© 2019 The Authors. Published by the British Institute of Radiology
https:/doi.org/10.1259/bjr.20190062

Revised:
26 March 2019

Received:
14 January 2019

Accepted:
23 April 2019

Cite this article as:
Kartamihardja AAP, Hanaoka H, Andriana P, Kameo S, Takahashi A, Koyama H, et al. Quantitative analysis of Gd in the protein content of
the brain following single injection of gadolinium-based contrast agents (GBCASs) by size exclusion chromatography. Br J Radiol 2019; 92:

20190062

FULL PAPER

Quantitative analysis of Gd in the protein
content of the brain following single injection of
gadolinium-based contrast agents (GBCAs) by size

exclusion chromatography

'ACHMAD ADHIPATRIA PERAYABANGSA KARTAMIHARDJA, MD, PhD, 2HIROFUMI HANAOKA, PhD,
'PUTRI ANDRIANA, Msc, 3SATOMI KAMEO, PhD, 'AYAKO TAKAHASHI, MD, PhD, *HIROSHI KOYAMA, MD, PhD and

'YOSHITO TSUSHIMA, MD, PhD

'Department of Diagnostic Radiology and Nuclear Medicine, Gunma University Graduate School of Medicine, Japan
?Department of Bioimaging and Information Analysis, Gunma University Graduate School of Medicine, Japan
SDepartment of Public Health, Gunma University Graduate School of Medicine, Japan

Address correspondence to: Professor Yoshito Tsushima
E-mail: yoshitotsushima@gunma-u.ac.jp

Objective: To investigate the role of transporter proteins
in gadolinium (Gd) distribution and retention in the
brain after one high-dose injection of Gd-based contrast
agent (GBCA).

Methods and materials: 30 ddY mice were randomly
divided into three treatment groups to be intrave-
nously injected with either Gadodiamide (linear GBCA),
Gadobutrol (macrocyclic GBCA), or Gadoterate (macro-
cyclic GBCA) at a dose of 5mmol/kg, while five mice in the
control group received 250uL saline. Five minutes (5min)
and ten days (10d) post-injection, the cerebrospinal fluid
(CSF), choroid plexus (CP), and meninges and associated
vasculature (MAV) were collected. The brain was then
dissected to obtain the olfactory bulb, cerebral cortex,
hippocampus, cerebellum, and brainstem. Proteins were
extracted and separated by a size-exclusion high-per-
formance liquid chromatography (SEC) system, and Gd
concentrations were quantified by inductively coupled
plasma mass spectrometry (ICP-MS).

Results: 5 m post-injection, the Gadodiamide group
had the highest Gd concentration, while Gadoterate
had the lowest Gd concentration in all parts of the brain
(p < .05). Gd concentration was highest in the cerebro-
spinal fluid (CSF) of the Gadodiamide group (578.4 *

INTRODUCTION

The paramagnetic properties of gadolinium (Gd) improve
the diagnostic yield of MRI. Chelation of Gd greatly reduces
its toxicity and enables its rapid elimination from the body.
However, recent findings of unwanted signal intensity
increase, which has been suspected to be related to Gd

135.3nmol), while Gd concentration was highest in MAV
in the Gadobutrol group (379.7 + 75.4nmol) at 5min
post-injection. At 10d, in spite of the significant decrease
of Gd from all GBCAs ( p < 0.01), retained Gd from Gado-
diamide was detected all over the brain in several mole-
cules that varied in size. Gd from Gadobutrol detected
in the olfactory bulb (8.7 + 4.5nmol) was significantly
higher than in other parts of the brain. Although most
Gd from Gadobutrol was found in molecules similar in
size to Gadobutrol, it was also found in several protein
molecules of molecular size larger than the contrast
agents. Only a small amount of Gd from Gadoterate was
found in the brain.

Conclusion: GBCAs may be able to pass through intact
brain barriers, and the chemical structures of GBCAs
may affect the penetration capability of Gd into the
brain. Retained Gd in the brain tissue from Gadodiamide
and Gadobutrol may be bound to some organic mole-
cules, including proteins.

Advances in knowledge: Intact GBCA are able to pene-
trate a series of brain barrier immediately after admin-
istration regardless the type of the chelate. Gd may be
bound with macromolecules that may cause Gd reten-
tion in the brain.

retention in the brains of patients with normal renal func-
tion, have invited heated discussion, especially on the safety
of Gd-based contrast agent (GBCA) applications in clin-
ical practice."” An in vitro study showed that GBCAs may
disrupt the action of thyroid hormone on thyroid receptors
of cerebellar Purkinje cells.> An in vivo study showed that
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in utero exposure to GBCAs may impair memory function and
coordination of adult mice.* The clinical implications of these
findings have yet to be confirmed.

Although several studies have provided evidence of Gd retention in
the brain,> the pathway of Gd penetration into the brain has yet
to be elucidated. In order for Gd to be distributed into the brain,
it must pass through a series of barriers that prevent the uptake of
most substances: the blood-brain barrier (BBB), the circumventric-
ular organs (CVO), and the blood-cerebrospinal fluid (CSF) barrier
(choroid plexus).'” These brain barrier systems protect the brain
from harmful substances and regulate brain homeostasis.'*!! They
may also prevent uptake of heavy metals by the brain,'? including
intravenously administered GBCAs.

Stability and dissociation rates have been generally accepted to be
crucial factors of Gd retention. Compared to macrocyclic GBCAs,
the thermodynamic and kinetic parameters of linear GBCAs are
less stable with higher dissociation rates.'* Released Gd may bind
to organic molecules, leading to Gd retention in the organs.'*!®
Gd is a heavy metal with an ionic radius similar to calcium,'®"’
s0 it might penetrate brain barriers through the activity of Ca**
binding proteins or metal transporters. There is evidence that some
commercially available GBCAs possess weak binding properties
to proteins,'®!” suggesting the possibility of endogenous proteins
such as transferrin or albumin playing a role in Gd distribution into
the brain. In addition, it has been reported that GBCAs potentially
enter the brain by penetrating the choroid plexus, regardless of the
chelate structure type.’ Chromatographic methods such as size
exclusion chromatography (SEC) can separate molecules based on
their size, including large molecules such as proteins that may bind
with Gd.

In this bioanalytic study, we investigated potential Gd-binding
proteins in brain tissue by size-exclusion high-performance
liquid chromatography (SEC).

METHODS AND MATERIALS

The institutional animal care and use committee of our insti-
tution approved all procedures in this study. 35 ddY mice (6
weeks old; mean weight 28.8 + 0.8 g) were randomly divided into
three treatment groups (n = 10 per group) to be intravenously
injected with one injection (5 mmol/kg) of either Gadopentetate
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(Magnevist, 0.5 mol 1"'; Bayer Yakuhin Ltd., Osaka, Japan),
Gadobutrol (Gadovist, 1 mol 1"%; Bayer Yakuhin Ltd., Osaka,
Japan) or Gadoterate (Magnescope, 0.5 mol 1"'; Fuji Pharma,
Toyama, Japan). Saline (5 mL/kg) was intravenously adminis-
tered to five mice in the control group. All mice were housed in
an approved animal facility with ad libitum access to food and
water. Mice injected with different types of GBCAs were housed
separately, and the author was blinded to the GBCA injected
when the sample collection was done.

Injection and sampling protocol

The brain was collected either 5 min (n = 5/group) or 10d (n = 5/
group) after the GBCA injection. Before we euthanized the mice,
CSF was collected by the method established by Liu et al with
slight modifications.?! In brief, the mice were anesthetized by 3%
isoflurane and the nape skin was shaved. Then, the mouse was
placed prone on the stereotaxic equipment above a heating pad.
When the head was secured, the surgical site was swabbed clean
with 70% ethanol, and a 2 cm sagittal incision was made. Under a
dissection microscope, the subcutaneous tissue and muscle were
separated with forceps. After the mouse head was positioned at
an approximately 135° angle with the body, the dura mater of
the cisterna magna was exposed. The tapered tip of a glass capil-
lary tube was inserted to the cisterna magna through the dura
mater, lateral to the dorsal spinal artery. Roughly 10 uL of CSF
was carefully collected from each mouse. The absence of blood
contamination was observed visually.

Transcardial perfusion using phosphate buffer solution (PBS)
was performed after CSF collection to remove excess blood
from the brain. The mouse was euthanized by cervical dislo-
cation under anesthesia. The brain was obtained and kept in
ice-cold Hanks’ balanced salt solution (HBSS) for 5 min. Subse-
quently, the choroid plexus (CP) and the meninges and associ-
ated vasculature (MAV) were carefully collected by the method
described by Bowyer et al.** Then, the brain was dissected under
a dissecting microscope, and samples from the olfactory bulb,
cerebral cortex, hippocampus, cerebellum and brainstem were
collected (Figure 1). Tissue protein extraction reagent (T-PER;
Thermo Scientific Inc., Japan) was added to the samples at a ratio
of 1:10. After homogenization, the samples were subjected to
centrifugation at 4°C and 10.000g for 5 min. The soluble fraction

Figure 1. Schematic diagram of dissected mouse brain showing olfactory bulb, cerebral cortex, hippocampus, cerebellum, brain-

stem, choroid plexus and MAV.
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of the sample was collected and filtered by a 0.22 um filter for
molecular separation analysis.

Molecular separation method by SEC system

A high-performance SEC system (Waters Corp., Milford, MA),
consisting of the Waters 600 controller, Waters 600 pump, and
Waters 2487 Dual A Absorbance Detector equipped with a
TOSOH size-exclusion column (TSK gel superSW3000; column
size: 4.6 mm LD. x 30 cm; particle size: 4 um, Tosoh, Tokyo,
Japan) was used to separate the analytes based on their molec-
ular size. The mobile phase was an aqueous buffer containing
100 mM ammonium acetate at a pH of 6.8, and the flow rate
was 0.35 mL/min. After 100 UL of sample was injected, 20 frac-
tions with a run time of 1 min/fraction were collected for mass
spectrometry analysis. Transferrin, albumin and 10 pM of each
respective contrast agent were used as standards to predict the
molecular size distribution as interpreted on the chromatogram.
The analytes with larger molecular size are separated earlier by
the SEC machine, thus transferrin (80 kDa) and albumin (63
kDa) will elute faster than the GBCAs. The molecular weights
of Gadopentetate, Gadobutrol and Gadoterate are 0.93 kDa, 0.6
kDa and 0.75 kDa, respectively.

Inductively coupled plasma mass spectrometry
(ICP-MS) analysis for Gd concentration

The sample fractions collected from SEC underwent wet diges-
tion with 100 pL of HNOj; and 50 uL of H,O, for 1 h. Then,
1.5 ml ultra-purified water was added to each sample. '**Gd in
each sample was measured by ICP-MS system ELAN" DRC II
(PerkinElmer Inc., Waltham, MA). Verification of the ICP-MS
system was performed using a linear regression graph of different
concentrations of a standard Gd solution. Quantification of the
ICP-MS analysis were verified in concentrations of up to 1.5
pmol (R = 0.99). The limit of detection (LoD; 0.04 nmol) and
limit of quantification (LoQ; 0.19 nmol) of Gd concentration
were determined based on pulse intensity of 15 nmol Gd stan-
dard solution.
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Data analysis

All data were presented as mean and standard deviation (SD).
The average Gd concentrations of each group were assessed using
analysis of variance, followed by post-hoc Tukey’s honest signifi-
cant difference (HSD) test. SPSS software (version 24; IBM-SPSS,
Inc., Chicago, IL) was used for data analyses. A p value of < 0.05
was considered to be statistically significant.

RESULTS

Gd concentration and the protein separation at
5min post-injection

The Gadopentetate group had the highest Gd concentration of
the three GBCA groups (p < .05) in all parts of the brain. The
highest Gd concentration from Gadopentetate was detected in
the CSF (578.4 + 135.3 nmol) followed by MAV (570.8 + 183.7
nmol) and CP (179.9 + 49.4 nmol). Of the brain tissues, the
highest Gd concentration was found in the cerebellum (143.1 +
49.9 nmol), followed by the olfactory bulb (104.1 + 20.2 nmol).
The highest concentrations of Gd were found in molecules
similar in size to Gadopentetate (0.93 kDa; Figure 2a).

In the Gadobutrol group, the highest Gd concentration was
found in the MAV (379.7 + 75.4 nmol). The concentrations of
Gd accumulated in the CSF and CP were 286.1 + 58.0 nmol and
83.9 + 19.9 nmol, respectively. The Gd concentrations among the
remaining dissected brain parts were similar (p = .28, Table 1).
The detected molecules with highest Gd concentration were
consistent with the size of Gadobutrol (0.6 kDaj; Figure 2b).

The Gadoterate group had the lowest average Gd concentration
compared to the other treated groups (p < .01) in all samples.
Gd from Gadoterate was detected at the highest concentration
in CSF (204.8 + 40.9 nmol) of the areas examined. Gd found in
the CP (27.9 + 11.1 nmol) and the MAV (57.0 + 14.4 nmol) of
the Gadoterate group was significantly lower than that in the
Gadopentetate and Gadobutrol groups (p < .01). Gd concen-
tration was highest in the olfactory bulb (45.9 + 12.0 nmol),

Figure 2. Total Gd concentration in the mouse brain based on protein molecular size at 5 min after Gadopentetate (a), Gadobutrol(b)
or Gadoterate(c) injection. Gadopentetate has the highest Gd concentration, while Gadoterate has the lowest concentration. The
lines show the average pulse intensity on ICP-MS, while the symbol represents the total concentration of Gd (nmol).
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Table 1. Gd concentration in the brain of the mouse at 5 min and 10d after the injection of GBCAs, analyzed by ICP-MS

Control Gadopentetate Gadobutrol Gadoterate Gadopentetate Gadobutrol Gadoterate
(nmol) (nmol) (nmol) (nmol) (nmol) (nmol)

Olfactory bulb b 104.1 +20.2¢ 47.9+12.3 459 +12.0 83+28 8.7+45 b
Cerebral cortex b 52.8 +16.9 60.9 £6.2 14.5 + 6.0¢ 11.8 +7.0° 34+12 b
Hippocampus b 51.7 + 14.6 40.5+ 135 8.3 +2.5¢ 7.9+ 1.3° 34+1.6 bd
Cerebellum b 143.1 + 49.9° 58.3 +24.6 10.9 + 5.5¢ 8.9 +3.5° 42+33 0.5+0.2
Brainstem b 89.6 +24.1° 55.6 +17.7 10.0 +3.7¢ 9.0 +6.2° 23407 0.6+0.4
CP b 179.9 + 49.4° 83.9+19.9 279 +11.1¢ 22.6+13.9 38.6 +8.2° 2.1+1.6°
MAV b 570.8 + 183.7 379.7 £ 75.4 57.0 + 14.4¢ 14.1+8.0 30.9 + 14.8° 14402
CSF b 578.4 + 135.3° 286.1 + 58.0 204.8 +40.9 57+22 3.9+23 b

CP: Choroid plexus; CSF: Cerebrospinal fluid; MAV: Meningeal artery and vasculature.
All data are expressed by mean * SD. p value of Gadopentetate, Gadobutrol and Gadoterate group at 5 min compared to the 10d group of

the respective agent were <.01.

2ANOVA p value among GBCAs group was <.01
PLower than the limit of quantification
“Significantly higher than the other GBCAs
dsignificantly lower than the other GBCAs

compared to the other parts of the brain. In all areas of the brain,
the highest Gd concentrations were observed at minute 13,
which was consistent with the molecular size of Gadoterate (0.75
kDa; Figure 2c).

Gd concentration and protein separation at 10d
post-injection

Ten days post-injection, Gd concentrations in the Gadopentetate
and Gadobutrol groups were above the LoQ, while the average
Gd concentration in the Gadoterate group was barely detected in
the brain tissue. Gd in the CSF of all three GBCA treated groups
was also barely detected.

Gd concentrations of the Gadopentetate group in each part of
the dissected brain were significantly decreased compared to 5
min post-injection (p <.01), although small amounts of Gd were

detected in the columns of molecular sizes larger than Gadopen-
tetate (0.93 kDa), and small amounts were similar in size to
albumin and transferrin (Figure 3a).

Similar results were also found in the Gadobutrol group. In brain
tissue, the concentration of Gd retained in the Gadobutrol group
was lower than that in the Gadopentetate group (p < .01) in all
parts. However, it was higher in CP compared to other GBCAs
(p < .01). In the Gadobutrol group, the olfactory bulb (8.7 + 4.5
nmol) had a significantly higher concentration of Gd compared
to the other parts (3.4 + 1.9 nmol; p = .03). Although small
amounts Gd from Gadobutrol was found in molecules with a size
similar to Gadobutrol, it was also found in several molecules with
molecular sizes larger than contrast agents (>0.6 kDa; Figure 3b).
Meanwhile, a small amount of Gd from Gadoterate was detected
in molecules with a size similar with intact Gadoterate.

Figure 3. Total Gd concentration in the mouse brain based on protein molecular size at 10d after Gadopentetate (a), Gadobutrol(b)
or Gadoterate(c) injection. At 10d, there is a significant reduction of Gd concentration compared to the concentration at 5 min.
Almost all Gd from Gadoterate was eliminated, while some Gd from Gadopentetate and Gadobutrol was retained throughout the

brain.
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Figure 4. Proposed mechanism of GBCAs distribution into
the brain via choroid plexus at 5 min. (@) Gd may bind with
macromolecules and be distributed into the brain with the
CSF, and may separates during its distribution into the brain.
(b) Gd forms a weak bond with protein transporter in the cir-
culation and enters the choroid plexus. Within the epithelial
cells, these molecules separate from Gd and returns to the
circulation, while Gd is secreted with CSF. (c) GBCAs may
enter the brain via metal transporter or ion channel located
on the choroid plexus membrane and secreted with CSF. (d)
Delayed elimination of GBCA may cause Gd to separate from
the chelate and bind with endogenous molecules,resulting in
the formation of soluble complex and/or insoluble precipita-
tion. The soluble complex may be eliminated faster through
the glymphatic system, while the insoluble precipitation may
be retained longer in the brain tissue.
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DISCUSSION

All GBCAs used in this study passed through the brain barrier
within 5 min post-injection, regardless of the type of chelate.
After 10d, several endogenous molecules were bound to Gd
from Gadopentetate and Gadobutrol, while Gd from Gadoterate
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was found only in the molecules with a size similar with chelated
form.

The total amount of Gd penetrating the brain barrier after 5 min
varied among the three GBCAs. Gadopentetate had the highest
penetration through the brain barrier, while Gadoterate had
the lowest. These differences in Gd concentrations distributed
in to the brain suggest that the chemical structures of GBCAs
may play an important role in Gd distribution into the brain. In
addition, the highest amount of Gd was detected in a fraction
similar to that of GBCAs at 5 min, and Gd is unlikely to disso-
ciate from GBCAs in such a short time. These results suggest that
Gd may be able to penetrate the brain barrier and be distributed
throughout the brain tissue in chelated form. Since it may be
difficult for GBCAs to penetrate the brain barrier by themselves,
some penetration mechanism may be required. We suspect that
GBCAs may bind with some transporters in the blood, and that
these mediate the transport of GBCA via the choroid plexus.
The binding of GBCAs with the transporter may be weak and
these complexes may be dissociated during analysing process.
This would explain why the SEC only detected small molecules.
The GBCAs in the CSF might then be distributed throughout
the brain, with some penetrating deeply into the brain. Since the
process of brain penetration of molecules is very slow,* the Gd
observed in this study 5 min post-injection might be located in
the extracellular space of the brain, while the Gd retained in the
tissue at 10d may be located deep in the brain tissue.

In order for drugs, including GBCAs to enter the brain, they must
penetrate the protective blood-brain barrier (BBB), circumven-
tricular organs (CVO), and blood-cerebrospinal fluid barrier
(choroid plexus).* The tight junctions of the BBB endothelial
cells lack permeability and inhibit the free diffusion of water-sol-
uble molecules.”® Post-contrast MRI scans show no enhance-
ment in the intra parenchymal portion of the BBB, suggesting
that Gd cannot penetrate the brain via the BBB.?® Although the
CVO consists of extensive vasculature and fenestrated capil-
laries of the blood vessels,” its surface area is much smaller than
the BBB,”**® suggesting that the CVO may not have significant
involvement in Gd distribution into the brain.

On the other hand, the choroid plexus allows transport of select
substances into the CSE, including drugs.”® The choroid plexus
actively secrets the CSF into the ventricles, and is the source of
80% CSF in the brain circulation.”” We suspect that GBCAs may
be able to pass through this selective barrier since high concen-
tration of Gd in the CSF was found at 5 min post-injection. Taoka
et. al. described the transition of gadopentetate from blood to
CSF in no time as depicted by dynamic MRI, thus supporting
our hypothesis that GBCAs are likely to be distributed via the
choroid plexus.*® Our result is also in accordance with Jost et. al.,
who state that considerable amount of GBCA was found in the
CSF at 4 h after the injection of contrast agents.*’

Conventional GBCAs have very little to no protein binding capa-
bility. We investigated the possibility of Gd binding with trans-
ferrin in vivo using SEC. Transferrin can be distinguished easily
on the chromatogram, yet at 5 min post-injection we found no

50f 8 birpublications.org/bjr

Br J Radiol;92:20190062


http://birpublications.org/bjr

BJR

significant traces of interaction between GBCAs and transferrin.
There are two binding sites in transferrin that may interact with
Gd enabling its distribution through the choroid plexus. Given
the fact that the binding affinity of Gd to its chelates is at least 10°-
fold higher than that to transferrin,® it is unlikely that transmeta-
lation occurs in the presence of transferrin. Meanwhile, albumin
possesses specific sites for binding metal ions as well as calcium.
Human serum albumin (HSA) has four sites that can bind with
ligands, and a specific site for metal ions.*"** While albumin
cannot pass through the BBB under normal conditions, it has
been reported that it can pass through the choroid plexus.”>~**
Although it is possible that GBCAs interact with albumin and its
binding proteins that were expressed in choroid plexus epithelial
cells, the binding properties are likely very low. We also found
no significant levels of albumin bound with GBCAs at 5 min
post-injection. Considering one of the functions of the choroid
plexus functions is preventing heavy metals from entering the
brain, GBCAs may be transported into the brain through certain
pathways, such as through channels, pumps or co-transporters,
rather than just a simple filtration.

GBCAs dose in this study were equal to 0.4 mmol/Kg in humans*®
and were especially selected to observed the Gd-bound mole-
cules at 10d after a single injection. At 10d, there was a small
amount of Gd observed in multiple forms in the Gadopentetate
and Gadobutrol groups. Proteins compose 10-13% of the brain
content,” including protein transporters and neurotransmitter
proteins. Calcium channels, another potential binding site for
Gd, are also expressed in neurons®*This may explain the low
concentration of proteins found at 10d containing Gd from
Gadopentetate and Gadobutrol. Also, other macromolecules
may be the target of Gd transmetalation and eventually retained
longer in the brain tissue.

Higher Gd concentrations in the olfactory bulb indicated that the
glymphatic system may be responsible for Gd elimination from
the brain.*” The glymphatic system is a functional waste system
of perivascular tunnels in the central nervous system. After being
secreted by the choroid plexus, CSF will mix with the interstitial
fluid (ISF) in order to facilitate brain metabolism, including the
removal of waste and metabolites. A study of the olfactory nerves
revealed that CSF and large contrast molecules drained into the
veins and/or lymph vessels outside the nerve.*” Moreover, Illif et al
successfully described the brain waste pathway by using a dynamic
scan with contrast agents. They showed that after contrast injec-
tions through the cisterna magna, the CSF influx for CSF-ISF
change was found in several areas, and the CSF-ISF (and injected
contrast) eventually reached the olfactory bulb.*' The neuroprotec-
tive function of the glymphatic system works at its highest during
sleep, when the brain removes toxic wastes.** This elimination
process was also observed in a previous study, showing that injec-
tion of gadopentetate during long anaesthesia may lead to lower
concentration of Gd deposition in the tissue.*® Since the chem-
ical structure of GBCAs differ, especially between the linear and
macrocyclic type, the distribution and elimination process of each
GBCA through the glymphatic system may also differ.

Kartamihardja et a/

Delayed elimination of GBCAs from the brain may affect GBCA’s
kinetic stability, causing Gd to be dissociated from the chelate,
and lead to Gd retention. Previous study showed that linear
GBCAs may interfere with iron homeostasis and significantly
increased cellular iron uptake from transferrin-dependent
pathway.*’ Free iron is known to be involved in transmetala-
tion of GBCAs and in extent were implicated in the pathogen-
esis of NSE Both clinical and animal studies have confirmed
gadolinium retention in the brain, especially in areas with high
concentrations of iron, including the dentate nucleus of the
cerebellum.” These areas are specifically affected by neurode-
generative disorders related to metal accumulation. Thus, Gd
retained in these areas may be a potential risk for negative effect
to brain function.

The chemical forms observed in this study were exclusively
contained in the soluble portions. At 10d after injection, large
molecular size proteins extracted from the brain of the Gadopen-
tetate injected mice contained a higher concentration of Gd and
had a greater variation in size compared to the Gadobutrol and
Gadoterate groups. In order to exhibit signal intensity increase
at low concentrations, Gd must attach to large macromolecules
with slow tumbling rates.** These macromolecules (attached
to Gd) may be responsible for the persistent signal intensity
increase on T)-weighted images reported in previous studies.>*’
This would partially explain the hyperintensity being washed out
when the use of the contrast agents is stopped.*® Higher concen-
trations of linear contrast agents in the brain may contribute to
higher Gd retention, and this may partially explain the phenom-
enon of retention when linear contrast agents are used in clinical
practice.

There were some limitations to this study. The sample was exclu-
sively proteins that were contained in the soluble portion of the
samples, and the speciation of the insoluble form is unknown.
Although samples were separated by molecular size, deter-
mining exactly which protein or macromolecule was bound
to Gd was not possible due to the large number of molecules
found in the brain. Also, the exact species of Gd could not be
determined.

CONCLUSION

In conclusion, intact GBCAs may penetrate the brain barrier to
be distributed into the brain tissue, and the chemical structures
of GBCAs may affect the penetration capability of Gd into the
brain. After 10 days, Gd from gadopentetate and gadobutrol
detected in the brain tissue was bound to several large macro-
molecules. Although exactly which molecules were bound to Gd
has yet to be elucidated, this mechanism may play a role in Gd
retention in the brain.
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