synaptosomal Gd has been artificially incorporated during sample processing, the differences in the amounts 
and time points (in total and as percentage of Gd in brain homogenates) indicate specific co-enrichment.

Although the analyzed GBCA cannot actively enter cells, passive mechanisms such as endocytosis raise the 
possibility that components of the extracellular fluid are taken up in an unspecific manner, including small 
amounts of GBCA. To maintain proper brain function, endocytic recycling of synaptic vesicle membrane 
together with incorporated proteins is necessary to balance membrane surface area and to ensure efficient 
 neurotransmission45,46. A study by Shi et al. showed that neuronal excitation influences the transportation speed 
of the GBCA in the brain with prolonged presence after  stimulation47.

One open question is whether the Gd found in neural tissue is retained in its chelated form or whether the 
lanthanide was released from the Gd-chelate-complex. In a study by Frenzel et al. chromatographic analysis 
of total rat brain homogenates showed exclusively the intact Gd-chelate-complex in the soluble fraction after 
gadobutrol  administration21. In animals that received gadodiamide, in addition to the intact GBCA, Gd was 
also found bound to macromolecules which is assumed to be responsible for increased SI in MRI, based on the 
potentially increased rotational correlation time of the newly formed Gd-species. Moreover, an insoluble Gd 
species was detected, presumably  GdPO4, which was not found after gadobutrol  administration21.
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In our study, we only detected the intact Gd chelate in synaptosomes for macrocyclic gadobutrol. For lin-
ear gadodiamide, we observed a macromolecular Gd species as described above as well as detergent resistant 
insoluble Gd species. If small amounts of GBCA are indeed taken up by vesicle endocytosis, the stability of 
the contrast agent most likely impacts the fate of the GBCA. Lowering the luminal pH is essential for synaptic 
vesicle  recycling47,48. Glutamatergic synaptic vesicles have been shown to exhibit a resting pH of 5.8, while 
GABAergic vesicles were found to have a resting pH of 6.4. Interestingly, GABAergic vesicles undergo an initial 
over-acidification and subsequent alkalization process to restore the resting pH following  endocytosis49. This 
acidic environment could promote the dissociation of Gd from the linear chelate, which have a lower kinetic 
stability. Macrocyclic GBCA are kinetically inert and less vulnerable to low pH and, thus, are released as intact 
GBCA to the interstitial system and drained from the brain via the glymphatic  system50.

Based on the current research, our data indicate that released Gd from linear GBCA binds to not yet identi-
fied macromolecules occurring in the cerebellar nuclei, which are most probable negatively charged and enrich 
in the SDS-fraction of synaptosomes. We propose proteoglycans of the extracellular matrix (ECM) as possible 
binding partners. Taupitz et al. suggested competitive chelation with components of the ECM playing a role in 
the tissue distribution and toxicity of GBCA  earlier51. Aggrecan, a highly anionic proteoglycan of the PNN, rep-
resents a suitable complexation-partner for Gd: it would preserve the paramagnetic properties, resulting in MRI-
hyperintensities; it has an ion buffering capacity to absorb excess cation changes around  synapses52; it is highly 
anionic endowed by sulfated glycosaminoglycan  chains53. Immuno-histological staining for aggrecan as well as 
the combination of metal-tagged immune-staining and LA-ICP-MS revealed a partially overlapping distribution 
and co-occurrence of Gd and aggrecan in the cerebellar nuclei. Moreover, studies have shown that proteins of 
the PNN enrich in synaptosomes during rat brain  fractionation54 and that denaturing conditions are required for 
proteoglycan  extraction55,56. Therefore, the amount of Gd from linear GBCA that is released from synaptosomes 
after SDS treatment might represent Gd and/or GBCA associated with PNNs. Interestingly, several studies using 
mice deficient for different PNN-molecules or enzymes important for their synthesis reported altered ASR in 
these  animals57,58, giving another hint to a potential interaction of Gd and PNNs with impact on behavior.

In summary, our findings reveal new preclinical insights into the clinically observed phenomenon of Gd 
presence in the brain. Since many behavioral results are difficult to translate to humans, the relevance of our 
data has to be investigated in patients.

Reduction of Gd levels in the brain can be observed for up to 52 weeks after administration for macrocy-
clic  GBCA29. Therefore, the time point for analytical or behavioral assessments needs to be chosen carefully. 
Regarding the observed alteration of ASR, earlier testing will be of interest to evaluate the onset of the altered 
reflex-behavior. Additional testing of different reflex-inducing stimuli can narrow down the underlying respon-
sible brain nuclei. Here it is also of great interest to evaluate the effect of GBCA on the different segments of the 
auditory system including the more peripheral-located end-terminals of the auditory nerve within the cochlea. 
Not only the number but also the morphology of the neuronal cells could be evaluated similar to a recently pub-
lished study, which investigated the density and axonal morphology of intraepidermal nerval  fibers59. The data 
also indicate that future research in the direction of extracellular macromolecules as suitable binding partners 
for de-chelated Gd or GBCA will contribute to the understanding of Gd presence in the brain.

As currently no clinical phenotypes are observed after administration of GBCA in routine clinical practice, 
we chose a high GBCA dosing to investigate potential effects. The applied triple dose, which was multiplied by 
6 on the basis of body surface area adaption  guidelines60, and the daily dosing regimen for two weeks resulted 
in a higher GBCA burden as in clinical routine.

The majority of behavioral tests performed in rats after administration of high and repeated doses of mac-
rocyclic and linear GBCA showed no long-term effects. However, a transient and reversible decrease in startle 
reflex was observed with the linear GBCA gadodiamide, but not with the macrocyclic gadobutrol. These results 
suggest that further research in the areas of motor reflexes and PNN-GBCA interactions is required to unravel 
potential biological effects of trace amounts of Gd released from linear GBCAs.

Methods
Study design. The study was designed to screen for potential behavioral abnormalities associated with the 
repeated administration of eight doses (8 × 0.6, 1.2 or 1.8 mmol/kg BW) of gadobutrol or gadodiamide in com-
parison to a saline control group in a longitudinal (30 weeks p.i.) and comprehensive manner. The following 
behavioral tests were conducted according to the schedule shown in Fig. 1a: OpenField test, RotaRod (motor 
function), gait analysis using the CatWalk XT system, investigation of sensorimotor function and gaiting by 
acoustic startle reaction (ASR) and pre-pulse inhibition (PPI) testing, as well as assessment of cognitive and 
metabolic status of the animals using an operant conditioning paradigm and indirect calorimetry. Method 
descriptions and results of the tests not described in the main text are given in the supplementary information.

The study was conducted at the Dept. Experimental Therapy, University Hospital Erlangen, in accordance 
with the German guideline for animal experiments and was approved by the government of Lower Franconia 
(DMS2532-2-397), Bavaria, Germany. All experiments were conducted according to local, NIH, and ARRIVE 
 guidelines61.

Animals and doses. Male Wistar out-bred rats (obtained from Charles River, Sulzfeld—Germany) were 
repeatedly injected intravenously on four consecutive days per week for two weeks either with saline (n = 40) or 
with the GBCA gadobutrol or gadodiamide at three different body surface adjusted doses of either 0.6, 1.2 or 
1.8 mmol/kg BW, representing the recommended clinical single-, double- or triple dose (n = 20 for each dose 
and GBCA).
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The same dosing regimen (8 × 1.8 mmol/kg BW or saline) was applied for the subcellular fractionation experi-
ments. Rats (n = 6 per group and time point) were sacrificed at day 4, 5 weeks and after 1 year. For the subcellular 
fractionation of brain tissue early after GBCA administration, rats received a single dose of 1.8 mmol/kg BW or 
saline and were sacrificed 6 h and 24 h after GBCA injection.

Behavioral assays. ASR was measured according to a standardized protocol described  before62. Each rat 
was placed in a small aluminum box, where major movements and exploratory behavior was restricted, and 
which was tightly anchored to a piezo-accelerometer, positioned in between two loudspeakers inside of a sound-
attenuating chamber (TSE Systems GmbH, Bad Homburg—Germany). Experimental protocols started with a 
4 min habituation phase, during which a constant background white noise (68 dB) was played and baseline 
movements of the animals were recorded. The experimental phase followed right after, consisting of 50 test trials 
100 ms long, where 20 ms white noise stimuli were played at 75, 95, 105, 115 and 120 dB (10 repetitions each). 
Noise stimuli were presented in a randomized order with an inter-trial interval of 6–12 s. Startle reaction was 
normalized to the BW of each individual animal.

Sensorimotor gating was evaluated in a PPI test using the same experimental setup and equipment as 
described for the ASR test and followed a well-established  protocol62. The experiment consisted of 77 trials. At 
the beginning 10 “startle trials” consisting of a single 120 dB pulses (20 ms) were delivered, followed by 40 “PPI 
trials”, where a pre-pulse noise of 72, 76, 80 or 84 dB (20 ms, 10 repetitions each) was played 100 ms before the 
startling stimulus (120 dB, 20 ms). The PPI trials were administered in a randomized order, interspersed with 15 
additional “startle trials” (120 dB, 20 ms) without presenting a pre-pulse, and 12 additional “pre-pulse control 
trials”, where each of the pre-pulse stimuli used in the PPI trials was played alone (20 ms, 3 repetitions each). As 
standard, a 6–12 s randomized inter-trial interval separated the trials throughout the experiment, which lasted 
approximately 14 min. Startle responses were normalized to the baseline startle amplitude measured in the initial 
10 startle trials and PPI was calculated with the following formula:

Magnetic resonance imaging. A small-animal 4.7  T MRI scanner (BioSpec, Bruker BioSpin MRI 
GmbH, Ettlingen—Germany) equipped with a transmit and receive mouse body coil was used for image acqui-
sition performed 5  weeks after the last administration. Animals were anesthetized with isoflurane (1.5–2%) 
prior and during the procedure. T1-weighted brain imaging was performed with a FLASH sequence (TR/TE/
Flip = 50.5 ms/2.4 ms/30°) using an axial orientation and a spatial resolution of 0.18 × 0.18 × 0.7 mm. Quantita-
tive image evaluation was performed blinded using manually defined regions of interest around the deep cer-
ebellar nuclei (DCN) and the brain stem on each hemisphere as described  previously63. The DCN / brain-stem 
signal intensity ratio was calculated by dividing the mean signal of the DCN by that of the brain stem.

Synaptosome preparation and detergent treatment. Synaptosomes were prepared from six ani-
mals per time point and group with the exception of the 365 days p.i. time point where only three animals were 
available for synaptosomal preparation. Crude synaptosomes are prepared as previously described64,65. Briefly, 
one brain hemisphere of three animals each were pooled for homogenization in 30 ml sucrose buffer (320 mM 
sucrose, 5 mM HEPES pH 7.4) using a motor-driven glass-teflon homogenizer. Brain homogenates were centri-
fuged 10 min at 1000 g, the resulting supernatant was transferred to a new tube and re-centrifuged for 15 min at 
15,000 g. The crude synaptosomal pellet was collected avoiding the brown mitochondrial pellet and snap frozen 
in liquid nitrogen and stored at − 80 °C. Synaptosomes were adjusted to 10 mg/ml protein concentration and ali-
quots of 500 µg synaptosomes were incubated with Triton- × 100 (3 g/g) or SDS (0.5% v/v) or an equal volume of 
buffer as a control for 30 min at 4 °C. Afterwards, samples were centrifuged for 5 min at 15,000g, the pellets were 
washed with 5 mM HEPES pH 7.4 and were re-centrifuged. The final pellet as well as the combined supernatants 
(extract and wash) were subjected to Gd analysis.

Size exclusion chromatograpy (SEC) coupled to ICP-MS. The determination of the Gd species in the 
soluble extracts was performed using a Superdex 200 10/300 GL column (GE Healthcare Life Sciences) and an 
Agilent 1290 HPLC system coupled to an ICP-MS (Agilent 7900) as previously  described21.

Immunohistology LA-ICP-MS. Staining of frozen brain sections were performed as  described66 with 
modifications for indirect detection using secondary metal-tagged antibodies. Briefly, sections were fixed in 
cold acetone (8 min. at − 20 °C), washed with PBS and blocked with 3% BSA for 45 min at room temperature 
prior to antibody incubation. Primary antibody directed against aggrecan (Merck Millipore #ab1031, 1:500) was 
incubated over night at 4 °C. Samples were washed 3× with PBS and subsequently incubated with appropriate 
metal-tagged secondary antibody (175Lu, Fluidigm #317002G) for 1 h at room temperature. Following wash-
ing with 0,005% Triton-X and PBS, nuclei were stained with the Cell-ID™ Intercalator-192/193Ir (Fluidigm, 
#201192A, 1:2000, 30 min). After washing with ddH2O, LA-ICP-MS samples were air-dried.

The distribution of elements was analyzed using an inductively coupled mass spectrometer (Agilent 7900) 
coupled to a laser ablation system (NWR 213, New Wave Research). Laser ablation of sections from samples was 
performed in continuous-line ablation mode with a laser frequency of 20 Hz. For larger specimen, a rectangular 
spot of 50 × 40 µm at a scan speed of 100 µm/s was used and for high resolution LA-ICP-MS, small regions of 
interest (1  mm2) were ablated with a circular spot size of 5 µm at a scan speed of 40 µm/s. The ablated tissue 

PPI = 100%−

[

baseline startle amplitude

startle prepulse trial
× 100

]
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was transported into the ICP-MS by a constant stream of helium, 158Gd and the metal isotope of the secondary 
antibody 175Lu as well as 192Ir were measured in each ablated spot generating an intensity map of Gd, perineu-
ronal net and nuclei throughout the region of interest. Gd was quantified by calibration using gelatin standards 
of known Gd concentration. Data processing to create elemental maps was performed using MassImager 3.17 
software, which was developed and kindly provided by U. Karst and R. Schmid from the University of Muenster.

Statistical evaluation. Data and statistical analysis were performed using Prism8.0.2 (GraphPad Soft-
ware). After confirming normal distribution of acquired data (Shapiro–Wilk test), differences in the mean val-
ues between control and GBCA treated animals were compared using either ordinary 1‐way analysis of variance 
(ANOVA) with type I error protection by Dunnett (against control tests) or 2-way ANOVA with two between-
subject factors (treatment and pulse intensity/time/…). For post-hoc comparison Dunnett`s correction for 
multiple comparison was used (splitted by pule intensity/time/…). A statistically significant difference between 
groups was defined as p < 0.05. Asterisks indicate significance at *p < 0.05 and **p < 0.01 throughout. Further 
specifications of particular statistics per assay are given in the supplementary information. All data represent 
mean ± SEM (Fig. 2, Fig. 3, Supplementary Figs. 1–3) or mean ± SD (Fig. 4).

Description of the remaining behavioral test (gait analysis, indirect calorimetry, and the cognitive test (oper-
ant conditioning using an operant wall)) as well as protocols for RNA sequencing, immunohistology and stereo-
logical analysis are given in the supplements.

Ethical statement. All animal experiments presented here were approved by local ethical boards of the 
District Government of Lower Franconia, Bavaria, Germany (Approval No. DMS2532-2-397), and were con-
ducted according to local, NIH, and ARRIVE  guidelines61.

Data availability
Data supporting the findings of this manuscript are available from the corresponding author upon reasonable 
request.

Received: 16 August 2020; Accepted: 1 December 2020

References
 1. Rocca, M. A., Absinta, M. & Filippi, M. The role of advanced magnetic resonance imaging techniques in primary progressive MS. 

J Neurol 259, 611–621. https ://doi.org/10.1007/s0041 5-011-6195-6 (2012).
 2. Coelho-Filho, O. R., Rickers, C., Kwong, R. Y. & Jerosch-Herold, M. MR myocardial perfusion imaging. Radiology 266, 701–715. 

https ://doi.org/10.1148/radio l.12110 918 (2013).
 3. Claussen, C. et al. Gadolinium-DTPA in MR imaging of glioblastomas and intracranial metastases. AJNR Am J Neuroradiol 6, 

669–674 (1985).
 4. Lauffer, R. B. Magnetic resonance contrast media: principles and progress. Magn Reson Q 6, 65–84 (1990).
 5. Caravan, P., Ellison, J. J., McMurry, T. J. & Lauffer, R. B. Gadolinium(III) chelates as MRI contrast agents: structure, dynamics, and 

applications. Chem Rev 99, 2293–2352. https ://doi.org/10.1021/cr980 440x (1999).
 6. Lohrke, J. et al. 25 Years of contrast-enhanced MRI: developments, current challenges and future perspectives. Adv Ther 33, 1–28. 

https ://doi.org/10.1007/s1232 5-015-0275-4 (2016).
 7. Grobner, T. Gadolinium–a specific trigger for the development of nephrogenic fibrosing dermopathy and nephrogenic systemic 

fibrosis?. Nephrol Dial Transp 21, 1104–1108. https ://doi.org/10.1093/ndt/gfk06 2 (2006).
 8. Joffe, P., Thomsen, H. S. & Meusel, M. Pharmacokinetics of gadodiamide injection in patients with severe renal insufficiency and 

patients undergoing hemodialysis or continuous ambulatory peritoneal dialysis. Acad Radiol 5, 491–502 (1998).
 9. Gibby, W. A., Gibby, K. A. & Gibby, W. A. Comparison of Gd DTPA-BMA (Omniscan) versus Gd HP-DO3A (ProHance) retention 

in human bone tissue by inductively coupled plasma atomic emission spectroscopy. Invest Radiol 39, 138–142 (2004).
 10. Kanda, T., Ishii, K., Kawaguchi, H., Kitajima, K. & Takenaka, D. (2014). High signal intensity in the dentate nucleus and globus 

pallidus on unenhanced T1-weighted MR images: Relationship with increasing cumulative dose of a gadolinium-based contrast 
material. Radiology 270(3), 834–841.

 11. Radbruch, A. et al. Gadolinium retention in the dentate nucleus and globus pallidus is dependent on the class of contrast agent. 
Radiology 275, 783–791. https ://doi.org/10.1148/radio l.20151 50337  (2015).

 12. Kanda, T. et al. High signal intensity in dentate nucleus on unenhanced T1-weighted MR images: association with linear versus 
macrocyclic gadolinium chelate administration. Radiology 275, 803–809. https ://doi.org/10.1148/radio l.14140 364 (2015).

 13. Kanda, T. et al. Gadolinium-based contrast agent accumulates in the brain even in subjects without severe renal dysfunction: 
Evaluation of autopsy brain specimens with inductively coupled plasma mass spectroscopy. Radiology 276(1), 228–232 (2015).

 14. Frenzel, T., Lengsfeld, P., Schirmer, H., Hutter, J. & Weinmann, H. J. Stability of gadolinium-based magnetic resonance imaging 
contrast agents in human serum at 37 degrees C. Invest Radiol 43, 817–828. https ://doi.org/10.1097/RLI.0b013 e3181 85217 1 (2008).

 15. Jost, G. et al. Long-term excretion of gadolinium-based contrast agents: linear versus Macrocyclic agents in an experimental rat 
model. Radiology, 180135, doi:https ://doi.org/10.1148/radio l.20181 80135  (2018).

 16. Frenzel, T. et al. Quantification and assessment of the chemical form of residual gadolinium in the brain after repeated administra-
tion of gadolinium-based contrast agents: comparative study in rats. Invest Radiol https ://doi.org/10.1097/RLI.00000 00000 00035 
2 (2017).

 17. Robert, P. et al. One-year retention of gadolinium in the brain: comparison of gadodiamide and gadoterate meglumine in a rodent 
model. Radiology, 172746, doi:https ://doi.org/10.1148/radio l.20181 72746  (2018).

 18. Puttagunta, N. R., Gibby, W. A. & Smith, G. T. Human in vivo comparative study of zinc and copper transmetallation after admin-
istration of magnetic resonance imaging contrast agents. Invest Radiol 31, 739–742. https ://doi.org/10.1097/00004 424-19961 
2000-00001  (1996).

 19. Tweedle, M. F. Physicochemical properties of gadoteridol and other magnetic resonance contrast agents. Invest Radiol 27(Suppl 
1), S2-6 (1992).

 20. Tweedle, M. F., Hagan, J. J., Kumar, K., Mantha, S. & Chang, C. A. Reaction of gadolinium chelates with endogenously available 
ions. Magn Reson Imaging 9, 409–415. https ://doi.org/10.1016/0730-725x(91)90429 -p (1991).

https://doi.org/10.1007/s00415-011-6195-6
https://doi.org/10.1148/radiol.12110918
https://doi.org/10.1021/cr980440x
https://doi.org/10.1007/s12325-015-0275-4
https://doi.org/10.1093/ndt/gfk062
https://doi.org/10.1148/radiol.2015150337
https://doi.org/10.1148/radiol.14140364
https://doi.org/10.1097/RLI.0b013e3181852171
https://doi.org/10.1148/radiol.2018180135
https://doi.org/10.1097/RLI.0000000000000352
https://doi.org/10.1097/RLI.0000000000000352
https://doi.org/10.1148/radiol.2018172746
https://doi.org/10.1097/00004424-199612000-00001
https://doi.org/10.1097/00004424-199612000-00001
https://doi.org/10.1016/0730-725x(91)90429-p


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:22385  | https://doi.org/10.1038/s41598-020-79374-z

www.nature.com/scientificreports/

 21. Frenzel, T. et al. Quantification and assessment of the chemical form of residual gadolinium in the brain after repeated administra-
tion of gadolinium-based contrast agents: comparative study in rats. Invest Radiol 52, 396–404. https ://doi.org/10.1097/RLI.00000 
00000 00035 2 (2017).

 22. Wang, J., Zhang, H., Yang, K. & Niu, C. Computer simulation of Gd(III) speciation in human interstitial fluid. Biometals 17, 
599–603. https ://doi.org/10.1007/s1053 4-004-1224-x (2004).

 23. Jost, G., Frenzel, T., Boyken, J. & Pietsch, H. Impact of brain tumors and radiotherapy on the presence of gadolinium in the brain 
after repeated administration of gadolinium-based contrast agents: an experimental study in rats. Neuroradiology https ://doi.
org/10.1007/s0023 4-019-02256 -3 (2019).

 24. Roman-Goldstein, S. M. et al. Effects of gadopentetate dimeglumine administration after osmotic blood-brain barrier disruption: 
toxicity and MR imaging findings. AJNR Am J Neuroradiol 12, 885–890 (1991).

 25. Rasschaert, M. et al. Gadolinium retention, brain T1 hyperintensity, and endogenous metals: a comparative study of macrocyclic 
versus linear gadolinium chelates in renally sensitized rats. Invest Radiol 53, 328–337. https ://doi.org/10.1097/RLI.00000 00000 
00044 7 (2018).

 26. Bussi, S. et al. Non-clinical assessment of safety and gadolinium deposition after cumulative administration of gadobenate dime-
glumine (MultiHance((R))) to neonatal and juvenile rats. Regul Toxicol Pharmacol 92, 268–277. https ://doi.org/10.1016/j.yrtph 
.2017.12.016 (2018).

 27. Khairinisa, M. A. et al. The effect of perinatal gadolinium-based contrast agents on adult mice behavior. Invest Radiol 53, 110–118. 
https ://doi.org/10.1097/RLI.00000 00000 00041 7 (2018).

 28. Ray, D. E., Cavanagh, J. B., Nolan, C. C. & Williams, S. C. Neurotoxic effects of gadopentetate dimeglumine: behavioral disturbance 
and morphology after intracerebroventricular injection in rats. AJNR Am J Neuroradiol 17, 365–373 (1996).

 29. Jost, G. et al. Long-term excretion of gadolinium-based contrast agents: linear versus macrocyclic agents in an experimental rat 
model. Radiology 290, 340–348. https ://doi.org/10.1148/radio l.20181 80135  (2019).

 30. Todd, D. J., Kagan, A., Chibnik, L. B. & Kay, J. Cutaneous changes of nephrogenic systemic fibrosis: predictor of early mortality 
and association with gadolinium exposure. Arthritis Rheum 56, 3433–3441. https ://doi.org/10.1002/art.22925  (2007).

 31. Cacheris, W. P., Quay, S. C. & Rocklage, S. M. The relationship between thermodynamics and the toxicity of gadolinium complexes. 
Magn Reson Imaging 8, 467–481. https ://doi.org/10.1016/0730-725x(90)90055 -7 (1990).

 32. Koch, M. & Schnitzler, H. U. The acoustic startle response in rats–circuits mediating evocation, inhibition and potentiation. Behav. 
Brain Res. 89, 35–49 (1997).

 33. Davis, M., Gendelman, D. S., Tischler, M. D. & Gendelman, P. M. A primary acoustic startle circuit: lesion and stimulation studies. 
J Neurosci 2, 791–805 (1982).

 34. Fendt, M., Li, L. & Yeomans, J. S. Brain stem circuits mediating prepulse inhibition of the startle reflex. Psychopharmacology 156, 
216–224. https ://doi.org/10.1007/s0021 30100 794 (2001).

 35. Burhans, M. S. et al. Iron deficiency affects acoustic startle response and latency, but not prepulse inhibition in young adult rats. 
Physiol Behav 87, 917–924. https ://doi.org/10.1016/j.physb eh.2006.02.014 (2006).

 36. Unger, E. L., Bianco, L. E., Burhans, M. S., Jones, B. C. & Beard, J. L. Acoustic startle response is disrupted in iron-deficient rats. 
Pharmacol Biochem Behav 84, 378–384. https ://doi.org/10.1016/j.pbb.2006.06.003 (2006).

 37. Vymazal, J., Kramska, L., Brozova, H., Ruzicka, E. & Rulseh, A. M. Does serial administration of gadolinium-based contrast agents 
affect patient neurological and neuropsychological status? Fourteen-year follow-up of patients receiving more than fifty contrast 
administrations. J Magn Reson Imaging https ://doi.org/10.1002/jmri.26948  (2019).

 38. Cocozza, S. et al. MRI features suggestive of gadolinium retention do not correlate with Expanded Disability Status Scale worsening 
in Multiple Sclerosis. Neuroradiology 61, 155–162. https ://doi.org/10.1007/s0023 4-018-02150 -4 (2019).

 39. Haley, T. J., Raymond, K., Komesu, N. & Upham, H. C. Toxicological and pharmacological effects of gadolinium and samarium 
chlorides. Br J Pharmacol Chemother 17, 526–532. https ://doi.org/10.1111/j.1476-5381.1961.tb011 39.x (1961).

 40. Chen, R. et al. Parallel comparative studies on mouse toxicity of oxide nanoparticle- and gadolinium-based T1 MRI contrast agents. 
ACS Nano 9, 12425–12435. https ://doi.org/10.1021/acsna no.5b057 83 (2015).

 41. Xia, Q. et al. Gadolinium-induced oxidative stress triggers endoplasmic reticulum stress in rat cortical neurons. J Neurochem 117, 
38–47. https ://doi.org/10.1111/j.1471-4159.2010.07162 .x (2011).

 42. Biagi, B. A. & Enyeart, J. J. Gadolinium blocks low- and high-threshold calcium currents in pituitary cells. Am J Physiol 259, C515-
520. https ://doi.org/10.1152/ajpce ll.1990.259.3.C515 (1990).

 43. Lansman, J. B. Blockade of current through single calcium channels by trivalent lanthanide cations. Effect of ionic radius on the 
rates of ion entry and exit. J Gen Physiol 95, 679–696. doi:https ://doi.org/10.1085/jgp.95.4.679 (1990).

 44. Fingerhut, S. et al. Gadolinium-based contrast agents induce gadolinium deposits in cerebral vessel walls, while the neuropil is 
not affected: an autopsy study. Acta Neuropathol 136, 127–138. https ://doi.org/10.1007/s0040 1-018-1857-4 (2018).

 45. Heuser, J. E. & Reese, T. S. Evidence for recycling of synaptic vesicle membrane during transmitter release at the frog neuromuscular 
junction. J Cell Biol 57, 315–344. https ://doi.org/10.1083/jcb.57.2.315 (1973).

 46. Wu, L. G., Hamid, E., Shin, W. & Chiang, H. C. Exocytosis and endocytosis: modes, functions, and coupling mechanisms. Annu 
Rev Physiol 76, 301–331. https ://doi.org/10.1146/annur ev-physi ol-02111 3-17030 5 (2014).

 47. Shi, C. et al. Transportation in the interstitial space of the brain can be regulated by neuronal excitation. Sci Rep 5, 17673. https ://
doi.org/10.1038/srep1 7673 (2015).

 48. Tabb, J. S., Kish, P. E., Van Dyke, R. & Ueda, T. Glutamate transport into synaptic vesicles. Roles of membrane potential, pH gradi-
ent, and intravesicular pH. J. Biol. Chem. 267, 15412–15418 (1992).

 49. Egashira, Y. et al. Unique pH dynamics in GABAergic synaptic vesicles illuminates the mechanism and kinetics of GABA loading. 
Proc Natl Acad Sci USA 113, 10702–10707. https ://doi.org/10.1073/pnas.16045 27113  (2016).

 50. Deike-Hofmann, K. et al. Glymphatic pathway of gadolinium-based contrast agents through the brain: overlooked and misinter-
preted. Invest Radiol https ://doi.org/10.1097/RLI.00000 00000 00053 3 (2018).

 51. Taupitz, M. et al. Gadolinium-containing magnetic resonance contrast media: investigation on the possible transchelation of Gd(3)
(+) to the glycosaminoglycan heparin. Contrast Media Mol Imaging 8, 108–116. https ://doi.org/10.1002/cmmi.1500 (2013).

 52. Hartig, W. et al. Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by peri-
neuronal nets presumed as a buffering system for cations. Brain Res. 842, 15–29, doi:https ://doi.org/10.1016/s0006 -8993(99)01784 
-9 (1999).

 53. Roughley, P. J. & Lee, E. R. Cartilage proteoglycans: structure and potential functions. Microsc Res Tech 28, 385–397. https ://doi.
org/10.1002/jemt.10702 80505  (1994).

 54. Seidenbecher, C. I., Smalla, K. H., Fischer, N., Gundelfinger, E. D. & Kreutz, M. R. Brevican isoforms associate with neural mem-
branes. J Neurochem 83, 738–746. https ://doi.org/10.1046/j.1471-4159.2002.01183 .x (2002).

 55. Deepa, S. S. et al. Composition of perineuronal net extracellular matrix in rat brain: a different disaccharide composition for the 
net-associated proteoglycans. J Biol Chem 281, 17789–17800. https ://doi.org/10.1074/jbc.M6005 44200  (2006).

 56. Iwata, M. & Carlson, S. S. A large chondroitin sulfate proteoglycan has the characteristics of a general extracellular matrix com-
ponent of adult brain. J Neurosci 13, 195–207 (1993).

 57. Yoshioka, N. et al. Abnormalities in perineuronal nets and behavior in mice lacking CSGalNAcT1, a key enzyme in chondroitin 
sulfate synthesis. Mol Brain 10, 47. https ://doi.org/10.1186/s1304 1-017-0328-5 (2017).

https://doi.org/10.1097/RLI.0000000000000352
https://doi.org/10.1097/RLI.0000000000000352
https://doi.org/10.1007/s10534-004-1224-x
https://doi.org/10.1007/s00234-019-02256-3
https://doi.org/10.1007/s00234-019-02256-3
https://doi.org/10.1097/RLI.0000000000000447
https://doi.org/10.1097/RLI.0000000000000447
https://doi.org/10.1016/j.yrtph.2017.12.016
https://doi.org/10.1016/j.yrtph.2017.12.016
https://doi.org/10.1097/RLI.0000000000000417
https://doi.org/10.1148/radiol.2018180135
https://doi.org/10.1002/art.22925
https://doi.org/10.1016/0730-725x(90)90055-7
https://doi.org/10.1007/s002130100794
https://doi.org/10.1016/j.physbeh.2006.02.014
https://doi.org/10.1016/j.pbb.2006.06.003
https://doi.org/10.1002/jmri.26948
https://doi.org/10.1007/s00234-018-02150-4
https://doi.org/10.1111/j.1476-5381.1961.tb01139.x
https://doi.org/10.1021/acsnano.5b05783
https://doi.org/10.1111/j.1471-4159.2010.07162.x
https://doi.org/10.1152/ajpcell.1990.259.3.C515
https://doi.org/10.1085/jgp.95.4.679
https://doi.org/10.1007/s00401-018-1857-4
https://doi.org/10.1083/jcb.57.2.315
https://doi.org/10.1146/annurev-physiol-021113-170305
https://doi.org/10.1038/srep17673
https://doi.org/10.1038/srep17673
https://doi.org/10.1073/pnas.1604527113
https://doi.org/10.1097/RLI.0000000000000533
https://doi.org/10.1002/cmmi.1500
https://doi.org/10.1016/s0006-8993(99)01784-9
https://doi.org/10.1016/s0006-8993(99)01784-9
https://doi.org/10.1002/jemt.1070280505
https://doi.org/10.1002/jemt.1070280505
https://doi.org/10.1046/j.1471-4159.2002.01183.x
https://doi.org/10.1074/jbc.M600544200
https://doi.org/10.1186/s13041-017-0328-5


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:22385  | https://doi.org/10.1038/s41598-020-79374-z

www.nature.com/scientificreports/

 58. Popelar, J. et al. The absence of brain-specific link protein Bral2 in perineuronal nets hampers auditory temporal resolution and 
neural adaptation in mice. Physiol Res 66, 867–880 (2017).

 59. Radbruch, A. et al. Is small fiber neuropathy induced by gadolinium-based contrast agents?. Invest Radiol 55, 473–480. https ://
doi.org/10.1097/RLI.00000 00000 00067 7 (2020).

 60. FDA. Guidance for Industry. Estimating the maximum safe starting dose in initial clinical trials for therapeutics in adult healthy 
volunteers., https ://fda.gov/downl oads/Drugs /Guida nceCo mplia nceRe gulat oryIn forma tion/Guida nces/ucm07 8932.pdf (2005).

 61. Kilkenny, C. et al. Animal research: reporting in vivo experiments: the ARRIVE guidelines. Br J Pharmacol 160, 1577–1579. https 
://doi.org/10.1111/j.1476-5381.2010.00872 .x (2010).

 62. Urbach, Y. K. et al. Automated phenotyping and advanced data mining exemplified in rats transgenic for Huntington’s disease. J 
Neurosci Methods 234, 38–53. https ://doi.org/10.1016/j.jneum eth.2014.06.017 (2014).

 63. Jost, G. et al. Signal increase on unenhanced T1-weighted images in the rat brain after repeated, extended doses of gadolinium-
based contrast agents: comparison of linear and macrocyclic agents. Invest Radiol 51, 83–89. https ://doi.org/10.1097/RLI.00000 
00000 00024 2 (2016).

 64. Fischer von Mollard, G., Sudhof, T. C. & Jahn, R. A small GTP-binding protein dissociates from synaptic vesicles during exocytosis. 
Nature 349, 79–81, doi:https ://doi.org/10.1038/34907 9a0 (1991).

 65. Ahmed, S., Holt, M., Riedel, D. & Jahn, R. Small-scale isolation of synaptic vesicles from mammalian brain. Nat Protoc 8, 998–1009. 
https ://doi.org/10.1038/nprot .2013.053 (2013).

 66. Chang, Q., Ornatsky, O. & Hedley, D. Staining of frozen and formalin-fixed, paraffin-embedded tissues with metal-labeled antibod-
ies for imaging mass cytometry analysis. Curr Protoc Cytom 82, 12 47 11–12 47 18. doi:https ://doi.org/10.1002/cpcy.29 (2017).

Acknowledgements
The authors thank Heidi von Berg, Claudia Dietz, Jörg Distler, Lisa Seyler, Dr. Roland Jurgons, Ines Krause, 
Claudia Heyer and Beate Aschauer for their motivation, excellent work, and technical assistance and Renato 
Frischknecht for sharing his expertise on perineuronal nets and constructive discussion.

Author contributions
Experiments were designed by S.v.H., F.C., and J.Hy. Behavioral experiments were conducted by J.Hy. Data analy-
sis was performed by J.Hy. with the help of S.M. and V.R. Immunohistological staining was done by J.H and J.Hy. 
with the help of V.R. Western Blot analysis, LA-ICP-MS, tissue fractionation and HPLC was conducted by J.B 
and T.F. MRI was performed by G.J. and T.B. N.C. and J.A. performed the gene expression profiling. Stereologi-
cal analysis was conducted by J.Hy. under the supervision of C.S. J.Hy. wrote the manuscript, revised by S.v.H., 
G.S., H.P., T.F. and J.B. All authors commented on the paper.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
J.B., G.J., T.F., G.S. and H.P. are employees of Bayer AG, holding marketing authorization for gadobutrol. For 
the remaining authors, no conflicts of interest are declared. This study has been partially funded by Bayer AG.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-79374 -z.

Correspondence and requests for materials should be addressed to S.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1097/RLI.0000000000000677
https://doi.org/10.1097/RLI.0000000000000677
https://fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm078932.pdf
https://doi.org/10.1111/j.1476-5381.2010.00872.x
https://doi.org/10.1111/j.1476-5381.2010.00872.x
https://doi.org/10.1016/j.jneumeth.2014.06.017
https://doi.org/10.1097/RLI.0000000000000242
https://doi.org/10.1097/RLI.0000000000000242
https://doi.org/10.1038/349079a0
https://doi.org/10.1038/nprot.2013.053
https://doi.org/10.1002/cpcy.29
https://doi.org/10.1038/s41598-020-79374-z
https://doi.org/10.1038/s41598-020-79374-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comprehensive phenotyping revealed transient startle response reduction and histopathological gadolinium localization to perineuronal nets after gadodiamide administration in rats
	Results
	Animal model confirmed increased SI and the presence of residual Gd in the brain after multiple administrations of the linear GBCA gadodiamide. 
	General activity, emotional status and gait were not affected. 
	Transient startle response reduction observed in gadodiamide treated rats. 
	Multiple GBCA administrations showed no effect on the number of neurons or general pathway deregulation in DCN. 
	Gd brain distribution in gadodiamide administered animals partially overlaps with aggrecan immune staining. 
	Residual Gd segregates to high molecular weight fraction in the brain. 

	Discussion
	Methods
	Study design. 
	Animals and doses. 
	Behavioral assays. 
	Magnetic resonance imaging. 
	Synaptosome preparation and detergent treatment. 
	Size exclusion chromatograpy (SEC) coupled to ICP-MS. 
	Immunohistology LA-ICP-MS. 
	Statistical evaluation. 
	Ethical statement. 

	References
	Acknowledgements


