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Brain Iron Distribution after Multiple Doses
of Ultra-small Superparamagnetic Iron Oxide
Particles in Rats

Andrew W Gorman,""* Kofi M Deh,>* Caspar M Schwiedrzik,® Julie R White,* Ernest Victor Groman,’® Clark A Fisher,®
Kelly M Gillen,? Pascal Spincemaille,” Skye Rasmussen,” Martin R Prince,* Henning U Voss,”
Winrich A Freiwald,® and Yi Wang?

The purpose of this study is to determine the effects of high cumulative doses of ultra-small paramagnetic iron oxide
(USPIO) used in neuroimaging studies. We intravenously administered 8 mg/kg of 2 USPIO compounds daily for 4 wk to
male Sprague-Dawley rats (Crl:SD). Multiecho gradient-echo MRI, serum iron levels, and histology were performed at the
end of dosing and after a 7-d washout period. R2* maps and quantitative susceptibility maps (QSM) were generated from
multiecho gradient-echo data. R2* maps and QSM showed iron accumulation in brain ventricles on MR images acquired at
the 4- and 5-wk time points. Estimates from QSM data showed ventricular iron concentration was equal to or higher than
serum iron concentration. Histologic analysis revealed choroid plexus hemosiderosis and midbrain vacuolation, without iron
deposition in brain parenchyma. Serum iron levels increased with administration of both compounds, and a 7-d washout
period effectively reduced serum iron levels of one but not both of the compounds. High cumulative doses from multiple,
frequent administrations of USPIO can lead to iron deposition in brain ventricles, resulting in persistent signal loss on
T2*-weighted images. Techniques such as QSM are helpful in quantifying iron biodistribution in this situation.

Abbreviations: USPIO, ultra-small paramagnetic iron oxide; QSM, quantitative susceptibility mapping; ROI, region of interest;

TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling

Functional neuroimaging capitalizing on MR T2*-weighted
imaging is greatly aided by the use of iron-based contrast agents
such as ultra-small paramagnetic iron oxide (USPIO) particles.
USPIO particles such as monocrystalline iron oxide nanopar-
ticles isolate the cerebral blood flow component of the blood-
oxygenation-level-dependent signal and thus provide enhanced
sensitivity, reduced large-vessel contribution, improved spa-
tial specificity, and easier interpretation than conventional,
blood-oxygenation-level-dependent-based functional MRI*
Therefore, they are increasingly being used in preclinical ani-
mal®* and human®” functional neuroimaging studies. Often,
longitudinal studies necessitate multiple small doses of USPIO
particles, thus resulting in a large cumulative dose.>*%7 Re-
peated dosing in human patients occurs when these compounds
are used in the treatment of anemia from iron deficiencies and
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as drug-delivery vehicles.®®”* However, information is limited
regarding the effects of repeated or high cumulative doses on
MR image quality, iron biodistribution, and long-term health
effects. Data regarding follow-up pathology is especially sparse.
In part, the lack of detailed studies in this area is due to the dif-
ficulty of visualizing and quantifying iron biodistribution by
using MRI. USPIO nanoparticles are visible as darker regions on
T2*-weighted images because they increase the magnetic field
inhomogeneity in their vicinity, resulting in an increase in effec-
tive relaxation time (that is, T2*) and a consequent signal loss
that extends beyond the physical size of the nanoparticle. R2*
(that is 1/T2*) mapping is an image processing technique that
converts the T2* signal loss into a bright marker for improved
visualization and quantification of iron.'**#" Because the T2*
signal loss extends beyond the physical size of the USPIO, the
R2* value is, in general, not proportional to the USPIO amount.
In addition to the effects of iron concentration, R2* depends on
other variables that affect relaxation, including contrast agent
size, mobility, and magnetic field environment.*””* Strong T2*
effects encountered in high dosing experiments can lead to
strong signal losses, making R2* values unreliable.”” Alterna-
tively, iron can be quantified by using quantitative susceptibility
mapping (QSM), an image-processing method that inverts the
magnetic field-to-source equation to reconstruct the true mag-
netic susceptibility distribution in an object from the MR phase
images.!617304749647275 [ron estimation using QSM is highly re-
producible;'®? independent of environment; free of artifactually
increased signal (blooming artifact), resulting in a more accurate
representation of size;?'#? and linear even at high concentrations.
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These features make QSM more suitable than R2* mapping for
USPIO quantification in high-dosing experiments.

USPIO compounds consist of an iron oxide core surrounded
by a carbohydrate shell that protects the core from contact with
blood components.”” These compounds have been applied as
experimental contrast agents to enhance the functional MRI sig-
nal#?%40563 in the treatment of anemia from iron deficiencies,
and as drug-delivery vehicles.®*”* Core size and coating affect
the pharmacologic and biologic properties of USPIO, includ-
ing clearance rate, iron bioavailability, and activity in vivo.*"
In 2009, the US Food and Drug Administration approved the
USPIO Feraheme (generic name, ferumoxytol; AMAG Phar-
maceuticals, Waltham, MA) for the treatment of iron-deficiency
anemia in patients with chronic kidney disease.” The recom-
mended dosing for Feraheme is 2 individual 510-mg (about
10 mg/kg) doses administered at least 3 d apart. Toxicity stud-
ies, involving a recommended human dose of approximately
37 mg/kg administered daily by intravenous injection for 4 wk
to rat and dogs, demonstrated no adverse effects .” Dosing for
imaging experiments varies with application but can range from
2 to 10 mg/kg in humans,>*%7 8 to 10 mg/kg in NHP>4% and
1 to 15 mg/kg in rats.®®”® Repeated administration of USPIO for
MRI occurs in MRI-based monitoring of asymptomatic carotid
stenosis® and in experimental studies where data is acquired
longitudinally.*®

Here, we studied the effects of multiple USPIO administra-
tions (dose, 8mg/kg IV) in rats; this dose is within the range
typically reported in imaging experiments>*043863697075 and
has a sufficiently long duration to provide insight into the ef-
fects of multiple exposures. We studied the effects of 2 commer-
cially available USPIO—ferumoxytol (Feraheme) and Molday
ION (BioPhysics Assay Laboratory, Worcester, MA)—to deter-
mine whether differences in formulation have biologic effects
associated with repeat dosing. Molday ION (30 nm) is similar in
size to ferumoxytol (17 to 31 nm) but has a different coating and
charge. We noninvasively quantified iron concentration changes
over time by using QSM. In addition, we assessed iron accumu-
lation in brain tissue by using histopathology, free iron release
from USPIO by using serum analysis, and immune response by
performing WBC counts.

Materials and Methods

Study design. Rats were randomly assigned to 1 of 4 treatment
groups: group 1 (n =7), daily administration of ferumoxytol (Fe-
raheme, AMAG Pharmaceuticals) for 4 wk (28 to 31 d); group 2
(n =7), daily administration of ferumoxytol for 4 wk followed
by a 7-d washout period; group 3 (1 = 8), daily administration of
Molday ION (catalog no. CL-30Q02-7, BioPhysics Assay Labo-
ratory) for 4 wk; and group 4, daily administration of Molday
ION for 4 wk followed by a 7-d washout period (1 = 6). In each
group, 8 mg Fe/kg of USPIO (either ferumoxytol or Molday
ION) was administered daily through a jugular catheter. During
the 7-d washout period, rats were not given any USPIO treat-
ment. All animals received baseline MRI scans prior to USPIO
dosing. Baseline serum iron levels were obtained from blood
collected during catheter placement surgery and before the first
dose of USPIO was administered. All rats underwent MRI at
their respective endpoints and were euthanized through carbon
dioxide overdose within 48 h after completion of a follow-up
scan. This time window was necessary to accommodate imag-
ing availability times and the ability to process bloodwork in a
timely manner. Immediately after euthanasia, whole blood was
collected for analyses of serum iron levels, CBC, and serum bio-
chemistry. Individual group size began at 10 rats, but animals
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whose catheters became nonpatent or dislodged were removed
from the study and euthanized.

Animals and procedures. Animals. Male Sprague-Dawley rats
(Crl:SD; n = 28; age, 8 to 10 wk) were obtained from Charles
River Laboratories (Worcester, MA). Animals were housed in-
dividually in standardized ventilated microisolation cages (115
in%; Thoren, Hazelton, PA) with corncob bedding (Bed-o-cobs,
The Andersons, Maumee, OH) and nesting material (Enviro-dri,
Shepherd Specialty Papers, Milford, NJ). Rats had unrestricted
access to irradiated rodent laboratory chow (LabDiet 5053, Pu-
rina Mills International, St Louis, MO) and acidified municipal
tap water. Rats were maintained on a 12:12-h light:dark cycle,
with an average ambient room temperature of 22 °C and 30%
to 70% relative humidity. Colony health status was monitored
quarterly, and animals tested free of the following agents: Sen-
dai virus, pneumonia virus of mice, sialodacyroadenitis-rat
coronavirus, rat parvovirus, rat minute virus, Kilham rat virus,
Toolan H1 virus, reovirus type 3, lymphocytic choriomeningitis
virus, rat theilovirus, rat adenovirus, Hantavirus, cilia-associ-
ated respiratory bacillus, Mycoplasma pulmonis, Clostridium pili-
forme, Encephalitozoon cuniculi, Salmonella spp., Cornynebacterium
kutscheri, Klebsiella pneumoniae, Klebsiella oxytoca, Pasteurella pneu-
motropica, Pseudomonas aeruginosa, Streptobacillus moniliformis,
Streptococcus pneumoniae, B-hemolytic Streptococcus spp., pin-
worms, fur mites, and enteric pathogens. All animal use was ap-
proved by the Weill Cornell Medical College IACUC (protocol
no. 2014-0053). The animal care and use program at Weill Cor-
nell Medical College is AAALAC-accredited, and all animals are
maintained in accordance to the recommendations provided in
the Guide for the Care and Use of Laboratory Animals.”

Surgical procedures. After a 1-wk acclimation period, rats
were anesthetized in an isoflurane induction chamber and
maintained under isoflurane anesthesia by nosecone. Each
rat’s eyes were lubricated with ophthalmic ointment. Animals
were provided analgesia comprising carprofen (5 mg/kg SC)
preoperatively and local infiltration of bupivacaine (5 mg/kg)
postoperatively. The ventral neck and intrascapular regions
were clipped and prepared for aseptic surgery. A 1.5- to 2.0-cm
incision was made in the ventrolateral aspect of the neck, paral-
lel and 0.5 cm lateral to the midline. The left external jugular
vein was gently dissected free of surrounding fascia. The cranial
aspect of the jugular vein was stabilized and ligated by using
4-0 poliglecaprone suture. Venotomy was performed by using
Vannas scissors. A sterilized polyethylene and silicone jugular
catheter (Braintree Scientific, Braintree, MA) was inserted to the
level of the first retention bead and sutured in place by using 4-0
poliglecaprone suture at the level of the retention bead. Approx-
imately 300 pL whole blood was collected from the catheter for
baseline serum iron levels. The catheter was then flushed with
0.2 to 0.3 mL saline and capped by using a small piece of steril-
ized 50-Ib fishing line. When the insertion in the left vein was
problematic (4 of 28 catheters placed), an approach to the right
external jugular vein was performed. The catheter was tunneled
subcutaneously to exit through an approximately 1-cm inci-
sion created in the intrascapular region. Catheter patency was
assessed by using a 1-mL syringe to aspirate until blood was
visible in the catheter. The first dose of USPIO was given at this
time, followed by flushing with 0.2 mL saline and 0.2 mL sterile
catheter lock solution (heparinized glycerol: 500 IU of heparin in
50% glycerol). The skin incisions were closed by using 3-0 nylon
suture. Rats were housed individually postoperatively for the
duration of the study, to prevent removal of or damage to the
catheter by conspecifics.



MRI data acquisition and postprocessing. All MRI was per-
formed on a 7.0-T scanner (Biospin BioSpec 70/30 USR, Bruker,
Billerica, MA) using a custom birdcage coil. T2*-weighted im-
ages were acquired with a 3D multiecho gradient-echo sequence
with 6 echoes; echo time, 3.2 ms; flip angle, 15°; matrix size, 150
x 150 x 22; voxel size, 0.2 X 0.2 x 1.0 mm?; and recovery time,
22.5 ms. Rats were anesthetized for MRI by using isoflurane
(induction, 3% to 5%; maintenance, 1% to 3%). Complex im-
ages were saved in the Digital Imaging and Communications in
Medicine format from the MRI scanner and imported into MAT-
LAB (R2012a, The MathWorks, Natick, MA) for postprocessing.
All echoes from the Digital Imaging and Communications in
Medicine images were combined into a complex MATLAB data
structure for convenient processing into 3 types of images. Mag-
nitude images were generated by taking the sum of squares of
the absolute of the complex data structure.® R2* images were
generated from the absolute value of the complex data by using
a fast monoexponential Auto Regression on Linear Operations
fitting algorithm.> A voxel-wise nonlinear fit of the multiecho
complex data was performed to produce a field map, which
was unwrapped by using a graph-cut algorithm.?*# A binary
mask was generated for QSM reconstruction by digitally strip-
ping the skull from the rat’s head on the magnitude image by
using the Brain Extraction Tool software® and binarizing the
skull-free brain data by using a selected threshold of the pixel
value. This step usually improves the quality of the QSM map
by restricting the range of susceptibility values that are recon-
structed.”” The QSM map was then constructed by total field
inversion of the unwrapped field, with the preconditioner set
to 1 for voxels inside the mask and 1000 for voxels outside the
mask, a regularization (1) value of 1000, and iteratively regular-
ized least-squares error correction. An outline of the procedure
is shown in Figure 1 A.

Quantitative imaging analysis. Regions of interest (ROI) were
prescribed on the central slice of the magnitude image by using
the Waxholm Space rat brain atlas as a guide.® The brain regions
analyzed were the corpus callosum, striatum, thalamus, hypo-
thalamus, cortex, and ventricles. Mean QSM voxel values for
ROI drawn on 3 brain slices in these regions were recorded (Fig-
ure 1 B). Susceptibility values of CSF measured in the ventricles
are typically used as convenient references for other regions of
the brain for QSM quantification,'®** but this approach was not
possible because of considerable enhancement of the ventricles
after contrast injection. However, we noted that the susceptibil-
ity values measured in the hypothalamus region showed the
least standard deviation (Figure 1 B). This observation is consis-
tent with the limited vascularity of the thalamic region of the rat
brain and provides justification for the use of the hypothalamus
as the reference region. The mean ROI values, referenced to the
hypothalamus, were converted to contrast agent concentration
by division with the molar susceptibility of ferumoxytol and
Molday ION, which were determined from a phantom calibration
to be 440 + 32 ppm L/mol and 1013 + 36 ppm L/mol, respectively.

Hematology and serum chemistry, including serum iron levels.
Baseline iron serum levels were assessed by using whole blood
collected via syringe through the jugular catheter and aliquoted
into a serum separator and EDTA blood collection tubes. CBC
and serum chemistry analyses were performed (Laboratory of
Comparative Pathology, Center for Comparative Medicine, Me-
morial Sloan Kettering Cancer Center). Serum iron levels were
measured by using a colorimetric assay. After chronic USPIO
administration followed by CO, inhalation euthanasia, whole
blood was collected by cardiocentesis into a serum separator
and EDTA blood collection tubes. Serum biochemistry, CBC,
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Figure 1. (A) An outline of the postprocessing steps for generating
quantitative images from gradient-echo (GRE) Digital Imaging and
Communications in Medicine images (DIACOMS) by using autore-
gression on linear operations (ARLO) fast monoexponential fitting for
R2* maps and total field inversion (TFI) for QSM maps. T2*-weighted
(T2*W) images were generated by using sum-of-squares estimation.
(B) Mean values and standard deviations of mean susceptibility val-
ues from ROI in selected regions of the rat brain. Sample ROI are
shown on the inset image. The brain regions analyzed were the corpus
callosum (CC), third ventricle (3V), left ventricle (LV), striatum (Str),
thalamus (Th), neocortex (CTX), and hypothalamus (H).

and serum iron levels were assessed by the same methods as for
the baseline analysis. Hematology and chemistry results were
evaluated by using reference values of male CRL:CD(SD).*
Necropsy and histopathology. A complete gross necropsy was
performed without fixative perfusion on all rats immediately
after euthanasia. The brain, liver, and spleen were fixed in 10%
buffered formalin. Representative sections of the brain, liver,
and spleen were embedded in paraffin, sectioned at 5 pm, and
stained with hematoxylin and eosin. A board certified veteri-
nary pathologist evaluated all tissue sections. Four coronal sec-
tions of the brain were evaluated, to include all areas from the
forebrain to the brainstem, paying particular attention to areas
that corresponded to ROI on MRI. Standard sections of all other
tissues were evaluated for the presence and severity of iron ac-
cumulation (hemosiderosis) and for cellular damage resulting
from iron accumulation (hemochromatosis). Staining with Prus-
sian blue was done on brain tissues of all groups and liver and
spleen of some animals at the discretion of the veterinary pa-
thologist, to confirm the presence of iron. Tissue hemosiderosis
severity for each treatment group was determined according
to the quantity of iron-containing cells. Tissues assessed by the
veterinary pathologist were subjectively ranked on a score of 0
to 4, according to the intensity of uptake of Prussian blue stain:
0, no uptake; 1, minimal uptake; 2, mild; 3, moderate; and 4,
severe tissue hemosiderosis. Sections were also evaluated for
inflammation, degenerative changes, and any other noteworthy
lesions. When tissue vacuolation was observed, activated cas-
pase 3 (Cleaved caspase 3 [Asp175] Antibody, catalog no. 9661,
Cell Signaling, Danvers, MA) and terminal deoxynucleotidyl
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Figure 2. Magnitude, R2*, and QSM images from MRI gradient-echo
imaging of rat brains before and after (A) 4 wk of daily injections and
(B) 4 wk of daily injections and 1 wk without injections. Each image
was postprocessed from all echoes of the gradient-echo acquisition
as described in the Methods section. Contrast enhancement with re-
peated dosing of ferumoxytol and Molday ION was primarily local-
ized to the ventricles.

transferase-mediated dUTP nick-end labeling (TUNEL) stain-
ing'?** were done on select brain sections to confirm true degen-
erative changes and rule out tissue processing artifacts.

Data analysis. Comparison of discrete variables of choroid
plexus hemosiderosis and midbrain vacuolation between feru-
moxytol and Molday ION study groups were evaluated by us-
ing x? analyses. Continuous variables were evaluated by using
ANOVA with Bonferonni posthoc analyses for all differences
that achieved statistical significance (that is, P < 0.05). One-
sample f tests were used to compare mean WBC, ALT, and AST
values for the overall study population and all study groups
against reference values. Two-way repeated-measures ANOVA
was used to evaluate between-group differences in iron concen-
tration of the corpus callosum, third ventricle, lateral ventricle,
caudate putamen, thalamus, neocortex, and globus pallidus
from baseline to 4 wk. All analyses were performed by using
SPSS version 22.0 (IBM, Armonk, NY). Rats removed from
study due to catheter nonpatency or loss were not included in
data analysis.

Results

Animals and procedures. Individual group size began at
n =10, but rats whose catheters became nonpatent or dislodged
were removed from the study and euthanized. In addition,
3 animals (10% of study population) had mild facial edema
postoperatively, which resolved spontaneously within 48 h
after surgery.

Quantitative MRI. Representative axial views of the brains
of rats injected with ferumoxytol and Molday ION are shown
in Figure 2. Each column shows the magnitude, R2*, and QSM
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Figure 3. Iron concentration (mean = SEM [error bars]) over all rats
estimated by using QSM values for selected brain regions in rats re-
ceiving (A) ferumoxytol or (B) Molday ION. Iron concentrations are
calculated from the difference between the QSM values at baseline
and endpoint, relative to the hypothalamus. Thus, the USPIO concen-
tration at baseline is assumed to be 0. Significant differences (Student

t test) are indicated as *, P < 0.05; t, P < 0.01; and f, P < 0.001.

images for the central slice of the MRI image at baseline and after
4 wk of daily USPIO injections without and with 1 wk of wash-
out. Contrast enhancement with repeated dosing was primar-
ily localized to the ventricles and exhibited large variability
between different rats. The USPIO concentration estimates for
each brain region averaged over all rats in each group are shown
in Figure 3. The largest changes in USPIO concentration after
4 wk of USPIO administration occurred in the ventricles. At
1 wk after the last dose, estimates of USPIO concentration in the
ventricles showed a significant increase for rats (P = 0.0002) that
received ferumoxytol and a nonsignificant increase (P = 0.71)
for rats that received Molday ION. Estimates of USPIO con-
centrations for ROI in brain regions appeared to show a slight
increase in the striatum and corpus callosum for rats receiving
ferumoxytol and a decrease in the same regions for rats receiv-
ing Molday ION after 1 wk of washout (Figure 3).

Necropsy and histopathology. No abnormalities were noted
during gross necropsy. Prussian blue staining of the brain re-
vealed variable iron deposition only within the choroid plexus
(Figure 4 A and B). Rats that received 4 wk of ferumoxytol were
negative for hemosiderin within the choroid plexus, those given
4 wk ferumoxytol followed by 1 wk of washout had a mean
score of 0.43 (range, 0 to 1), animals administered 4 wk of Mol-
day ION had a mean score of 0.62 (range, 0 to 2), and those that
had 4 wk of Molday ION and a 1-wk washout had a mean score
of 0.66 (range, 0 to 2; P = 0.176). All groups demonstrated sub-
jectively severe (score, 4) hemosiderosis of the liver and spleen
(Figure 4 C and D) without associated degenerative changes.
Hemosiderin, identified by Prussian blue staining, was pres-
ent in macrophages in the splenic white and red pulp and in
hepatic Kupffer cells. In addition, the unexpected pathologic
tissue change of midbrain parenchyma vacuolation (Figure 4
E and F) was ranked according to severity by using a scale of 0
(no change) to 4 (severe vacuolation), yielding a score of 2 for all
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Figure 4. Choroid plexus from (A) a rat with a hemosiderosis score of 0 (no iron accumulation) and (B) a rat with a hemosiderosis score of 2
(moderate iron accumulation). (C) Liver and (D) spleen also showed iron accumulation. Prussian blue staining. Midbrain from (E) a rat with
a vacuolation score of 0 (no vacuolation) and (F) a rat with a vacuolation score of 2 (moderate vacuolation). Midbrain of a rat with a vacuola-
tion stained with (G) TUNEL and (H) caspase. Black arrows indicate vacuolation; red arrows indicate TUNEL-positive cells. TUNEL-positive
staining suggests that vacuolation is not a processing artifact, and caspase-negative staining suggests that these cells are undergoing apoptosis.
All rats depicted in the photomicrographs received Molday ION, but the findings are representative of the scoring systems used to evaluate all

experimental groups. Scale bars, 200 um.
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Figure 5. Scores (mean *+ SEM [error bars]) for (A) choroid plexus hemosiderosis and (B) midbrain vacuolation after 4 wk of dosing without and
with 1 wk of washout are shown for rats that received ferumoxytol and Molday ION.

animals that received 4 wk of ferumoxytol and mean scores of
1.4 for those given 4 wk ferumoxytol followed by 1 wk of wash-
out, 0.63 for rats administered 4 wk of Molday ION, and 0.83
for that had 4 wk of Molday ION and a 1-wk washout, with a
range of 0 to 2 for all animals (P = 0.008; Figure 5). Vacuolation
was noted on sections stained with hematoxylin and eosin. The
positive TUNEL staining in these sections suggests that vacuola-
tion is the result of degenerative changes and rules out vacuola-
tion as a tissue-processing artifact.

Hematology and serum chemistry, including serum iron levels.
All rats exhibited significant increases in serum iron from base-
line to endpoint (Figure 6). When compared with ferumoxytol,
Molday ION yielded a larger serum iron increase (P = 0.001).
Postdosing serum iron levels were lower in the Molday ION
group with washout than without washout (P = 0.01). No ani-
mals exhibited adverse clinical effects during the USPIO dosing
or washout period.

Hematology showed elevated WBC counts in some rats and
a significant (P = 0.036) increase in the WBC counts of the feru-
moxytol groups when compared with the Molday ION groups.
WBC counts did not differ between groups with or without

washout (P = 0.150). Serum chemistry values showed that
some animals in all groups had elevated ALT and AST values,
although no significant differences emerged when ferumoxy-
tol was compared with Molday ION (P = 0.311 and P = 0.668
respectively) when washout was not considered. In rats given
Molday ION, ALT showed an increase from 129.6 without
washout to 741.3 after washout (P = 0.017).

Discussion

The results of this study show that rats receiving daily, in-
travenous USPIO injections exhibit signal changes within the
brain ventricles on MRI. Estimates of iron concentration in the
CSF by using QSM were as high (for Molday ION) or higher
(ferumoxytol) than that in serum. A 7-d washout period did not
reduce the USPIO content in brain ventricles on MR images.
An unexpected finding of this study was that repeated dosing
of USPIO resulted in degenerative midbrain vacuolation
similar to observations reported in mice lacking iron regulatory
protein (IRP2), which regulates the transcription of transferrin
and ferritin.*
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Figure 6. Serum iron levels (mean + SEM [error bars]) showed sig-
nificant increases for each group after 4 wk of dosing. Serum iron was
significantly higher for rats given Molday ION compared with feru-
moxytol. Serum iron in rats given Molday ION was significantly lower
without washout than with a 1-wk washout. Significant differences
(Student ¢ test) are indicated as *, P < 0.05; 1, P < 0.01; {, P < 0.001; and
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Increased total iron content of the brain has been reported
after iron nanoparticle injection, but those studies did not per-
form MRI quantification to obtain brain iron biodistribution.**
The results of our study demonstrate strong and persistent
localization of iron to the choroid plexus and ventricles. The
exact mechanism by which iron from USPIO is incorporated
into the choroid plexus and CSF has yet to be identified. Previ-
ous studies have established that USPIO are taken up by brain
macrophages, particularly perivascular and choroid plexus
macrophages.®® Our study confirms liver and spleen as major
sites for the deposition of USPIO;* excess USPIO are known
to accumulate in other macrophage-rich organs, including the
lungs and fatty tissue, especially when injected in high doses.*!
Although we did not test for macrophages in the CSF, reports
of macrophage trafficking through the choroid plexus suggest
that they may be a route of iron entry into the CSE”' In addition,
free iron is released from USPIO inside macrophage vesicles
for storage in ferritin or transfer to the plasma.’*' Free iron in
the plasma is bound by transferrin to form a complex that is
taken up by receptor-mediated endocytosis into capillary-lining
endothelial cells at the blood-brain barrier. The iron—transferrin
complex is exported from the endothelial cell into the brain’s
CSF, where it is subsequently exported into the lateral ven-
tricles through the choroid plexus. CSF flows from the lateral
ventricles into the third ventricle, continuing along the cerebral
aqueduct and the fourth ventricle, eventually emptying into the
subarachnoid space.®® Consequently, iron is transported to all
ventricles, resulting in MRI signal changes in the brain ventri-
cles. How iron is reabsorbed from the ventricular fluid back into
the plasma is still subject to speculation, although the process is
believed to occur through the arachnoid villi that protrude into
the venous sinuses."* The failure of a 1-wk clearance period to
significantly reduce CSF iron levels in the current study indi-
cates incomplete elimination in this model after a maximum of
1 wk of washout and suggests that the mechanism for brain iron
elimination may be similar to that previously reported for man-
ganese: a receptor-mediated expulsion from the brain into CSF,
followed by diffusion-mediated reentry from the CSF back into
the plasma.” Although ROI analysis appeared to reveal slight
changes in iron content in the striatum and corpus callosum,
these changes may be attributed to changes within the cerebral
blood vessels rather than to deposition of iron in the brain pa-
renchyma, because histology revealed no such deposition.

The different patterns of serum iron accumulation exhibited
by the 2 USPIO formulations may be understood by compar-
ing their half-lives. Because both compounds have similar
size, the difference in their half-lives depends primarily on the
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difference in surface charges because of their respective coating.
More positively charged surface coatings are expected to bind
more readily to negatively charged serum components, form-
ing large aggregates, which are rapidly cleared by the mono-
nuclear phagocyte system, thus resulting in a shorter half-life.®*
By design, ferumoxytol has a strongly negative surface coating
to minimize binding to serum components, for maximal accu-
mulation in the liver. Conversely, Molday ION is coated with a
weakly negative reduced dextran coating for extended blood
half-life and increased accumulation in the lymph nodes. The
reported half-life for ferumoxytol in rats is 67 min,* whereas
that of dextran-coated Ferumoxtran 10 (also known as Sinerem
and Combidex; AMAG Pharmaceuticals), which is similar to
Molday ION, is about 150 min.® However, increased concentra-
tion and repeated dosing can have effects on apparent half-life,
because the normal clearance mechanisms may be overloaded
and therefore do not reflect the half-life when nanoparticle con-
centration is limiting. During dosing, serum iron continued to
increase for both ferumoxytol and Molday ION groups. How-
ever, the shorter half-life of ferumoxytol likely allows for more
rapid iron clearance once dosing is discontinued, thus support-
ing the decrease in serum iron after a washout period in feru-
moxytol-treated rats, whereas the decrease was nonsignificant
in the Molday ION group.

Histopathology after chronic dosing with and without wash-
out revealed iron accumulation only in the choroid plexus.
This finding is consistent with the fact that neurons generally
lack ferritin, the iron-storage protein.* Midbrain vacuolation
was identified histologically, and necrosis was confirmed by
TUNEL immunohistochemistry. Midbrain vacuolation, which
serves as an early sign of cell death, does not occur spontane-
ously in normal rats of the age used in these experiments. Be-
cause mechanisms for iron uptake into neurons and astrocytes
exist,'"® an intriguing possibility is that vacuole formation in the
midbrain of rats may be linked to increased uptake of iron by
neuronal bodies, leading to cell damage through oxidative stress
from reactive oxygen species created by the Fenton reaction,
which is catalyzed by ferrous iron released from USPIO.%>"%
Specifically designed long-term iron-dosing studies are necessary
to further investigate the possibility that free iron from USPIO
administration contributes to the production of highly reactive
hydroxyl radicals and thus promotes cell death.

Rats in the ferumoxytol groups showed elevated WBC counts
compared with those in the Molday ION groups. WBC patterns
were consistent with a stress leukogram of lymphopenia and
monocytosis. They also are consistent with reports of increases
in WBC count when animals are exposed to USPIO by inhala-
tion,* an effect that has been interpreted as due to the immune’s
system effort to eliminate USPIO through circulating WBC such
as monocytes.* The washout period did not have a significant
effect on reducing WBC counts in either the ferumoxytol or
Molday ION groups and suggests a longer washout period is
required for return to normal WBC count. ALT and AST were
elevated in several animals in all groups, with a significant
increase in ALT in the Molday ION group without washout
compared with washout. Although these findings are usually
indicative of liver pathology, no pathologic changes were seen
on hepatic histopathology. The only change noted on histology
of the liver was hemosiderosis confirmed with Prussian blue
staining, which was not accompanied by tissue pathology. The
elevation in liver enzymes may be indicative of early hepatic
pathology or subclinical elevation. Measuring organ weights
should be considered for future studies, but weight may not be
an accurate way to assess iron accumulation in the spleen, for



which weight can vary widely due to the presence of lymphoid
hyperplasia and extramedullary hyperplasia. Future studies
could consider measuring tissue iron directly or by electron
microscopy. Although hemosiderin can be found in the spleen
of aged rats as a result of extramedullary hematopoiesis, the
veterinary pathologist deemed the levels found as a result of
USPIO administration to be well beyond what is typically seen
inrats.

All groups started with 10 rats each, but several animals from
each group were unable to complete the study due to loss of
catheter or catheter patency. Although we anticipated some
attrition, the use of an absorbable suture material may have
contributed to the larger-than-expected values. Poliglecaprone
suture has an absorbable half-life of 7 to 14 d, with a rapid loss
of tensile strength. We recommend using a nonabsorbable su-
ture in future studies.

More generally, the results obtained in our current study
suggest that patients receiving frequent USPIO injections for
repeated imaging or blood or iron transfusions should be moni-
tored by using a contrast technique such as QSM or suscepti-
bility-weighted imaging. Two radiologic notes have reported
darkening of the choroid plexus on T2*- and susceptibility-
weighted images of patients receiving transfusions.” The first
involved a 7-y-old boy with Diamond-Blackfan anemia who
was transfusion-dependent by the age of 4. Laboratory stud-
ies showed excessively high blood iron levels and decreased
signal intensity on the choroid plexus on T2-weighted MRI.*
Similar results were obtained from a 16-y-old woman, who ex-
hibited the additional symptoms of a headache, dizziness, and
numbness in the arms.*” In studies where USPIO compounds
are given repeatedly, concurrent administration of an iron chela-
tion agent should be considered, in efforts to reduce serum iron
levels and potential for tissue accumulation. An FDA-approved
iron chelator, deferiprone, has been shown to effectively chelate
iron in the brain associated with Friderich ataxia.' In contrast to
iron-chelation agents that target hepatic and splenic iron stores,
deferiprone can reduce brain iron accumulation without inter-
fering with normal brain iron signaling.”** Additional studies,
which include control animals, to assess the efficacy and safety
of chelation agents in preventing or eliminating iron accumula-
tion in the brain as a result of chronic USPIO administration are
warranted.
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