1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Alzheimers Dis. Author manuscript; available in PMC 2016 March 21.

-, HHS Public Access
«

Published in final edited form as:
J Alzheimers Dis. 2013 ; 34(2): 349-365. doi:10.3233/JAD-121171.

SPION-Enhanced Magnetic Resonance Imaging of Alzheimer’s
Disease Plaques in ABPP/PS-1 Transgenic Mouse Brain

Laurel O. Sillerud®”, Nathan O. Solberg?, Ryan Chamberlaind, Robert A. Orlando?, John E.
Heidrich®, David C. BrownP, Christina I. Brady?, Thomas A. Vander Jagt®°, Michael
Garwood¢, and David L. Vander Jagt®¢

aDepartment of Biochemistry and Molecular Biology, University of New Mexico School of
Medicine, Albuquerque, NM, USA

bDepartment of Pathology, University of New Mexico School of Medicine, Albuquerque, NM, USA
¢Quatros LLC, Albuquerque, NM, USA

dThe Center for Magnetic Resonance Research and Department of Radiology, University of
Minnesota Medical School, Minneapolis, MN, USA

Abstract

In our program to develop non-invasive magnetic resonance imaging (MRI) methods for the
diagnosis of Alzheimer’s disease (AD), we have synthesized antibody-conjugated,
superparamagnetic iron oxide nanoparticles (SPIONSs) for use as an in vivo agent for MRI
detection of amyloid-p plaques in AD. Here we report studies in ABPP/PS1 transgenic mice, which
demonstrate the ability of novel anti-ABPP conjugated SPIONSs to penetrate the blood-brain barrier
to act as a contrast agent for MR imaging of plaques. The conspicuity of the plaques increased
from an average Z-score of 5.1 + 0.5 to 8.3 = 0.2 when the plaque contrast to noise ratio was
compared in control AD mice with AD mice treated with SPIONs. The number of MRI-visible
plaques per brain increased from 347 + 45 in the control AD mice, to 668 + 86 in the SPION
treated mice. These results indicated that our SPION enhanced amyloid-f3 detection method
delivers an efficacious, non-invasive MRI detection method in transgenic mice.
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INTRODUCTION

Alzheimer’s disease (AD), a slowly progressive and ultimately terminal neurological
disorder, is the most prevalent form of cognitive impairment observed in elderly Americans,
affecting more than 5.3 million people [1]. Hallmark histological abnormalities of AD
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include the deposition of amyloid plaques [2] and fibrillar aggregates of the microtubule
associated protein tau [3]. The “amyloid cascade hypothesis’ [4, 5] is currently the most
widely accepted AD etiology. Fundamental to this hypothesis is the incorrect processing of
the amyloid-p protein precursor (APPP) by y-secretase, giving rise to the pathological 40-42
amino acid long cleaved peptide known as amyloid-B (AB) [6], which results in neurotoxic
oligomers and the aggregated fibrils of plaques [7-11]. Genetic mutations associated with
early-onset AD have been isolated to chromosome 21 in the gene for ABPP [7, 12],
chromosome 14 in the gene for presenilin 1 (PS-1), and chromosome 1 in the gene for
presenilin 2 (PS-2) [13]. Transgenic mice bearing these mutated human genes recapitulate
most of the characteristic changes seen in humans with AD [14-16].

Because the clinical diagnosis of dementia could be due to other causes, the current
definitive diagnosis of AD primarily occurs postmortem with histological findings of
sufficient numbers of plaques [17], although recent consensus criteria emphasizing the use
of peripheral and imaging biomarkers have increased the specificity and sensitivity of the in
vivo diagnosis [18, 19]. Nevertheless, there are significant limits to the ability to
longitudinally monitor the progression or treatment of AD because there are currently no
FDA approved, non-radioactive techniques in widespread clinical practice that allow the
non-invasive detection and measurement of AD pathology in the brains of living subjects.
Magnetic resonance imaging (MRI) is widely used in other areas of medicine, including
neuroradiology, and MRI instrumentation operating at 1.5-3 Tesla is now widely available
in clinical practice. Thus, an MRI method for imaging AD inside the living brain could be
widely applied and would open this research area to a great number of quantitative
investigations in vivo where the efficacy of treatments could be determined and compared.
Although it has been possible for more than a decade [20-31] to perform MRI of plaques in
the brains of transgenic mice without the aid of contrast agents, the plaques are so small
(<50 um) that long imaging times (many hours) and very high magnetic fields (>9 T) are
usually required in order to achieve the resolution (~60 um/pixel) [26] and MRI signal to
noise ratio needed in order to distinguish the plaques from the noise in the image of the brain
tissue.

A method is needed to amplify the inherent magnetic susceptibility difference between the
water in the plaque and the surrounding brain tissue so that MRI at lower field strengths,
with shorter imaging times, could be used to determine plaque burden, distribution, and size
in the clinic in vivo without the use of ionizing radiation. Molecular targeting of the plaques
using gadolinium-containing contrast agents has demonstrated ex vivo and in vivo imaging
of the A plaques using high-field MRI [32-38, 76]. However, ionic gadolinium complexes
can leak toxic Gd3* ions, have low magnetic relaxivities, and relatively short half-lives. One
potential solution is to encapsulate the Gd3* ions within a fullerene cage [39]. Flourinated
small molecules that bind to amyloid plaques can be detected by 19F MRI [40-42] although
their low in vivo concentrations make this difficult to translate into human clinical medicine.
Alternatively, superparamagnetic iron oxide nanoparticles (SPIONs) have superior magnetic
properties [43, 44] and have low toxicity [45] since the contained ferric iron is a normal
component of the body and the amounts of iron (~1-10 uM) needed for contrast agent
administration are several orders of magnitude below the normal biological concentrations
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of iron (~5 mM) in the human brain. As an imaging contrast agent available for MRI
biomedical applications, SPIONs demonstrate high relaxivity and can be covalently
functionalized with antibodies or drug delivery systems [46, 47] avoiding the problems with
ionic Gd3* compounds. Additionally, SPIONSs have recently been approved by the FDA for
use as contrast agents for liver imaging [45], suggesting that FDA approval for human brain
studies is feasible. Our study aims to address this area of AD research by developing an
early detection method for AD that could improve prognosis and aid in treatment research.

Like in other neurodegenerative diseases, including multiple sclerosis and Parkinson’s
disease [48], AD is accompanied by neuroinflammation [16, 49-51] which is manifested as
a marked increase in the presence of activated microglia surrounding the AP plaques [52—
56]. Since this inflammation compromises the blood-brain barrier (BBB) [57-61], it was
logical to expect that suitably targeted, sufficiently-small MRI contrast agents could
penetrate the BBB and recognize the AP plaques. It followed that one could then image the
inflammatory component of AD using MRI [62, 63].

SPIONs targeted to either activated microglia [62, 64], cerebrovascular amyloid [65], or AB
plaques [66—-69] have been used in past attempts to enhance the conspicuity of the lesions in
the brains of transgenic mice, but these earlier studies would be difficult to translate into
human clinical practice because they were either invasive or required the use of poorly-
tolerated osmatic agents, such as mannitol, to open the BBB [66]. Our results show that anti-
ABPP conjugated SPIONSs can cross the BBB, bind to Af plaques, and markedly enhance
their contrast in MRI of the brains of our ABPP/PS1 transgenic mice. These non-toxic
SPIONs have potential applications to human disease. Since clinical MRI systems with
static fields in excess of 3 Tesla are widely available now, this opens the possibility that
quantitative in vivo AD research that is non-invasive and non-toxic could finally be realized
in humans.

MATERIALS AND METHODS

Reagents and antibodies

EZ Prep, SSC, liquid coverslip, cell conditioning-1 reagent (CC1), ultraView Universal
DAB detection kit, and hematoxylin counterstain were obtained from Ventana Medical
Systems, Inc. (Tucson, AZ, USA). Thioflavin-S was obtained from Sigma-Aldrich Corp.
(St. Louis, MO, USA). Mouse anti-ApPP A4 monoclonal antibody, clone 22C11 was
obtained from Millipore (Billerica, MA). Rabbit (polyclonal) anti-amyloid- and rabbit
(polyclonal) anti-amyloid- precursor protein antibodies were obtained from Invitrogen
Corp. (Camarillo, CA, USA). Mouse anti-tau AB-2, clone tau-5, N-
hydroxysulfosuccinimide (Sulfo-NHS), and 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) were obtained from Thermo Fisher Scientific (Fremont,
CA, USA). Paraffin embedding, sectioning, immunohistochemistry (IHC), and Perl’s
staining for iron were performed by TriCore Reference Laboratories (Albuquerque, NM,
USA) using the Ventana BenchMark XT IHC/ISH system.
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SPION modification

Animals

The SIMAG-TCL nanoparticles (Chemicell GmbH, Berlin, Germany) were labeled
according to the manufacturer’s suggested protocol. Briefly, 5 mg of nanoparticles were
added to 5 ml of double-distilled water. The EDC and Sulfo-NHS were dissolved separately
at 1.25 mg in 50 pl of double-distilled water. These solutions were then added to the
nanoparticle solution, which was mixed on a rotating mixer for 20 min at room temperature.
The pH was adjusted to 8.0 by the addition of approximately 2 ml of 50 mM NaHCOs3.
Twenty-five pg of the appropriate antibody (either anti-ApPP or anti-tau) was added to the
activated nanoparticle solution and mixed on a rotating mixer for 2 h at room temperature.
The nanoparticles were washed twice with 10 ml double-distilled water by centrifugation at
7,500x g for 30 min at 4°C. The pellet was resuspended in 120 pl of phosphate buffered
saline (PBS; pH 7.4) containing 0.5% fetal bovine serum and stored at 4°C. The iron
concentration of the resulting nanoparticle solution was determined by the FerroZine Iron
Assay method [70]. The batches of antibody labeled nanoparticles were tested for
aggregation over time using a Superconducting Quantum Interference Device Magnetometer
(see Acknowledgments). No aggregation of these modified SIMAG nanoparticles was
detected. In our experience, these particle solutions were stable for several years when
stored at 4°C. Transmission electron microscopy showed that the SPIONSs had a core
diameter of 9.5 £ 1.0 nm. Dynamic light scattering measurements using a Zetatrac
(Microtrac Inc., Largo, FL, USA) indicated that these SPIONSs had a zeta potential of —42
mV indicating a positive surface charge which favored passage through the BBB.

All animal procedures were approved by the UNM IACUC. Six-week old, double transgenic
AD mice (B6C3-Tg(APPswe, PSEN1dE9) 85Dbo/Mmjax) were obtained from Jackson
Laboratory (Bar Harbor, ME, USA) for these studies. One transgene encoded a mouse/
human chimeric amyloid-8 (A4) precursor protein containing the double Swedish mutations
(APPswe; K595 N/M596 L). The second transgene for human PS1 contained a deletion of
exon 9 (dE9) which corresponded to an early-onset form of AD. Expression of both
transgenes was driven by a mouse prion promoter. According to the vendor (http://
jaxmice.jax.org/strain/004462.html), substantial expression of AB peptide and human
presenilin was detected after 20 weeks of age, preceding the appearance of numerous
plaques in the hippocampus and cortex by 9 months of age; astrocytosis was measurable by
12 months and by 13 months these animals showed significant cognitive impairment.
Twelve mice were allowed to progress to AD pathological fruition for 14 months, after
which time they were either killed for MRI and histology or treated with either of the two
SPION preparations (n = 6) by tail vein injection (vide supra) and were killed 24 h later. The
brains were then quickly harvested and fixed in buffered formalin for three days. Brains
used for MRI were rehydrated in PBS overnight, embedded in 2% agarose gel containing
PBS at pH 7.40, 3 mM NaN3 and stored at 4°C until imaged and then returned to formalin.
Plaque densities were measured (vide infra) for all the brains using thioflavin-S staining.
The amount of iron injected into the mice (in 100 pul of PBS) was 15.2 ug for the anti-ABPP-
SPIONs and 70.7 pg for the anti-tau SPIONs.
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The fixed brains were embedded in paraffin, sectioned into 7 um thick slices, and mounted
on glass slides. Immunohistochemistry to detect plaque was performed by Tricore Reference
Laboratories, Inc. (Albuguerque, NM, USA), a CAP certified clinical laboratory, using
rabbit anti-human A or mouse anti-human ABPP (clone 22C11) antibodies (See Reagents
and Antibodies). Digital images of the brain sections were taken with the aid of a spatially
calibrated Zeiss Axiostar-plus microscope equipped with an Axiocam 1Cc3 firewire camera
and Zeiss AxioVs40 Software.

Iron staining of anti-ABPP SPION-treated mouse brain

A tissue rehydration procedure was applied to the brain sections prior to incubation of the
slices with the anti-ABPP SPIONs and subsequent Perl’s staining for iron. The tissue
rehydration procedure was determined by translating the automated program of the Ventana
BenchMark XT IHC/ISH Staining Module into a manual method using the proprietary
Ventana bulk reagents (http://www.ventana.com/product/list/30: EZ Prep (Catalog# 950-
100), SSC (Sodium citrate, sodium chloride buffer: Catalog# 950-110), CC1 (Cell
Conditioning 1: Catalog# 950-124), Liquid Coverslip (Catalog# 650-010), and Reaction
Buffer (Tris, acetic acid, proclin 300: Catalog# 950-300)). Paraffin was removed from 7 um
thick brain sections by heating to 75°C for 4 min. EZ Prep was then added to the slide,
rinsed off with SSC, and this was repeated once. EZ Prep was added again, covered with
Liquid Coverslip, incubated at 75°C for 4 min and rinsed with SSC. Antigen retrieval was
performed by adding CC1 and then covering the section with Liquid Coverslip and
incubating at 95°C for 8 min. The slides were washed with SSC, after which the sections
were layered with CC1, covered with Liquid Coverslip and incubated at 100°C for 8 min.
This was repeated with incubation at 100°C for 12 min, washing with Reaction Buffer,
incubation in Reaction Buffer at 37°C for 4 min and washing with Reaction Buffer. The
slides were then incubated in a solution containing 1.1 ml of Universal DAB Inhibitor in 4.4
ml of Reaction Buffer. The slides were twice incubated at 37°C for 4 min with rinsing in
Reaction buffer.

In order to detect the in vitro binding of SPIONSs to brain plaques, we incubated the
rehydrated sections with 50 pl of an anti-ABPP conjugated SPION solution for 30 min. The
slides were washed three times with PBS and allowed to air dry. Control sections were
incubated with 50 pl of isotype control SPIONs conjugated to mouse anti-human tau
antibodies. The slides were then stained for iron using Perl’s reagent by Tricore, Inc., and
examined using a Zeiss Axiostar-plus microscope as above. Perl’s staining of the extracted,
fixed brains of the in vivo SPION-treated and control mice was also performed by Tricore,
Inc.

Thioflavin-S staining of AP plaques

Paraffin removal was accomplished on paraffin-embedded, 7 um thick sections of ABPP/PS1
mouse brain by heating to 75°C for 4 min. EZ Prep was then added to the slides and rinsed
with SSC. The slides were washed once more with SSC and EZ Prep was added and rinsed
with SSC. EZ Prep was added again and covered with Liquid Coverslip; the slides were
incubated at 75°C for 4 min, rinsed with SSC and rehydrated in double-distilled water at
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room temperature for 5 min. A fresh, aqueous, 0.5% (w/v) thioflavin-S solution was
prepared, filtered through a 45 um filter [22], and applied to the slides, which were then
incubated at room temperature for 5 min. The slides were rinsed with 70% ethanol,
rehydrated in double-distilled water at room temperature for 5 min, and air-dried. After
mounting the coverslips with Cytoseal XYL (Thermo Scientific, Pittsburgh, PA, USA), the
slides were viewed using a Zeiss Axioskop 2 using the fluorescein isothiocyanate filter
(Cancer Center Fluorescence Microscopy Facility, University of New Mexico, Albuquerque,
NM, USA, http://hsc.unm.edu/crtc/microscopy/).

Magnetic resonance imaging

MRI studies of this line of transgenic mice were carried out at 9.4 Tesla at the Center for
Magnetic Resonance Research at the University of Minnesota. The optimal sequence for
plaque detection, free from artifacts or signal blooming, was a multiple asymmetric spin
echo (MASE) protocol which gave T,-weighted images with a small amount of T,*-
weighting [26]. The mASE pulse sequence is a fully-adiabatic spin echo pulse sequence
where multiple echoes are acquired at each phase encoding step. This results in multiple,
fully-encoded image volumes that can be independently reconstructed then summed together
to increase SNR. A receive-only surface coil was used with a matrix of 256 x 96 pixels of 60
um each (zero-filled to 30 um each during post-processing) and 32 slices each 120 pum thick.
The mASE protocol was used with TR = 2000 ms; TE = 15-90 ms (6 evenly spaced
echoes); total acquisition time = 1 h 42 min. The six echoes were individually reconstructed
then the resulting image volumes were added together to increase the contrast-to-noise ratio
of the plaques. Plaques appeared as hypointense localized regions several pixels in diameter
in the brain images due to the decreased T, value of the plaques relative to the surrounding
tissue [26]. One hundred and ninety two MRI slices were analyzed by counting plaques in
each slice, and by computing the statistical significance of the intensity in the hypointense
plaque core versus the noise level in the surrounding tissue. This latter method produced a
statistic commonly called a Z-score, or contrast-to-noise ratio, which is the number of
standard deviations the MRI signal decreased in the plaque’s core versus the background
noise in the image of the surrounding tissue:

Avg.Bkg.— Plaque
Bkg.S.D.

Z —score=

Only plaques with Z-scores greater than 2.5 were considered significant, which implied a p-
value of 0.02, i.e., there was less than a 2% probability that a given hypointense region
resulted solely from noise in the image. An example showing how these parameters were
measured from a given plaque is given in Supplemental Figure 1.

Image analysis

Plague number and area were measured on the CCD images of the IHC brain sections with
the aid of ImageJ software [71] by thresholding and conversion of the images to binary
images. The MRI data were analyzed with the aid of ImageJ, MaximDL® (Diffraction
Limited, Ottawa, Canada) and Mathematica® (Wolfram Research, Champaign, IL, USA).
The 3D plaque distribution data were embedded within a Mathematica-rendered surface plot
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of the mouse brain generated from coordinates obtained from the Allen Institute for Brain
Science (http://www.alleninstitute.org). Briefly, the brain coordinates were stripped of
interior points to produce the set of surface points that were then rendered using Delaunay
tetrahedra (TetGen Delaunay).

RESULTS

Distribution of plague sizes in ABPP/PS1 transgenic mouse brains

The number of plaques in the brains of the transgenic mice was determined by IHC optical
microscopic examination of coronal brain sections stained with a monoclonal anti-Af
primary antibody, which revealed the plaques as brown spots (Figs. 1A, 2A). Control
sections from wild type, non-AD mouse brains showed a lack of IHC positive regions (Fig.
1B). Although plaques were observed throughout the brain, most of the plaques appeared in
the cortex in this slice (Fig. 2A). Plaque counts and areas, determined using ImageJ software
(Fig. 2B), showed that more than 90% of the plagues had areas less than 300 pm? (radius
<9.8 um) but we did observe small numbers (5-15 per 7 um slice) of plaques with areas up
to 4,780 um? (radius ~39 pm). A Gaussian fit to the distribution (Fig. 2C) gave a mean
plaque radius of 8 pm, corresponding to an area of 227 pm?, and a Gaussian width of 3.5
pum. These plaque sizes compared favorably with data (not shown) measured postmortem
from the brains of humans diagnosed with AD (mean radius 8.0 um, and width 3.5 pm for
the Gaussian fit). Wengenack et al. [72] found that ABPP/PS1 transgenic mice show an age-
dependent plaque radius that ranges from 4 to 20 um in mice aged from 3 to 14 months,
congruent with these findings.

Plaques as large as ~4,800 pm?2 would correspond to a region in the brain approximately 80
um in diameter whose magnetic susceptibility difference would alter the adjacent water T».
These large plaques should therefore have been detectable with MRI since the area of
perturbed water surrounding a plaque would have been approximately two to five 60 pm
pixels in the slice dimension. Based on these results, we would have expected to detect only
a small fraction of the existing plaques, without the use of contrast agents, in the AD mouse
brains by MRI. An estimate of this MRI-observable number, based on the measured
statistics of plaque area frequency, corrected for the difference between the optical and MRI
slice thickness (7 um versus 120 um) was ~25-100 plaques per MRI slice. In fact, the
maximum number of plaques per slice detected by MRI was ~40 (vide infra). Jack and
colleagues [21] estimated that, at 9.4 T, MRI revealed plaques with a radius > 25 pum and
detected ~10-15% of the actual plaque load.

Another method for plaque detection used the fact that plaques displayed green fluorescence
when the AP peptide aggregates were stained with thioflavin-S [73]. The green, fluorescent
aggregates displayed the classical plaque diffuse fibrillar periphery and a dense core
structure (Fig. 1F). The size distribution (not shown) of 134 thioflavin-S stained plaques was
fit to a Gaussian with a mean of 6.1 um and width of 2.5 um. These parameters are
somewhat smaller than those found using IHC (vide supra), likely due to the different
structures of the thioflavin-S vs. antibody interactions with the plaques; thioflavin-S
intercalates into the dense protein core whereas antibodies decorate the plaque surfaces.
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SPION binding to AD transgenic mouse brain

We explored a number of antibodies for use in IHC in vitro of both human AD and
transgenic mouse brains and found that either anti-Ap (Fig. 1A) or anti-ABPP (Fig. 1G) but
not anti-tau, antibodies produced similar positive staining patterns for the plaques in
paraffin-embedded, formalin-fixed tissue sections. Therefore, since attempts to use anti-
ABPP antibodies to target plaques in vivo had not previously been reported in the literature,
we conjugated our SPIONs with anti-ABPP antibodies in an attempt to use a novel approach.
The anti-human ABPP antibodies were covalently attached to the surface of our SPIONSs in
order to generate a simple, easily-prepared contrast agent that would enhance the amyloid-
containing brain lesions in vivo so that these lesions could be more readily observed by
MRI. It was first necessary to ascertain that these chemically modified SPIONs would
recognize lesions in vitro. Brain sections from both ABPP/PS1 and control mice were
incubated with our modified SPIONs and washed and stained for iron using Perl’s reagent.
These anti-ApPP conjugated SPIONSs specifically bound to the plaques as shown by the blue
regions in Fig. 1C. Control brain sections from a wild-type mouse demonstrated no blue
staining when incubated with these same nanoparticles (Fig. 1D). In another control
experiment, we used the same staining conditions as were used for staining the SPION-
treated brains (Perl’s stain only, no diaminobenzidine (DAB) enhancement [74]) on brain
tissue from ABPP/PS1 mice that were not treated with anti-ABPP SPIONs. These identical
staining conditions showed a complete lack of blue color in 7 um sections of the untreated
brain tissues (Fig. 1H). We were initially surprised by this result because amyloid plaques
are known to contain iron [74], but several investigators have found [21, 31, 74, 75] that
simple Perl’s staining, without DAB enhancement, does not reveal the small amount of iron
present in the cortical plaques from transgenic PS1/ABPP mice.

These histological results confirmed the presence of A plaques, which could be detected
with both IHC and thioflavin-S staining, and showed that our modified SPIONs specifically
recognized plaques in AD brain sections in vitro. Therefore, there was support for an
extension to in vivo studies to determine if the anti-human ABPP conjugated SPIONs were
useful as an MRI contrast agent in AD transgenic mice.

MRI of control and SPION treated ABPP/PS1 transgenic mouse brains

Surface coil MR images taken at 9.4 Tesla of thirty 120 pum thick slices from control
APPP/PS1 brains demonstrated the presence of plaques without the aid of a contrast agent
(Fig. 3A) as has been previously reported [20-31]. The brain whose MR image is shown in
Fig. 3A contained a total of 355 MRI-detected plaques, whose Z-score exceeded 2.5, with a
mean Z-score of 4.6 + 0.6. When the data from this ABPP/PS1 mouse brain were combined
with that from the other control brains from non-SPION-treated ABPP/PS1 mice, an average
of 13 + 6 plaques were found per MRI slice, with an average Z-score of 5.1 + 0.5, and a total
of 347 + 45 plaques per brain. Therefore, the MRI of all of our transgenic mice would be
expected to show the presence of this number of plaques if treatment with our anti-human
APPP conjugated SPIONs were not effective at enhancing plaque conspicuity.

For the MR imaging of brains from transgenic mice treated with SPIONs (Fig. 3B), mice
were injected via their tail veins with anti-ABPP conjugated nanoparticles, allowed to roam
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freely in their cages for 24 h, and then sacrificed. The brains were quickly removed, fixed in
formalin, and embedded in agarose. After MRI was completed, the brains were removed
from the agarose, embedded in paraffin, and sections were cut and stained for iron. The Perl-
stained slices demonstrated that our SPIONSs crossed the BBB and decorated plaques in the
brain parenchyma, beyond the brain vasculature (Fig. 1E). The arrow directs attention to a
representative plaque that was decorated by SPIONSs; the diameter of the plaque was about
80 um which meant that this plague would easily be seen in the MRI of this brain. The
observed diameters of other SPION-decorated plaques in the brains from SPION-treated
animals ranged from 10 to 80 pm.

Treatment of the transgenic animals with anti-ABPP SPIONs greatly enhanced the
conspicuity of the plaques in the cortical and hippocampal regions as shown by coronal MRI
(Fig. 3B). MRI of the brains of SPION-treated mice also revealed a larger number of
plaques (29 £ 7 versus 13 + 6 plaques per slice). This was particularly significant given that
optical microscopy of thioflavin-S stained sections showed no significant differences in
plaque densities between the SPION-treated (91 + 5 plaques/mm?) and untreated brains (77
+ 5 plagques/mm?) and that these plaque areal densities were very similar to earlier values
(109 + 10 plaques/mm?) reported by Wengenack et al. [72] for 54-week old transgenic
ABPP/PS1 mice.

In addition, MRI showed a larger total plague count (668 + 86) and a higher average Z-score
(8.3 £ 0.2) in the SPION-treated brains relative to the controls (vide supra). Since Z-scores
were very non-linear, these differences were very significant (p < 0.0001). This large
difference between control mice without SPION injection and those with injection, in the
number of detected Applaques and their corresponding pixel densities, once again indicated
that our anti-ABPP SPIONSs crossed the BBB and bound to the plaques. Also, the SPIONs
increased the magnetic susceptibility difference between the plaques and the surrounding
brain tissue. The binding of the anti-ABPP SPIONSs to the plaques enhanced the To* effect
on the brain water and revealed a larger number of smaller plaques. These functionalized
nanoparticles might therefore constitute a viable MRI contrast agent for the detection of AD
lesions in vivo.

MRI of ABPP/PS1 transgenic mouse brain in the presence of anti-human tau conjugated

SPIONs

The transgenic mice carried the human mutated forms of ABPP and PS1 but carried the
wild-type mouse tau protein (see Experimental Procedures for details). Therefore, since the
tau protein in these animals was both the murine form and an intracellular molecule
inaccessible from the extracellular space, we expected that an isotype control SPION
targeted to the human tau protein should not show increased detection of plaques. Mice were
injected via their tail veins with anti-tau conjugated SPIONS, allowed to roam freely in their
cages for 24 h, and then sacrificed. MRI of transgenic mouse brain after injection of anti-tau
SPIONSs closely resembled the image shown in Fig. 3A, and revealed 11 + 4 plaques per
MRI slice, with a total of 298 + 36 per brain. These values were statistically
indistinguishable from the non-SPION-treated transgenic controls (p > 0.3).
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The 3D MRI-detected plaque distribution of ABPP/PS1 transgenic mice

It was clear from an examination of the large number of brain MR images generated in this
study, such as those shown in Fig. 3A, B, that it was difficult to visualize the complete data
set from the thirty MRI slices taken from a single brain. One could use modern computer
software to scan through the MRI slices one by one, but that would not greatly aid
comparisons of the plagque distributions among brains. A Mathematica® notebook for
displaying the entire three-dimensional plaque distribution from a single brain was therefore
developed. Three views (coronal, sagittal, and transverse) of the complete, MRI-detected 3D
plaque distributions produced with the aid of this notebook are shown in Fig. 4(A-C) for
transgenic mice untreated with SPIONs. There, the diameters and RGB colors of each
plotted sphere were proportional to the Z-score of the plaque located at that set of (X, y, z)
coordinates measured from the MR images. Red corresponded to the lowest Z = 2.5, while
green, blue, and purple encoded Z-scores up to 20 using a rainbow scale. These plots are
available as supplementary data and may be rotated and viewed in 3D with the
Mathematica® CDF player (see Supplementary data for details; available online: http:/
www.j-alz.com/issues/34/vol34-2.html#supplementarydata0l).

Application of this Mathematica® code to an examination of the MRI data from a transgenic
mouse brain without SPION treatment (a slice of whose MR image is given in Fig. 3A)
illustrated the detection of AP plaques (n = 355, Fig. 4) without the aid of a contrast agent (Z
=5.2 £ 0.2). In accordance with the optical histology shown in Fig. 1A, the majority of the
MRI detected plaques were also found in the cortical region of these brains (Fig. 4A). Views
of the 3D plaque distribution in the brain of this control mouse from the radiological left
side (sagittal) (Fig. 4B) and from the top (transverse) (Fig. 4C) are also shown. The
longitudinal fissure between the left and right cerebral hemispheres was visible in the data
shown in Fig. 4A, C as a central gap in the plaque distribution.

The 3D MRI-detected plaque distribution of transgenic mice treated with anti-ABPP SPIONs

The 3D MRI data from mice treated with anti-human ABPP-conjugated SPIONSs (Fig. 4, D-
F) showed a significant increase in both the number (n = 668 + 86; p < 0.0001) and the Z-
score (8.3 £ 0.2; p < 0.002) of the detected lesions compared with the control transgenic
mice without SPION injection (Fig. 4A—C). The view from the front of the brain (Fig. 4D)
once again showed that most of the MRI-detected lesions appeared in the cortex, but by
comparing the data in Fig. 4A with that in Fig. 4C, it can be appreciated that the SPIONs
also enhanced the MRI appearance of other brain areas as well. The observed ~2-fold
increase in the number of MRI-detected plaques when the control distribution (Fig. 4A-C)
was compared with that measured in the presence of anti-human ABPP antibody conjugated
SPIONs (Fig. 4D-F) indicated that these SPIONSs penetrated the BBB, in agreement with the
optical histology shown in Fig. 1(C, E), and were therefore useful as targeted contrast agents
that revealed the presence of ABplaques in the brains of these ABPP/PS1 transgenic mice.

In order to present these 3D data in their most-usable form, we have embedded
representative plaque distributions within a brain surface (Fig. 4A-F), generated using
Mathematica, from the coordinates of the mouse brain developed by the Allen Institute for
Brain Science (http://www.alleninstitute.org). These data can also be viewed and rotated in
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3D by downloading the notebooks (Supplementary Figure 2) and using the CDF player
noted above. Note that we used a small, high-sensitivity surface coil for the MRI and
therefore the images (Fig. 3A, B) and plaque distribution (Fig. 4) did not cover the entire 3D
volume of the brain.

Effect of SPIONs on the distribution of MRI-derived Z-scores

Penetration of the BBB and binding of ApPP-targeted SPIONSs to plaques in the brains of
transgenic mice would be expected to perturb the water MRI signal in the vicinity of the
plaques, enhancing the susceptibility-induced darkening of the brain lesions and increasing
the Z-score and the number of MRI detected lesions. The averages of these values (vide
supra) supported these expectations but further supporting evidence could be found through
an examination of the complete plaque and Z-score frequency distributions. Representative,
normalized Z-score frequency distributions from a control transgenic mouse without
SPIONs (Blue), and a SPION treated transgenic mouse (Red) were fitted to Poisson
distributions and displayed the expected increases in both Z-scores (5.2 versus 8.3; Fig. 5A)
and total numbers of MRI-detected plaques (355 versus 668; Fig. 5B). Application of
Student’s two-tailed t-test with unequal variance to these data gave a probability that they
are the same of less than 2 x 1077, In aggregate, for all the brains examined with MRI, the
average Z-score rose 1.6-fold upon injection of the mice with anti-ABPP-conjugated
SPIONS.

Further examination of the distribution of Z-scores from the MRI data among brains from
the transgenic mice imaged for this study revealed additional interesting trends (Fig. 5B).
The integral distribution of Z-scores (Fig. 5B) provided a view of both the total number of
plaques and the maximum Z-score value. The presence of anti-human ABPP antibody-
conjugated SPIONSs increased both the total number of MRI-detected plaques from 347 + 45
to 668 + 86 (Fig. 5B, Blue versus Red curves) and the maximum Z-score for the mice by
1.6-fold from 24 + 4 to 38 £ 3 (p < 0.025). Here, as in Fig. 5A, the effect of the penetration
of the BBB by the SPIONs was clearly observed.

DISCUSSION

In the present study we have demonstrated a novel MRI contrast agent in an ABPP/PS1
murine model of AD. This model of AD is known to recapitulate the pathological
manifestations commonly observed in AD, including a compromise of the BBB [57-61].
Our functionalized SPIONs targeted AD plaques specifically and efficiently, exposing even
very small plaques previously only detectable using ex vivo staining methods. The SPIONs
were not expected to be toxic because they contained ferric rather than ferrous iron, and the
iron concentrations (<5 pM) resulting from their usage was several orders of magnitude
below the normal biological iron concentrations in the brain (~5 mM). Additionally, due to
their magnetic effectiveness, the SPIONs induced Z-score shifts large enough that MRI
detection and quantification of plaques improved significantly.

The doubly transgenic mouse strain used for these studies had mutations in the human forms
of both APPP and PS1 simulating the early onset form of the disease. The time period
required for plaque appearance was 6-9 months during which the plaque density in the brain
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was not actually known. We therefore sacrificed a control, untreated mouse at 12 months
and removed its brain in order to confirm the presence of plaques and to measure their
properties. In our hands, these mice developed approximately 200, primarily cortical,
plagues per 7 um optical section and these plagues were predominantly less than 300 pm? in
area, although we observed small numbers of plaques with areas up to ~3,500 um2. The in-
plane pixel resolution of high-field (9.4T) MRI was limited to around 60 pm so it was
unlikely that we would have been able to detect any but the largest plaques with MRI.
Nevertheless, we were able to detect several hundred plaques per brain without contrast
enhancement with our multiple asymmetric spin echo image acquisition scheme in
agreement with previous investigations [20—-31]. Previous investigations of AD mouse
brains have led to estimates that only plaques larger than 38 pm [37] or ~50 um [21] are
visible using high-field (>7 T) MRI and that these constitute ~10-15% of the total plaque
load [21].

The plaques displayed known histological features, including recognition by anti-human
ABPP and AP antibodies, fluorescent staining with thioflavin-S, and the presence of
activated microglia as detected by immunofluorescence (to be reported separately). These
plaques specifically bound anti-ABPP conjugated SPI-ONs in vitro demonstrating the
specificity of our particles to plaque. We explored a number of antibodies for use in IHC in
vitro of both human AD and transgenic mouse brains and found that either anti-Apor anti-
ABPP, but not anti-tau, antibodies produced similar positive staining patterns for the plaques
in paraffin-embedded, formalin-fixed tissue sections. Therefore, since attempts to use anti-
ABPP antibodies to target plaques in vivo had not previously been reported in the literature,
we conjugated our SPIONs with anti-ABPP antibodies. The antibodies used were specific for
human ABPP; the anti-ABPP conjugated SPIONSs did not stain normal mouse brain tissue in
IHC. These observations supported the specificity of this method for the detection of AD
lesions; it is unlikely that lesions resulting from other neurological diseases, such as multiple
sclerosis or Huntington’s disease would cross-react with these antibody-conjugated SPIONS.

One of the control experiments performed used anti-tau SPIONSs. We prepared anti-tau
SPIONs along with the other SPIONs because we wondered if they might reveal associated
tau pathology in vivo since these mice might also present with some discrete tau anomalies
like accumulation of hyperphosphorylated tau in dystrophic neurites surrounding the
plaques. It was found from our early IHC experiments that the various forms of tau were
only found inside cells, while the amyloid plaques were deposited outside the cells. This was
congruent with the literature and our experience that showed that the anti-tau SPIONs did
not stain the plaques in vitro, but PERL’s staining of the transgenic mouse AD brain tissue
treated with anti-tau SPIONSs only showed intracellular blue color. Since the anti-tau
antibodies did not stain the amyloid plaques in vitro, and were of the same isotype (Mouse
anti-human 1gG1), we believed that they would serve as a stringent isotype control for the
anti-ABPP SPIONSs. The injection of anti-tau SPIONSs did not result in changes in the Z-
scores of the ABPP/PS1 mouse brains so that these brains were included in the analysis of
the controls. Furthermore, Takeuchi et al. [77] have reported that phospho-tau is only
weakly associated with the plaques in these PS1/ABPP transgenic mice.
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MR imaging of the brains from control ABPP/PS1 mice showed the expected small
hypointense regions previously reported [20-31] for this strain of mice in the absence of
contrast agents. This decrease in the water MRI signal arose from the altered magnetic
susceptibility of the plaques, which was thought to be due to the presence of proteins, or
paramagnetic and other metals [31, 37, 74] bound to the A aggregates that mainly comprise
the plaque. The number of MRI-detected plaques (average = 347) in the untreated control
brains was constant within ~15% so that we could expect to be able to measure changes in
plaque number of about 75 or greater, simply on the basis of statistical criteria.

The MRI-detected plaques appeared dark in our mASE images against the brighter
background contributed by the surrounding brain tissue. Manifestation of the SPION’s
efficacy was found from the examination of the plaque population Z-scores, or contrast to
noise ratio, a commonly used measure of the statistical significance of this signal decrease.
We set a lower limit of 2.5 as the cutoff for the consideration of a Z-score as significant. The
control AD brains showed a mean Z-score of 5.1, indicating that the water signal in the
plaque decreased by about five times the image noise level. If our treatments with SPIONs
proved to have no effect on the plaques, then all of the brains from the treated animals
would show mean Z-scores close to five. When we treated transgenic mice with anti-human
APPP conjugated SPIONSs, the mean Z-score was found to increase to 8.3, a value that was
significant at the level of less than one part per million with respect to the controls. The
number of MRI-detected plaques approximately doubled in the presence of our anti-human
APPP conjugated SPIONs. The mean maximum Z-score increased from a control value of
24 to 38 in the presence of our active SPIONSs. These clear differences between the data
from controls and brains treated with SPIONSs served as a strong indication that our
antibody-conjugated nanoparticles crossed the BBB.

Other reports of the use of SPIONSs as contrast agents for the detection of amyloid in vivo
[36, 69] have used mannitol to open the BBB, a procedure that is poorly-tolerated in
humans. Furthermore, these investigators were unable to detect plaques without contrast
agents so that no comparisons were made between the conspicuity of the plaques prior to
and after SPION injection.

Although there were still many unknowns as to both mechanism and resulting pathology
involved in the disrupted vasculature of AD, there was ample evidence to support its
compromise in AD [58, 59]. Findings suggesting that Ap itself was a component of the
basement layer of the BBB [78] and that in AD disrupted microfibrils could be involved,
suggested that A itself might be responsible for this breach. Indeed, in our own
immunofluorescence microscopy we have found that the endothelial linings of brain blood
vessels stained positively for Ap by thioflavin-S (not shown), a fact that could result in the
free penetration of plasma proteins into the brain parenchyma [79]. Anti-Ap conjugated
SPIONs can be used to label vascular amyloid [65]. It is possible that accumulation of the
contrast agent in blood vessels after intravenous injection might mask the measures in brain
parenchyma and the detection of amyloid plaques. We therefore examined the optical
histology of the brains after the MRI data were taken to determine if contrast agent
accumulated in blood vessels. We found no accumulation of the SPIONSs in blood vessels.
This is consistent with the small size of the SPIONs used and the fact that Beckmann et al.
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[75] have found no detectable cerebral amyloid angiopathy or MRI-detectable lesions in
singly-transgenic ABPP mice for mice less than 15 months of age. Our mice were only 14
months old when killed for this study. Note also that the addition of PS1 mutations to ApPP
transgenic to produce doubly-transgenic mice serves to decrease the presence of cerebral
amyloid angiopathy [75].

The normal functional pore size of the BBB of ~0.8 nm is known to increase to ~10 nm with
brain tumorigenesis [80] and to ~20 nm with osmotic opening [81, 82]. In AD,
neuroinflammation also increases the functional pore size of the compromised BBB [55-
59]. Therefore, given the small size of our SPION cores (9.5 = 1.0 nm, see Methods), it was
not surprising to successfully label Af plaques in vivo. Treatment of the transgenic mice
with anti-APBPP targeted SPIONs enhanced the conspicuity of the MRI-detected lesions in
vivo. Brain-wide enhancement of the visibility of the treated plaques by the SPIONs was
obvious, even to the naked eye, in Fig. 3, and particularly when Fig. 4A—C and D—F were
compared.

There is considerable interest in nanoparticles for the delivery into the brain of otherwise
impermeable substances [83-88]. Several other groups have successfully designed and
utilized nanoparticles that penetrate the BBB. For example, colloidal polybutyl-
cyanoacrylate nanoparticles penetrated into the brain parenchyma and transported dalargin,
plaque-staining dyes, and anti AP antibodies by phagocytic uptake by endothelial cells in an
apolipoprotein E dependent manner [84, 85, 87].

Given the large number (>5 million) of AD patients currently present in the US, a widely-
applicable detection method is needed in order to deliver early detection and treatment
monitoring to patients afflicted with AD. The superiority of the targeted SPION technique
over previous attempts to non-invasively detect plaques in vivo is suggested both by its
penetration of the BBB without the use of mannitol and by the statistically measured
increase in plaque conspicuity. It performs as well as Gadolinium-based methods, whose
plaque Z-scores have been reported to be 7.6 + 2.6 [89] with an increase in Z by a factor of
two [32]. Although positron emission tomography (PET) imaging using [N-Methyl-11C],-
(4’-methylamoniophenyl)-6-hydroxybenzothiazole (otherwise known as “Pittsburg
Compound B”, PiB) has been effectively utilized for in vivo plaque imaging [90, 91], its
requirement for expensive and scarce radioactive 11 C production and detection facilities
limits this method to a research setting. Other positron-emitting compounds, such as 18F-
AV45 [92, 93], do not possess some of these drawbacks, and have received FDA approval
for clinical use. Targeted, brain-permeable SPION contrast agents might be able to replace
Gadolinium ions or PET imaging techniques. Moreover, our SPION method offers a greater
statistical robustness compared to other detection methods such as 23Na MRI [94] or PiB
PET [95].

These studies open the way to the development of targeted SPIONs as MRI contrast agents
able to reveal plaque density in vivo, without the use of radiation, and to monitor the
efficacy of treatments directed at lowering plaque density. Although effective treatments for
AD are still lacking, an early detection method is an obvious requirement. The fact that
SPIONs were non-toxic, nanoscale, and inexpensive to manufacture has broad implications
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for early plaque detection in human patients. Considering that our SPIONs showed
effectiveness when imaging at 9.4 T, it is useful to consider that lower-field MR instruments
are widely distributed in medicine. It is well-known that SPIONs perform even better at
these lower fields. This method could therefore be widely implemented at relatively low
cost.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ogtical microscopy of ABPP/PS1 and control mouse brains. A) IHC stained cortical section
(7 um thick) of the fixed brain from a transgenic mouse used in these studies. Plaques
stained brown with antibodies against human Ap. The positive DAB signal at the cortical
surface could represent some BBB leakage allowing passage of mouse 1gGs. Scale bar =
1,000 pm. B) Control brain section from a wild-type mouse showing a complete lack of IHC
positive regions. Scale bar = 1,000 um. C) Section from the brain of a transgenic mouse
stained in vitro for iron using Perl’s reagent demonstrating binding of our anti-ABPP
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conjugated SPIONSs to plaque. Scale bar = 20 um. D) Control brain section from a wild-type
mouse demonstrating the lack of blue staining when incubated with the same SPIONSs as in
(C). Scale bar = 20 um. E) Perl-stained section of a brain from an ABPP/PS1 transgenic
mouse that was injected with anti-ABPP SPIONSs. Note the large plaque with its associated
SPIONs (arrow). Scale bar = 20 um. F) Thioflavin-S stained brain section from a transgenic
mouse demonstrating the presence of plaques as green regions. Scale bar = 10 pm. G) IHC
of a cortical brain section stained for ABPP with the anti-ABPP antibodies used to modify the
SPIONs showing plaque detection similar to (A). Scale bar = 10 um. H) Perl’s stain for iron
in an ABPP/PS1 brain showing no iron detection (Compare with (C)). Scale bar = 10 ym.
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Fig. 2.
Histological plaque distribution in the ABPP/PS1 mouse brain. A) Optical microscopy of a 7

um thick coronal section of a transgenic mouse brain stained, via immunohistochemistry, for
human AP, which revealed the plaques as brown spots. B) A binary image, thresholded
using ImagelJ, showing the segmentation of the image in (A) into recognized plaques whose
areas were subsequently measured. This particular slice contained a total of 198 plaques. C)
Distribution of plaque sizes (radii) in the ABPP/PS1 mouse brain. The measured radii are
shown as blue circles, while the red curve is a fitted Gaussian with a mean of 8.0 um and a
width of 3.5 pm. A Poisson fit gave essentially the same results as the Gaussian fit.
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Fig. 3.

Sugrface coil MR images of ABPP/PS1 mouse brain at 9.4T. A) One of thirty, 120 um thick,
slices from an ABPP/PS1 mouse brain untreated with SPIONs, which demonstrated the MR
imaging of plaques without the aid of a contrast agent. This brain contained 355 plaques
whose Z-scores exceeded 2.5. The mean Z-score for this brain was 4.6 (See Fig. 4A-C for
the 3D plaque distribution for this brain). B) One of thirty, 120 um thick, slices from the
brain of an ABPP/PS1 transgenic mouse that was treated with the injection of anti-ApPP
conjugated SPIONSs for 24 h and then sacrificed. Note how the SPIONSs enhanced the
conspicuity of the plagues. The mean Z-score for this brain was 8.0 (See Fig. 4D-F for the
3D plaque distribution for this brain).
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Fig. 4.
A-C) Three-dimensional displays of the complete plaque distribution in the brain of an

ABPP/PS1 mouse untreated with SPIONs. The 3D plaque distribution data were embedded
within a Mathematica-rendered surface plot of the mouse brain generated from coordinates
obtained from the Allen Institute for Brain Science. The size and color of each sphere was
proportional to the Z-score of the plaque located at that set of (X, y, z) coordinates measured
from the MR images (given in Fig. 3A) showing that plaques (n = 355) were detected
without the aid of a contrast agent (Z = 4.6 + 0.6). Red corresponded to Z = 2.5, while purple
coded Z = 20. The diameter of each sphere gave its Z-score in these coordinates. A) A
coronal view of the brain from the front. Note the predominance of lesions in the cortex
from this viewpoint. B) A sagittal view of the brain from the left side, the front was to the
left. C) A transverse view of the brain from the top, the front was at the bottom. D-F) Three-
dimensional displays of the complete plaque distribution in the brain of an ABPP/PS1 mouse
treated with anti-human ABPP-conjugated SPIONs. Size and color correlate as in A, B, and
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C. SPION treatment demonstrated a marked increase in both the number (n = 668) and the
Z-score (8.0 £ 0.1) of the detected lesions. D) A coronal view of the brain from the front. E)
A sagittal view of the brain from the left side, the front was to the left. F) A transverse view
of the brain from the top, the front was at the bottom.
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The distribution of Z-scores from the MRI data among brains from the ABPP/PS1 mice
imaged for this study. A) Poisson fits to the normalized differential frequency distributions
of Z-scores for MRI detected plaques in the brains of ABPP/PS1 mice comparing SPION
treatment with controls. The Blue points and curve were data from control mice, with a
mean of 5.1 (n = 355 plaques), while the Red points and curve were from mice treated with
anti-ABPP SPIONs, with a mean of 8.3 (n = 668 plaques). Note how the presence of SPI-
ONs in the brain markedly increased the conspicuity (Z-score) of the plaques. The
normalized Z-score data were well fit by Poisson distributions, whose means were the only
free parameters of the fits. Once the means were specified, the amplitudes and widths were
fixed. The probability that the means of the two distributions were the same was p < 0.0001
as reported by Student’s t-test with unequal variances. B) The integral distributions of the
MRI-determined plaque data. The colors indicate the treatment received: Blue diamonds
were for control ABPP/PS1 mice, while the Red squares denote the data from ABPP/PS1
mice injected with anti-human ABPP conjugated SPI-ONs. The errors shown are the
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standard deviations (n = 4). The brains from the SPION injected mice displayed twice as
many lesions (668) as the control mice (347) with a marked increase in the maximum Z-
score from 23 to 40.
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